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ABSTRACT: Among all solid electrolytes, composite solid polymer electrolytes, comprised of polymer matrix and ceramic
ﬁllers, garner great interest due to the enhancement of ionic conductivity and mechanical properties derived from ceramic−
polymer interactions. Here, we report a composite electrolyte with densely packed, vertically aligned, and continuous nanoscale
ceramic−polymer interfaces, using surface-modiﬁed anodized aluminum oxide as the ceramic scaﬀold and poly(ethylene oxide)
as the polymer matrix. The fast Li+ transport along the ceramic−polymer interfaces was proven experimentally for the ﬁrst time,
and an interfacial ionic conductivity higher than 10−3 S/cm at 0 °C was predicted. The presented composite solid electrolyte
achieved an ionic conductivity as high as 5.82 × 10−4 S/cm at the electrode level. The vertically aligned interfacial structure in the
composite electrolytes enables the viable application of the composite solid electrolyte with superior ionic conductivity and high
hardness, allowing Li−Li cells to be cycled at a small polarization without Li dendrite penetration.
KEYWORDS: Lithium batteries, composite solid polymer electrolytes, ionic conductivity, ceramic−polymer interfaces,
vertically aligned nanostructures
batteries.21 To date, introducing nanoscale inorganic ﬁllers into
the polymer matrix of SPE to form a composite solid polymer
electrolyte (CSPE) is one of the most eﬀective strategies to
enhance the ionic conductivity.22−27 A few studies on CSPE
have demonstrated that the enhancement of ionic conductivity
in CSPE originates from the interactions at the interface
between ceramic ﬁllers and polymer matrix.27−36 First, polymer
chains are anchored onto surface sites of inorganic ﬁllers
through physical and/or chemical interactions, resulting in an
amorphous-rich area around the ceramics ﬁllers which can
transport Li+ in a fast manner.27−30 Second, the strong Lewis
acid−base interaction between the surface chemical groups of

L

ithium-ion batteries have been the dominant energy
storage technology for portable electronics, electric
vehicles, and drones, thanks to their high energy and power
densities, low self-discharge rates, and long cycle life.1−3
However, safety issues derived from ﬂammable liquid electrolytes and lithium dendrite growth remain as challenges for
lithium batteries.4−6 Solid electrolytes have attracted signiﬁcant
attention from academic and industrial communities due to
their inherent nonﬂammability and mechanical hardness and
are a promising approach to enable high capacity lithium metal
anodes.7−15 While solid ceramic electrolytes is an exciting
direction to pursue,12,13,16−19 solid polymer electrolytes (SPE)
oﬀer another promising approach because of their excellent
manufacturability and lightweight.5−8,20
One of the key challenges for SPE is to enhance their ionic
conductivity within the operation temperature range of lithium
© XXXX American Chemical Society

Received: March 20, 2018
Revised: April 12, 2018
Published: May 4, 2018
A

DOI: 10.1021/acs.nanolett.8b01111
Nano Lett. XXXX, XXX, XXX−XXX

Letter

Nano Letters

Figure 1. Conceptual design, fabrication procedures, and materials characterization of AAO-polymer composite electrolyte. (a) Schematics of
composite solid polymer electrolyte with three types of geometrical structures of ceramic−polymer interface; (b) schematics of fabrication
procedures of AAO-polymer composite electrolyte; (c−f) SEM characterizations of pristine AAO (top view and side view) and SPE inﬁltrated AAO
(top view and side view); (g−i) EDX mapping of S and F elements across the entire thickness of AAO-polymer composite electrolyte.

inorganic ﬁllers and ion species in the polymer matrix facilitates
the lithium salt dissociation. The concentration of free Li+ at
the interface can be increased when anions in the lithium salt
are attracted to the surface of inorganic ﬁllers.14,31−34 Third, the
interaction between ceramic and polymer leads to possible Li+conductive substructures of the polymer matrix via inﬂuence on
the local conformation of polymer segments.35−37 To
summarize, fast paths for Li+ transport can be achieved by
designing an ideal interface between ceramic ﬁllers and polymer
matrix.
Considering these beneﬁcial interfacial eﬀects, we propose
that using inorganic ﬁllers with diﬀerent morphologies leads to
diﬀerent inorganic−polymer interfacial geometries, which could
result in signiﬁcant diﬀerences in ionic conductivity enhancement in CSPE (Figure 1a). For nanoscale ﬁllers with low aspect
ratios, such as nanoparticles (NPs),27,29,30 the fast transport
paths are short-ranged and isolated; thus the ionic conductivity
enhancement is limited. On the other hand, nanoscale ﬁllers
with high aspect ratios, such as nanowires (NWs), show
stronger ionic conductivity enhancement than NPs.25,38 This is

because NWs provide considerably prolonged fast transport
pathways for Li+. However, the fast transport pathways along
nanowire/polymer interfaces in NWs-based CSPE are
randomly oriented and discontinuous. Additionally, the Li+
conduction at ﬁller−ﬁller interfaces, such as NW−NW crossing
junctions, is poor.26,39 Very recently, a SPE with embedded
horizontally aligned ceramic nanowires without crossing
junctions has been developed to measure the interfacial ionic
conductivity, giving an astonishing number of 10−2 S/cm at the
interface, similar to the liquid ionic conductivity.39 However,
the absolute value of ionic conductivity for the CSPE with
aligned ceramic nanowires is limited by the low content of
ﬁllers in the polymer (∼3 wt %), which only provides a limited
NW−polymer interfacial area for fast transport of Li+.
Moreover, real batteries would require vertical (instead of
horizontal) alignment and high loading of nanowires in the
polymer electrolyte to realize continuous and abundant
interfacial ion-conducting pathways directly bridging the
cathode and anode.
B
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also evidenced by the fact that the APCE sample became
optically translucent while the pristine AAO disc was white
(Figure 1b). This color change was attributed to the reduction
of light scattering by hollow nanochannels when they were fully
ﬁlled.
In the case of APCE with modiﬁed ceramic−polymer
interface, a layer of AlF3 was coated onto the wall of
nanochannels by ALD before melt inﬁltration of SPE. TiF4
and AlCl3, the source of F and Al, respectively, were alternately
introduced to AAO substrates heated at 250 °C. One hundred
ALD cycles were applied to obtain a uniform and suﬃcient
coating of 10 nm thick AlF3.42 The top view SEM image and
EDX elemental mapping of F at the cross section of the AAO
disc after AlF3 deposition (Figure S1) indicates that the surface
modiﬁcation did not change the diameter of nanochannels
signiﬁcantly and the coating of AlF 3 on the wall of
nanochannels is uniform.
Ionic Conductivity Enhancement by Structural Design of
Ceramic−Polymer Interface. To study the inﬂuence of the
geometrical structure of the ceramic−polymer interface on the
ionic conductivity of composite electrolyte, electrochemical
impedance spectroscopy (EIS) measurements of four types of
solid electrolytes including pure SPE, CSPE with random
dispersed nanoparticles (CSPE-NPs), CSPE with random
dispersed nanowires (CSPE-NWs), and APCE with vertically
aligned and continuous nanoscale ceramic−polymer interface
were conducted at diﬀerent temperatures with two gold
blocking electrodes (Figure 2a,b). Each EIS proﬁle comprises

In this work, we demonstrate an anodized aluminum oxide
(AAO)−polymer composite electrolyte (APCE) with vertically
aligned and continuous ceramic−polymer interfaces (as
depicted in right of Figure 1a) by ﬁlling solid polymer
electrolyte into the nanochannels of AAO. As a demonstration,
poly(ethylene oxide) (PEO)-LiTFSI SPE was chosen as a
model system. Al2O3, an inert ﬁller which cannot conduct Li+
by itself, was used to make sure the ionic conductivity
enhancement observed in this study comes solely from the
interfacial interaction between the polymer matrix and ceramic
ﬁllers. SPE based on PEO (Mw 300 000) and LiTFSI was
introduced into the nanochannels of AAO discs by a melt
inﬁltration method,40,41 as illustrated in Figure 1b. Vertical,
continuous, and non-tortuous ceramic−polymer interfaces were
formed along alumina nanochannels. AAO discs have nanoscale
pore sizes and a porosity higher than 50%, ensuring plentiful
ceramic surfaces exposed to polymer electrolytes. Because of
the interfacial eﬀects mentioned above, the ionic conductivity at
room temperature (RT) of APCE was 1−2 orders of
magnitude higher than ﬁller-free SPE and about 5 times higher
than its CSPE counterparts based on NP- or NW-ﬁllers. Note
that the ionic conductivity of APCE is determined based on the
polymer part area, because the framework of Al2O3 does not
contribute to the Li+ conductance. Furthermore, the surface
chemistry of AAO can be easily changed by surface chemical
modiﬁcation using atomic layer deposition (ALD), which
provides us the ﬂexibility of modifying the ceramic−polymer
interactions at the interface. Through appropriate interfacial
modiﬁcation and polymer molecular weight optimization, the
ionic conductivity at RT achieved in this study was as high as
5.82 × 10−4 S/cm. To the best of our knowledge, this is the
highest ionic conductivity achieved in polymer-based solid
electrolytes (Table S1). The interfacial eﬀects on ionic
conductivity enhancement in APCE is further supported by
deducing the ionic conductivity of the interfacial region and
studying the quantitative relationship between diameters of
AAO nanochannels and measured ionic conductivities. Moreover, with the mechanically stable and heat resistant AAO core,
the overall mechanical, thermal, and long-term stability of
APCE is improved compared to SPE.
Results and Discussion. Materials Fabrication and
Characterization. The fabricating procedures of APCE are
schematically illustrated in Figure 1b. A PEO-LiTFSI SPE
membrane, which was prepared by a doctor blading process
using an acetonitrile solution containing PEO and LiTFSI, was
thermally laminated onto the top of an AAO disc. The SPE
membrane was then melted and inﬁltrated into nanochannels
of AAO at 215 °C under vacuum. The melt inﬁltration took 12
h for ensuring the nanochannels were completely ﬁlled and the
vertically aligned continuous ceramic−polymer interfaces were
well-formed.
Vertically aligned nanochannels in the pristine AAO disc
have an average diameter of 200 nm (Figure 1c,d). Nanochannels were fully ﬁlled by polymer electrolyte after melt
inﬁltration (Figure 1e,f). The remaining polymer on the surface
of the AAO disc was removed after melt inﬁltration (Figure
1e,g). The intimate contact of polymer electrolyte and Al2O3
nanochannels seen in Figure 1f conﬁrms the formation of
desired continuous ceramic−polymer interfaces. The EDX
mapping of elements (S and F) derived from LiTFSI across the
60 μm thick APCE further conﬁrms the uniform distribution of
polymer electrolyte throughout the nanochannels (Figure 1h,i).
The eﬀectiveness of the melt inﬁltration process used here is

Figure 2. Characterizations of SPE, CSPE-NPs, CSPE-NWs, and
APCE. (a) Electrochemical impedance spectra measured at room
temperature, (b) temperature dependence of ionic conductivities, (c)
DSC traces recorded during cool down, and (d) FTIR absorption
spectra taken at room temperature inside of a glovebox.

a semicircle and a spike, which represent the impedance
characteristics derived from the electrolyte bulk and the
electrolyte−electrode interface, respectively.25,38 The ionic
conductivities of solid electrolytes were calculated based on
the thickness of solid electrolyte, eﬀective electrolyte−electrode
contact area, and the bulk resistance represented by the
intercept of the extended semicircle on the real axis. At RT,
APCE based on PEO (Mw 300 000) and LiTFSI had an ionic
conductivity of 1.79 × 10−4 S/cm, which was 1 order of
magnitude higher than the corresponding SPE (1.69 × 10−5 S/
cm), and about 4 times higher than corresponding CSPE-NPs
C
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(3.13 × 10−5 S/cm) and CSPE-NWs (4.13 × 10−5 S/cm).
Furthermore, APCE showed a remarkable ionic conductivity
enhancement over the temperature range from 0 to 90 °C. The
bend curves in Figure 2b indicate that all the solid electrolytes
involved in this study possess a Vogel−Tammann−Fulcher
(VTF) behavior of temperature dependence of ionic
conductivities.43 It conﬁrms that conducting ions reside in
the polymer phase and they pass through the polymer matrix
but not the ceramic phase for both CSPE and APCE. We
propose that both CSPE and APCE have two Li+ conducting
pathways. The ﬁrst one is regular Li+ transport by ether oxygenassisted hopping or polymer segmental motion. The second
pathway is enhanced Li+ transport along the ceramic−polymer
interfaces. SPE has the lowest conductivity because it is
inherently semicrystalline and the Li+ conduction can only take
place through oxygen-assisted hopping or polymer segmental
motion. The enhanced ionic conductivities in CSPE are
because the ceramic ﬁllers decreased the degree of polymer
crystallinity, increased free Li+ concentration, and provided fast
pathways for Li+ transport around ceramic−polymer interfaces.
The speciﬁc interface area, which is the interfacial area per unit
volume of composite electrolyte, is another parameter which
may aﬀect the ionic conductivity for CSPE beyond the
geometrical structure of the ceramic−polymer interface. The
speciﬁc interface area of composite electrolytes involved in this
study are calculated and summarized (Note S1). CSPE-NWs
showed higher conductivities than CSPE-NPs, which can be
attributed to the fact that NWs provide a long-range continuous
interface with high aspect ratio. Among the four electrolytes,
APCE had the highest ionic conductivity. Notably, while the
speciﬁc interface area of APCE (1.1 × 105 cm−1) is only onethird of the speciﬁc interface area of CSPE-NWs (3.0 × 105
cm−1), the ionic conductivity of the former is 4.3 times higher
than the later. Moreover, the activation energies of SPE, CSPENPs, CSPE-NWs, and APCE were calculated through VTF
ﬁtting of the temperature dependence of ionic conductivities
shown in Figure 2b (see details in Note S2). SPE has an
activation energy of 0.042 eV, which is in consistent with the
report in literature.44 The activation energy of APCE is
signiﬁcantly reduced to 0.027 eV, which is due to the fast Li+
transport along the vertically aligned continuous interfaces.39,45−47 The activation energies of CSPE-NPs (0.059 eV)
and CSPE-NWs (0.040 eV) are close to SPE. This can be
attributed to the fact that their fast paths for Li+ transport are
discontinuous and their impact on the overall ionic conductivity
of composite electrolytes is limited in terms of activation
energy. The superior ionic conductivity and lower activation
energy in APCE demonstrate the importance of vertically
aligned continuous ceramic−polymer interfaces for maximizing
the interfacial eﬀects on enhancing ionic conductivity in
ceramic−polymer composite electrolytes.
It is worth to note that APCE possesses signiﬁcantly higher
ionic conductivities than SPE and conventional CSPE from 0 to
30 °C, which coincides with the operating temperature range
for lithium batteries typically used in portable electronics,
electrical vehicles, and drones. This is of great importance for
developing practical lithium batteries. Figure 2c shows
diﬀerential scanning calorimetry (DSC) traces of SPE, CSPENPs, CSPE-NWs, and ACPE recorded during cooling down
from 90 to 0 °C. The crystallization temperature of SPE was 30
°C which is consistent with the report in literature.48 CSPENPs and CSPE-NWs possessed a lower crystallization temperature at around 25 °C. For comparison, the crystallization

temperature of APCE dramatically decreases to 15 °C, which is
consistent with the precipitous drop of APCE’s measured ionic
conductivity due to the phase transition from amorphous to
semicrystalline state below 20 °C. In addition, APCE exhibited
a much lower crystallinity of 14.7% than the polymer in SPE
(22.7%) and CSPE (20.0% and 19.7% for the NPs- and NWsbased, respectively) at temperatures lower than its crystallization temperature. The details of the calculation of the
degree of crystallinity can be seen in Note S3. The signiﬁcantly
decreased crystallinity and crystallization temperature should
contribute to APCE’s superior ionic conductivities from 0 to 30
°C.
The superior ionic conductivity enhancement of APCE is still
substantial but less pronounced when T > 30 °C. This is
because (i) the Lewis acid−base interaction at the ceramic−
polymer interface facilitates lithium salt dissociation,34 but the
intrinsic high dissociation degree of lithium salts at higher
temperature make the interfacial eﬀect less pronounced, (ii) the
polymer matrix is in an amorphous state no matter if there are
ceramic ﬁllers or not, as indicated by DSC (Figure 2c) when T
> 30 °C, and (iii) the mobility of polymer chains is so high that
the Li+-conduction-promoting substructures of polymer chains
may fade away. Thus, the structure- and substructure-induced
ionic conductivity enhancement was eclipsed by the temperature eﬀect. It should be noted that CSPE-NPs had lower ionic
conductivities than ceramic-free SPE when temperature
exceeded 60 °C because the inert nanoparticles may aggregate
and form large barriers for Li+ transport when the viscosity of
the polymer matrix decreases. This indicates that APCE with a
structure-stable ceramic phase may exhibit more stable
performance than conventional CSPE with randomly dispersed
ceramic ﬁllers at high temperatures.
To study the interfacial eﬀect on the segmental structure in
composite electrolytes, Fourier transform infrared spectroscopy
(FTIR) spectra of SPE, CSPE-NPs, CSPE-NWs, and ACPE
were measured at RT (Figure 2d). The typical bands of PEO at
2930, 2885, 1465, 1450, and 1341 cm−1 are attributed to
asymmetric stretching, symmetric stretching, scissoring, asymmetric bending, and wagging vibrations of C−H, respectively.49−52 The bands at 1354 and 1333 cm-1 are assigned to
S−O from TFSI−.53 The C−H stretching band is quite
sensitive to the extent of lithium salt complexation. The
asymmetrical C−H stretching in the APCE had larger
absorption than that in the SPE, CSPE-NPs, and CSPE-NWs,
which indicates the disorder degree of the polymer matrix in
APCE is much higher.54,55 We also checked the C−O ether
functional group region in the FTIR spectra (Figure S2). The
peaks of ether functional group in SPE locate at 1094 and 1052
cm−1 in SPE. With the addition of nanoparticle or nanowires,
this pair of peaks shift to 1096 and 1054 cm−1. In the APCE,
the 200 nm pore cause an even more obvious shift to 1112 and
1058 cm−1. The well-aligned and continuous ceramic−polymer
interfaces in APCE may amplify the polymer segment
anchoring and cross-linking eﬀects of ceramic−polymer
interactions (also see Figure S3 for the lithium salt free case),
which may in turn inﬂuence polymer chain conformation and
lead to formation of Li+-conductive substructures at the
interface, thus resulting in superior ionic conductivities.
Ionic Conductivity Enhancement by Interfacial Chemical
Modiﬁcation. In addition to the eﬀects from optimized
geometrical structures, the Lewis acid characteristics and
dielectric properties of the ceramic phase also play critical
roles in ionic conductivity enhancement and follow the general
D
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suggests that surface modiﬁcation by the strong Lewis acid AlF3
eﬀectively decreased the energy of lithium salt dissociation in
APCE.
As mentioned above, polymer segmental motion-assisted Li+
transport is also one of the most important conducting
mechanisms in APCE. Generally, poly(ethylene glycol) (PEG)
with lower molecular weight has lower crystallization temperature. However, polymers with low molecular weight may lead
to poor mechanical strength in conventional composite
electrolytes. For APCE, beneﬁting from the excellent stiﬀness
of the AAO as a host for polymers, PEG can be applied to
signiﬁcantly improve ionic conductivity without sacriﬁcing
mechanical strength as a whole. APCE-1.5K-AF was prepared
by inﬁltrating polymer electrolyte based on PEG (Mw 1500)
and LiTFSI into AlF3-modiﬁed AAO. APCE-1.5K-AF exhibits
much higher ionic conductivities than APCE based on high
molecular weight PEO (Figure 3b), beneﬁting from the
drastically reduced crystallinity of polymer matrix (Figure 3c).
The ionic conductivity at RT of APCE-1.5K-AF was as high as
5.82 × 10−4 S/cm. It is worth noting that this high ionic
conductivity at RT achieved in APCE-1.5K-AF, to the best of
our knowledge, is the highest value reported for polymer−
ceramic composite solid electrolytes (Table S1).
The Eﬀects of Vertically Aligned and Continuous Nanoscale Interfaces on Ionic Conductivity Enhancement. In
APCE, only the polymer phase contributes to Li+ conduction as
Al2O3 itself is not a Li+ conductor. As previously reported, the
Li+ conductivity of the polymer matrix near the ceramic−
polymer interface may be signiﬁcantly enhanced.39 We
therefore divided the nanochannel-embedded polymer cylinder
into two regions: region I, which is the bulk part far from the
ceramic−polymer interface, and region II, which is the
interfacial layer formed at the surface of the ceramic phase, as
depicted in Figure 4a. The overall ionic conductance of APCE
depends on the ionic conductivities of region I, region II, and
the thickness of interfacial layer. On the basis of the assumption
that the ionic conducting and polymer segmental behaviors in
these two regions abide by the VTF model, their ionic
conductivities and the thickness of the interfacial layer can be
calculated separately through a nonlinear data ﬁtting of the
measured ionic conductivity of APCE at diﬀerent temperatures
(for details see Note S5). Region II possesses higher ionic
conductivities than region I over the temperature range from 0
to 90 °C and much lower activation energy as indicated by the
signiﬁcantly decreased slope of the Arrhenius plots (Figure 4b).
These results suggest that fast paths for Li+ transport with
particular conducting mechanisms form along the vertically
aligned and continuous ceramic−polymer interfaces. The
interfacial ionic conductivity can be further improved by
chemical modiﬁcation of the ceramic surface and by using
polymer with lower molecular weight (Figure 4c). APCE-1.5KAF was calculated to have a high interfacial ionic conductivity
of 6.47 × 10−3 S/cm at 30 °C, and the value is consistently
higher than 10−3 S/cm even at 0 °C. The temperature
dependence of the calculated interfacial ionic conductivity is
consistent with DSC measurement results. For example, the
sharp drop of APCE-300 K’s interfacial ionic conductivity
between 20 and 10 °C may be attributed to solidiﬁcation of the
polymer matrix, which is consistent with its thermal transition
at 15 °C observed in the DSC trace (Figure 2c). Interestingly,
region I showed higher ionic conductivities than pure SPE,
although its Li+ conducting behavior is intuitively considered to
be similar to that in ceramic-free bulk SPE because it is far from

criteria from conventional ceramic−polymer composite electrolytes. For example, strong Lewis acid−base interaction leads to
an enhanced level of lithium salt dissociation and thus a higher
ionic conductivity. Therefore, the ceramic−polymer interfacial
interactions in APCE can be boosted by modifying the
continuous surface of Al2O3 nanochannels in AAO with an
ultrathin layer of a strong Lewis acid, such as AlF3.56−58 As
depicted in Figure 3a, surface modiﬁcation of nanochannels in

Figure 3. The strategy to improve the ionic conductivity of APCE. (a)
Schematic illustrations of surface modiﬁcation of a AAO disc for
APCE; (b) Arrhenius plots of ionic conductivity and electrochemical
impedance spectra measured at room temperature; and (c) DSC traces
recorded during cool down of APCE: red, bare AAO with PEO (Mw
300 000); green, AlF3-coated AAO with PEO (Mw 300 000); blue,
AlF3-coated AAO with PEG (Mw 1500).

AAO discs was carried out by ALD of AlF3. The ionic
conductivity at room temperature of APEC with AlF3 coated
AAO discs and PEO (Mw 300 000) (APCE-300K-AF) was 3.50
× 10−4 S/cm, which is doubled that of its counterpart without
AlF3 coating (1.79 × 10−4 S/cm for APCE-300K) (Figure 3b).
It should be noted that the incomplete semicircle in Figure 3b
is because the instrumental limitation at high frequency for the
APCE samples tested here. DSC traces shown in Figure 3c
demonstrate that APCE-300K-AF possesses a lower crystallization temperature and crystallinity (9.79%) than APCE-300K
without surface modiﬁcation (14.7%). However, there is no
obvious diﬀerence of absorbance intensity observed in the
FTIR spectra of APCE with and without AlF3 surface
modiﬁcation (Figure S4), indicating that surface modiﬁcation
does not signiﬁcantly inﬂuence the anchoring or cross-linking
process between the ceramic surface and polymer segments.
The improvement of ionic conductivity arising from surface
modiﬁcation is attributed to the fact that AlF3, as a strong Lewis
acid, leads to intense Lewis acid−base interaction at the
ceramic−polymer interfaces and results in higher Li +
concentration around the interface.31−34 This hypothesis was
also supported by the slightly increased ionic transport
numbers of APCE based on AlF3 modiﬁed AAO as compared
to that based on pristine AAO (Note S4). The lower
crystallization temperature and crystallinity of APCE-300K-AF
should be attributed to the fact that AlF3-facilitated LiTFSI
dissociation not only provides more free Li+ as conducting
carriers but also provides more TFSI− to form anion-polymer
complexes, which act as plasticizers in the polymer matrix. The
decreased slope of the Arrhenius plots of APCE based on AlF3coated AAO compared to that of APCE based on pristine AAO
indicates that the activation energy of APCE was reduced by
AlF3 surface modiﬁcation (Figure 3b and Figure S5b). This
E
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Figure 4. Analysis of interfacial ionic conductivity in APCE. (a) Schematics of polymer electrolyte in individual nanochannel of the AAO disc; (b)
calculated ionic conductivities of region Ι and region ΙΙ in APCE-300 K, and the thickness of interfacial layer between polymer and ceramic phase
(region ΙΙ), together with measured ionic conductivities of APCE-300 K and conventional bulk SPE for comparison; (c) interfacial ionic
conductivities and (d) the thickness of interfacial layer of APCE based on AAO discs with or without surface modiﬁcation and polymers with
diﬀerent molecular weight; (e−j) SEM images of AAO discs with pore size of 200 nm (e,f), 90 nm (g,h), and 40 nm (i,j) before (upper) and after
(below) SPE inﬁltration; (k) Arrhenius plots of ionic conductivity, (l) FTIR absorption spectra, (m) DSC traces, and (n) normalized interface area
and ionic conductivities at 0 °C, −10 °C, and −20 °C of AAO−polymer composite electrolyte based on AAO discs with diﬀerent pore sizes,
respectively.

the ceramic−polymer interface. Therefore, the eﬀects of the
ceramic−polymer interface on ionic conductivity enhancement
in APCE can be summarized as follows: First, the vertically
aligned and continuous structure of the interface makes the
contribution of fast Li+ transport paths along ceramic−polymer
interfaces to the overall ionic conductance more pronounced.
Second, nanochannels surrounded by the continuous interfaces
may eﬀectively restrict the crystallization of polymer matrix due
to spatial conﬁnement59,60 and thus lead to a much higher ionic
conductivity for the bulk part in APCE than that of
conventional bulk SPE.
Besides interfacial ionic conductivity, the thickness of
interfacial layer is another factor which inﬂuences the
contribution of the interface to the overall ionic conductance
of APCE. The thickness of the interfacial layer increases as
temperature decreases (Figure 4b,d) because the mobility of
polymer segments is reduced and more polymer chains are
attached to the ceramic surface. Additionally, the interfacial
layer thickness is also inﬂuenced by the interface modiﬁcation
and polymer molecular weight (Figure 4d). A strong Lewis acid
on the ceramic surface, such as AlF3, leads to a slightly thinner
interfacial layer. This is because the strong Lewis acid facilitates
LiTFSI dissociation and provides more TFSI- to form anion−
polymer complexes, which may compete with the anchoring

and cross-linking process between the ceramic surface and
polymer segments. When PEO (Mw 300 000) is replaced by
PEG (Mw 1500) in APCE, a more notable decrease in the
interfacial layer thickness can be deduced through data ﬁtting
and calculation. This is because the limited number of chemical
sites on the ceramic surface only allows a limited number of
polymer segments to attach, and the radius of gyration of PEG
(<3 nm)61,62 is much shorter than that of PEO (> 30 nm).63,64
Considering the temperature dependence of the calculated
ionic conductivities of region I and region II, and the thickness
of the interfacial layer (Figure 4d), Li+ transport along the
interfaces should contribute to the overall Li+ conductance in
APCE more and more as temperature decreases. For example,
region II (8.44 × 10−5 S/cm, 9.66 × 10−3 cm2) has 280.40
times the ionic conductivity and 0.12 times the cross-sectional
area of Region I (3.01 × 10−7 S/cm, 7.80 × 10−2 cm2) at 0 °C.
In other words, the ionic conductance of region II is about 34
times of region I. At lower temperatures, Li+ conduction along
the vertically aligned and continuous interfaces should
dominate Li+ conduction in APCE because region I possesses
a much steeper slope of the Arrhenius plot than region II. This
is also supported by the calculation of activation energies of the
composite electrolytes before and after melting (Note S2). For
APCE, the activation energies before melting is one-half of that
F
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after merely eight cycles. For comparison, the Li/APCE/Li cell
was cycled for more than 80 cycles without shorting. Note that
SPE used here has same thickness of ∼60 μm as APCE
(Figures S6b and S8). The diﬀerence in cycle life suggests that
the rigid AAO template served as a strong backbone for APCE
and helps prevent lithium dendrites from penetrating the
composite electrolyte. Archer and his colleagues also
demonstrated the excellent ability of AAO to stabilize lithium
electrodeposition in liquid electrolytes.65−68 The rigid AAO
template also enabled the adoption of PEO with smaller
molecular weight. For the cell based on APCE-1.5K-AF, the
overpotential was as low as ∼40 mV at a much higher current
density (0.75 mA/cm2) and a reduced testing temperature
(RT) due to its outstanding ionic conductivity. For
comparison, SPE based on 1.5k PEO is mechanically soft and
cannot be used.
Additionally, APCE exhibits better thermal stability than
SPE. APCE did not show any changes in terms of its
macroscopic morphology and mechanical hardness after baking
at 80 °C for 1 h, while the sample of SPE became sticky and
shrank in size (Figure S7). Combustion tests showed that SPE
caught ﬁre immediately when the touched with the ﬂame of a
lighter and only a bit of ashes were left after burning (Figure
S9a,c). On the contrary, the combustion of APCE was much
less violent than SPE, and the ceramic framework of APCE
maintained its spatial structure after combustion although the
polymer phase was burned oﬀ (Figure S9d,i). This indicates
that APCE can physically block the cathode and anode from
contact and prevent resultant disasters, especially under
extreme conditions of burning.
Furthermore, the long-term stability of APCE was demonstrated by the fact that the ionic conductivity of APCE
remained unchanged after the samples were stored for over one
month (Figure 5c,d). This stability is indiscriminately shown by
all ACPE based on polymers with diﬀerent molecular weights
and AAO with or without surface modiﬁcation. This can be
attributed to the fact that the structure-stable ceramic phase in
APCE does not move or aggregate like randomly dispersed
ceramic ﬁllers in conventional CSPE. In other words, the fast
Li+ transport paths along the vertically aligned and continuous
nanoscale ceramic−polymer interfaces are preserved, and thus
the samples of APCE maintain their original ionic conductivity
over a long time.
Composite electrolytes based on LiClO4 were also prepared
and investigated. They showed a similar ionic conductivity
enhancing behavior to composite electrolyte based on LiTFSI
(Note S7). On the one hand, the absolute ionic conductivity of
APCE based on LiClO4 was not as high as that of APCE based
on LiTFSI because TFSI- may plasticize the polymer matrix
and keep it in an amorphous state. On the other hand, due to
the same reason, the ionic conductivity enhancing eﬀects
coming from the vertically aligned and continuous nanoscale
interface in LiClO4-based APCE is much more pronounced
than that in LiTFSI based system. The above results indicated
that the ionic conductivity enhancing eﬀect coming from
vertically aligned and continuous ceramic−polymer interfaces is
universal, and it is not limited by the choice of materials. In
future work, APCE ionic conductivity can be further improved
by optimization of the choice of polymer−lithium salt−ceramic
combination.
Conclusions. In summary, we developed an AAO-polymer
composite electrolyte (APCE) exhibiting excellent ionic
conductivity and stability, based on the idea of building densely

after melting. Meanwhile, SPE, CSPE-NPs, and CSPE-NWs
present a higher activation energy before melting, which is
typical for polymer electrolytes.44 The extraordinary temperature dependence of APCE’s activation energy implies that the
Li+ conduction in APCE at a low temperature, such as at 0 °C,
is dominated by a conduction mechanism diﬀerent than that of
SPE or conventional CSPE, which in this case is induced by the
vertically aligned and continuous interfaces. Thus, AAO discs
with reduced pore size, which can provide larger ceramic−
polymer interface area per electrolyte volume (Table S2) for
forming the fast paths of Li+ transport, should further improve
ionic conductivity of APCE at 0 °C and lower temperatures.
We measured the ionic conductivities of APCE with nanochannels of diameters 200, 90, and 40 nm (denoted as APCE300K-200, APCE-300K-90, and APCE-300K-40 below),
respectively. The interfacial area per volume of polymer for
APCE with diﬀerent nanochannel diameters is calculated (see
details in Note S6). The morphology characterizations of
APCE demonstrate that the nanochannels were fully ﬁlled with
polymers for AAO with diﬀerent pore sizes (Figure 4e−j and
Figure S6). In the low temperature range from 0 to −20 °C, the
ionic conductivities of APCEs increased with increased
interface area (Figure 4k). FTIR spectra showed that the
intensity of asymmetrical vibrations of C−H increased as the
diameters of nanochannels decreased (Figure 4l). However,
there is no obvious peak shift for C−O vibration, except a little
bit shape variation (Figure S2b). DSC traces shown in Figure
4m demonstrated that the degree of crystallinity of polymer
matrix in APCE decreases as the nanochannel diameter
decreases. According to Note S3, the crystallinity of the
APCE with the pore size of 200, 90, and 40 nm is 14.7%, 3.36%,
and 1.96%, respectively. The endothermic peak is not
conspicuous for the DSC trace of APCE-330K-40 (blue line)
due to the lowest crystallinity and content of polymer. The
latter is because both porosity and pore size of AAO discs in
APCE-300K−40 is smallest (See Note S1 and Table S2).
However, we still can observe a bulge around −20 °C from the
DSC trace of APCE-300K-40. Meanwhile, the variation of
polymer chain organization and crystallinity with changing
nanochannel diameter demonstrates that the smaller diameter
of nanochannels leads to a larger volume ratio of region II,
which in turn induces more obvious interfacial eﬀects. Figure
4n compares the normalized interfacial area and ionic
conductivities of APCE-300K-200, APCE-300K-90, and
APCE-300K-40. One can see that the ratio of normalized
ionic conductivities at three temperatures were all proportional
to their normalized interface area. This quantitative result
experimentally conﬁrms that the fast paths for Li+ transport are
formed along the vertically aligned continuous interface in
APCE.
The Feasibility and Stability of AAO−Polymer Composite
Electrolyte. The APCE and SPE were tested in coin cells with a
symmetrical Li/electrolyte/Li design. With a current density of
0.25 mA/cm2, the cell based on APCE-300 K showed
signiﬁcantly lower overpotential (∼30 mV) than that of the
cell based on SPE (∼70 mV) during the initial cycle at 60 °C.
This result agrees with our lithium ion conductivity measurement that APCE has a higher ionic conductivity than the
corresponding SPE at all temperatures tested. In addition to the
reduced overpotentials, the cycle stability has also been
improved in APCE when compared to SPE. Because of the
poor mechanical properties of PEO, especially at increased
temperature (Figure S7a,d), the Li/SPE/Li cell was shorted
G
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rechargeable batteries with high levels of energy density and
safety.
Materials and Methods. Materials. Poly(ethylene oxide)
(PEO) (average Mw. 300 000), poly(ethylene glycol) (PEG)
(average Mw. 1500), bis(triﬂuoromethane)sulfonimide lithium
(LiTFSI, 99.95%), lithium perchlorate (LiClO4, 99.9%), Al2O3
nanoparticles (<50 nm by TEM), Al2O3 nanowires (diameter,
2−6 nm; L, 200−400 nm), and acetonitrile (anhydrous, 99.8%)
were purchased from Sigma-Aldrich. Anodized aluminum oxide
discs (AAO discs, diameter = 13 mm) were purchased from
Whatman plc (pore size ∼200 nm) and Shenzhen Topmembranes Technology Co., Ltd. (pore size ∼90 nm and 40
nm). PEO, PEG, LiTFSI, and LiClO4 were dried at 60 °C
under vacuum for 24 h and subsequently stored in an argon
ﬁlled glovebox overnight prior to use. AAO discs were cleaned
by oxygen plasma to remove possible surface contaminations
before use.
Preparation of Solid Polymer Electrolyte (SPE) Membranes. LiTFSI and PEO ([EO]/[Li] = 16:1) were successively
added into acetonitrile with a concentration of ∼18 wt %. The
mixture was mechanically stirred at RT for 16 h and then cast
onto PTFE substrate using a doctor blade with a gap of 50 mils.
After drying at 40 °C in ambient environment for 2 h, a
freestanding membrane with a thickness of ∼60 μm was peeled
oﬀ from the PTFE substrate. The obtained SPE membrane was
placed in a vacuum oven at 60 °C for 24 h and then baked in an
argon ﬁlled glovebox (content of H2O, O2 < 1 ppm) at 80 °C
for 48 h to remove the solvent and trace amount of water. The
SPE membranes based on PEO and LiClO4 ([EO]/[Li] =
12:1) were also prepared using this procedure.
Preparation of Composite Solid Polymer Electrolyte
(CSPE) Membranes. The procedure for preparing PEOLiTFSI-Al2O3 CSPE membranes is similar to SPE membrane.
Nanoparticles (NPs) or nanowires (NWs) of Al2O3 were
introduced into the SPE by adding NPs or NWs into the
acetonitrile solution of LiTFSI and PEO.
Surface Modiﬁcation of AAO Discs by Atomic Layer
Deposition (ALD). ALD deposition of AlF3 ﬁlms on AAO
substrates was done using a Savannah S100 ALD system
(Ultratech/Cambridge Nanotech). Typical AlF3 ALD coating
consists of alternating introduction of TiF 4 and AlCl 3
precursors as F and Al sources. The deposition was performed
using an exposure mode to ensure high uniformity on high
surface area AAO substrates. A total of 100 ALD cycles were
applied for all AAO samples. All depositions were performed at
250 °C. Both TiF4 and AlCl3 precursors were heated to 115 °C.
High purity argon was used as carrier and purging gas.
Preparation of AAO−Polymer Composite Electrolyte
(APCE). AAO−polymer composite electrolyte was prepared
by melt inﬁltration of polymer electrolyte into vertically aligned
through channels of AAO disc. For the preparation of APCE
based on PEO (Mw. 300 000), the as-prepared PEO-LiTFSI
SPE membrane was thermally laminated onto the top of AAO
discs at 80 °C. The double layered precursor was then
transferred into a tube furnace. The precursor was heated up
under active vacuum with a detailed temperature ramping
program: RT to 150 °C, 20 min; 150 to 165 °C, 10 min; keep
at 165 °C for 2 h; 165 to 205 °C, 20 min; 205 to 215 °C, 10
min; keep at 215 °C for 12 h; quench to RT. The water
absorbed during precursor preparation was removed at 165 °C.
At 205 °C, the SPE membrane was melted and inﬁltrated into
the porous channels of AAO discs. After cooling down, the bulk
polymer left on the top of AAO disc was removed using a razor

Figure 5. Galvanostatic cycling and long-term stability of APCE. (a)
Voltage proﬁles during lithium plating/striping cycling in LiLi
symmetrical cells based on bulk SPE (green), APCE-300 K (red)
measured at 60 °C with a current density of 0.25 mA/cm2; (b) APCE1.5K-AF measured at RT with a current density of 0.75 mA/cm2; (c,d)
electrochemical impedance spectra of APCE measured at RT after
storing for 1 day and 30 days.

packed, vertically aligned, and continuous nanoscale ceramic−
polymer interfaces in composite solid electrolytes. As a proof of
concept, APCE achieved ionic conductivity as high as 5.82 ×
10−4 S/cm at RT, which is, to the best of our knowledge, the
highest value reported for a composite solid polymer
electrolyte. We also demonstrated that APCE’s superior ionic
conductivity enhancement over conventional ceramic−polymer
composite electrolytes originates from (i) continuous fast paths
for Li+ transport formed along vertically aligned interfaces,
which were deduced to possess an ionic conductivity higher
than 10−3 S/cm even at 0 °C, and (ii) the well-aligned and
continuous nanoscale interfaces which diminished the reorganization of polymer segments in a more eﬀective manner.
Moreover, the ionic conductivity of APCE could be eﬀectually
tuned by modifying surface chemistry of the ceramic phase,
changing the composition of the polymer phase, or varying the
speciﬁc interfacial area. Thus, it is very promising to push its
ionic conductivity higher than 10−3 S/cm to be comparable to
commercial liquid electrolyte and acceptable for industrial
applications, by optimization of the geometrical structure of the
ceramic phase and the materials choice in the polymer−lithium
salt−ceramic combination. Furthermore, as the ﬁrst demonstration of composite solid electrolyte with vertically aligned
and continuous nanoscale ceramic−polymer interfaces, APCE
showed outstanding feasibility in LiLi symmetrical conﬁguration with much reduced overpotential and greatly improved
cycling stability. The knowledge gained in this work paves an
encouraging avenue for further developing advanced composite
solid polymer electrolytes in favor of next-generation
H
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blade and the surface of the AAO disc was cleaned by swab.
The APCE sample was placed in a vacuum oven at 60 °C for 24
h and then baked in an argon ﬁlled glovebox (content of H2O,
O2 < 1 ppm) at 80 °C for 48 h to remove solvent and trace
amount of water. For the preparation of APCE based on PEG
(Mw. 1500), LiTFSI and PEG ([EO]/[Li] = 16:1) were
successively added into acetonitrile with a concentration of ∼18
wt %. The mixture was mechanically stirred at RT for 16 h and
then poured into a glass Petri dish. After drying at 85 °C for 2
h, most of the solvent was evaporated and the resultant viscous
paste in the Petri dish was further dried under vacuum
overnight. AAO disc was then placed into the Petri dish
containing the homogeneous mixture of PEG and LiTFSI. The
Petri dish was kept in vacuum at 60 °C for 24 h and at RT for
another 24 h. AAO disc was carefully removed from the Petri
dish. The bulk polymer remaining on the surface of AAO disc
was removed using a razor blade and the surface of the AAO
disc was wiped by swab. The APCE sample was baked in an
argon-ﬁlled glovebox (content of H2O, O2 < 1 ppm) at 35 °C
for 1 week to remove the solvent and the trace amount of
water. The APCE samples based on surface-modiﬁed AAO
discs or using LiClO4 as the lithium salt ([EO]/[Li] = 12:1)
were also prepared by this procedure. The melt inﬁltration
temperature for the PEO−LiClO4 SPE membrane is 215 °C. A
proper lithium salt concentration was selected based on our
experiments (see Note S8). In addition, previous result has also
shown when a high lithium salt concentration would also lead
to low lithium ion conductivity.69
Characterizations. SEM images and EDX data were taken
using a FEI Nova NanoSEM 450 equipped with an EDX
detector. The FTIR spectra were measured with a Nicolet iS5
FT-IR Spectrometer in a glovebox (content of H2O, O2 < 1
ppm). Diﬀerential scanning calorimetry measurements were
conducted using TA Instrument Q2000. Samples (∼10 mg)
placed in aluminum pans with lids and an empty reference pan
were heated from RT to 110 °C at the rate of 30 K/min and
then cooled down from 110 °C to 0 °C or −40 °C at the rate of
5 K/min, all while under ﬂowing N2 gas (50 mL/min). The
DSC traces were recorded during cool down.
Electrochemical Measurements. Ionic conductivity was
measured by sandwiching solid electrolyte into two stainless
steel (SS) blocking electrodes using electrochemical impedance
spectroscopy. The frequency range was set from 100 mHz to 1
MHz. To lower the contact resistance, a gold electrode with
diameter of 4.5 mm and thickness of 100 nm, was sputtered
onto the surfaces of APCE. SS/electrolyte/SS symmetrical cells
were kept at each temperature for 1 h to achieve thermal
equilibrium prior to the EIS measurement. The bulk alumina
walls of AAO are inert for Li+ conduction. The active surface
area (the area of gold electrode times the porosities of AAO
discs) was used to calculate the ionic conductivity of APCE.
Ionic transport number was estimated in SS/electrolyte/SS
cells by means of direct current polarization with a ﬁxed bias of
80 mV across the symmetrical cell. The inhibition of lithium
dendrite penetration was studied in Li/APCE/Li and Li/SPE/
Li cells by means of galvanostatic cycling. Electrochemical
measurements were conducted using a biologic VMP3 system
and an 8-channel Land battery test system. The temperature of
the cells was controlled by an environmental chamber (BTU133, ESPEC North American, Inc.).
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