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Monodispersed Sub-1 nm Inorganic Cluster Chains in
Polymers for Solid Electrolytes with Enhanced Li-Ion
Transport

Yu Cheng, Xiaowei Liu, Yaqing Guo, Guangyao Dong, Xinkuan Hu, Hong Zhang,
Xidan Xiao, Qin Liu, Lin Xu,* and Liqiang Mai*

The organic–inorganic interfaces can enhance Li+ transport in composite
solid-state electrolytes (CSEs) due to the strong interface interactions.
However, Li+ non-conductive areas in CSEs with inert fillers will hinder the
construction of efficient Li+ transport channels. Herein, CSEs with fully active
Li+ conductive networks are proposed to improve Li+ transport by composing
sub-1 nm inorganic cluster chains and organic polymer chains. The inorganic
cluster chains are monodispersed in polymer matrix by a brief mixed-solvent
strategy, their sub-1 nm diameter and ultrafine dispersion state eliminate Li+

non-conductive areas in the interior of inert fillers and filler-agglomeration,
respectively, providing rich surface areas for interface interactions. Therefore,
the 3D networks connected by the monodispersed cluster chains finally
construct homogeneous, large-scale, continuous Li+ fast transport channels.
Furthermore, a conjecture about 1D oriented distribution of organic polymer
chains along the inorganic cluster chains is proposed to optimize Li+

pathways. Consequently, the as-obtained CSEs possess high ionic conductivity
at room temperature (0.52 mS cm−1), high Li+ transference number (0.62),
and more mobile Li+ (50.7%). The assembled LiFePO4/Li cell delivers
excellent stability of 1000 cycles at 0.5 C and 700 cycles at 1 C. This research
provides a new strategy for enhancing Li+ transport by efficient interfaces.
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1. Introduction

Solid-state lithium batteries (SSLBs) are
promising candidates for future energy
storage devices due to their high safety
and high energy density.[1] Among them,
organic–inorganic composite solid-state
electrolytes (CSEs) have attracted great
attention because of their high ionic con-
ductivity and high interface compatibility.[2]

It is an effective way to create fast Li+ trans-
port channels at the organic–inorganic
interfaces in CSEs via strong interface
interactions between inorganic fillers and
solid polymer electrolytes (SPEs), which
is also the main mechanism of enhanced
Li+ transport in CSEs with inert inor-
ganic fillers because of their inner Li+

non-conductive areas.[3] However, the func-
tional surfaces of inert inorganic fillers
that play a crucial role only occupy a small
fraction of the whole material region. Thus,
smaller size of inert fillers will lead to less
Li+ non-conductive areas, higher specific
surface areas, and more organic–inorganic

interfaces for fast Li+ transport.[4] Chen group reported that CSEs
with the smallest size of ZrO2 nanoparticles (diameter of 220 nm)
exhibited the highest ionic conductivity of 1.16 × 10−3 S cm−1.[5]

However, smaller inorganic fillers always have higher surface en-
ergy, making them more prone to agglomeration, which prevents
the berried materials from forming fast Li+ conductive interfaces
with the polymer matrix and then creates another kind of Li+ non-
conductive areas. Moreover, the agglomeration of Li+ conductive
fillers will also affect the efficient Li+ pathways and decrease the
ionic conductivity of CSEs.[6] Therefore, it is crucial to address the
issue of large size and agglomeration of fillers to achieve large-
scale, homogeneous, efficient interfaces and enhance Li+ trans-
port efficiency.

Surface modification for small-sized materials can solve the
above problems simultaneously. It is reported that quantum dot
inorganic fillers with enriched surface functional groups can en-
hance the ionic conductivity and lithium transference number of
CSEs.[7] However, small-sized particles will cause discontinuity
of the interfaceHence, the final Li+ transport channels will exist
as “interface-polymer-interface”. Meanwhile, smaller size means
shorter channels, which is not conducive to the rapid transport
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Figure 1. Organic–inorganic composite in solid-state electrolytes. a) Schematic illustration of homogeneous transparent mixtures of the cluster chain,
polymer chain, and CPCSE. b) Optical images of the Tyndall effect for mixtures of the cluster chain, polymer chain, and CPCSE in the mixed-solvent
system. c) Schematic illustration of interface areas in CSEs with different sizes of fillers. d) Schematic illustration of efficient Li+ transport channels in
CPCSE and CNCSE. e) Schematic illustration of the organic–inorganic composite process and 1D oriented interface in CPCSE. f) Schematic illustration
of irregular organic–inorganic binding sites in CNCSE.

of Li-ions. Cui group found that 3D Li+ conductive networks con-
nected by 1D nanowires made the ionic conductivity of CSEs
three times higher than that of CSEs with nanoparticle fillers.[8]

Therefore, finding suitable small-sized 1D materials and realiz-
ing their ultrafine dispersion state in polymer matrix are essen-
tial for creating large-scale, homogeneous, continuous organic–
inorganic interfaces and enhancing Li-ion transport efficiency.[9]

Wang group prepared novel nanowire materials with sub-1 nm
diameter and unique properties as polymer chains, which can
completely disperse into colorless and transparent mixtures in
weak polar and nonpolar solvents.[10] This unique characteris-
tic is quite different from common inorganic nanowire mate-
rials, making the materials more like flexible inorganic cluster
chains.[11] Therefore, this homogeneous dispersion state is fa-
vorable for application in CSEs. However, as introduced above,
these inorganic cluster chain materials can only disperse well
in weak polar and nonpolar solvents While the common solid
polymer electrolytes (SPEs), such as poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP), polyacrylonitrile (PAN), etc.,
prefer to dissolve in strong polar solvents, such as acetonitrile
(ACN) and N,N-dimethylformamide (DMF). Therefore, the ideal
organic–inorganic composite state is hard to achieve with only
single component solvent. Above all, it is urgent to find an effec-
tive way to utilize this cluster chain material in CSEs.

In this work, a new type of cluster chain/polymer chain com-
posite solid-state electrolyte (CPCSE) was fabricated for high-
performance solid-state lithium batteries. The sub-1 nm inor-
ganic cluster chains possess little inner Li+ non-conductive areas,
large aspect ratio, and rich exposed surface atoms, which provide

more specific surface areas to combine with polymer chains. A
compatible SPE and mixed-solvent strategy were designed to suc-
cessfully achieve the monodispersion of inorganic cluster chains
in the polymer matrix, which avoids the Li+ non-conductive areas
in filler-agglomeration. Hence, this novel chain-composite strat-
egy eliminates the original defects of common inert fillers. The
monodispersed cluster chains connect to form fully active Li+

conductive networks with homogeneous, large-scale, continuous
organic–inorganic interfaces, which leads to full dissociation of
lithium salts and produces more mobile Li+ at the interfaces for
fast Li+ transport. Moreover, a conjecture about the 1D-oriented
distribution of organic polymer chains along the inorganic clus-
ter chains is proposed based on the experiments and theoretical
calculations. At last, a flexible composite solid-state electrolyte
membrane with high ionic conductivity at room temperature
(5.2 × 10−4 S cm−1), large Li+ transference number (0.62), and
large distribution area of mobile Li+ (50.7%) are obtained. The
CPCSE shows excellent electrochemical stability with Li metal
during long-term and rate cycling. Hence, this approach offers a
novel perspective on inorganic–organic interface composites to
enhance the Li-ion transport performance in CSEs.

2. Results and Discussion

The fabrication process and characteristics of CSEs are presented
in Figure 1a. Oleylamine and oleic acid are often used as a sur-
factant in the synthesis of nanomaterials, which inhibits the
continuous growth of hydrophilic crystal nuclei and prevents
material aggregation.[12] Considering the different dispersion
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characteristics of organic and inorganic materials, the mixed
solvent system of tetrahydrofuran (THF) and dichloromethane
(DCM) are used to achieve uniform composite of inorganic clus-
ter chains and organic polymer chains. DCM helps to break
the intermolecular forces between the oleylamine molecules and
separate each single cluster chain.[13] The lower boiling point
of DCM also facilitates volatilization and improves film forma-
tion. Meanwhile, THF is often used to disperse oleic acid-coated
nanomaterials, and its cyclic molecules help to prevent the re-
agglomeration of cluster chains.[14] Under this mixed solvent sys-
tem, uniform dispersion of cluster chains is achieved to make
the mixture completely colorless and transparent (Figure 1b).
Additionally, the entire polarity of this solvent mixture can also
uniformly dissolve the polyethylene oxide (PEO) powders and
lithium salts, providing a good basis for the subsequent homo-
geneous composite of cluster chains and polymer chains. The
homogeneous transparent state of the overall CSE mixture is
not destroyed after mixing, indicating the good compatibility of
this composite system. For the selection of solvents, the primary
goal is to have good dispersion of inorganic cluster chains for all
the solvents. The introducing of strong polar solvents will cause
rapid settlement of cluster chains and disrupt their excellent dis-
persibility. Then, the polarity of the mixed solvent needs to be
adjusted to improve the solubility of polymers and lithium salts,
ensuring the stability and uniformity of the final mixture. The
Tyndall effect test is taken for these three mixtures A stable laser
pass through three mixtures from left to right, containing the
cluster chain mixture, the polymer chain mixture, and the CPCSE
mixture, respectively. The intensity and stability of the laser re-
main stable in these three colloids, verifying the homogeneous
state of the cluster/polymer chains composite in the mixture.
Even though the report about the quantum dot materials as fillers
in CSEs has not observed this colorless and transparent colloid
state.[7b] It is proved that the designed solid polymer electrolyte
and mixed solvent show great compatibility for the dispersion of
sub-1 nm inorganic cluster chains.

Figure 1c shows the interface area in CSEs with different sizes
of inert fillers. The decrease of material size not only increases
the specific surface areas, but also decreases the inner Li+ non-
conductive areas, leading to more exposed atoms on the surface
in the unit volume. Consequently, smaller size inorganic fillers
facilitate to increase the organic–inorganic interfacial Li+ con-
ductive area. Figure 1d is the schematic illustration of Li+ trans-
port channels in common nanowire composite solid-state elec-
trolytes (CNCSE) and CPCSE. For common nanowires, the ar-
eas of effective Li+ interface channels are greatly limited because
of the agglomeration of nanomaterials. On the contrary, in the
ideal dispersion state, the inorganic cluster chains can achieve
monodispersion in the mixed solvent and uniformly compos-
ite with organic polymer chains. The excellent dispersion and
chain structure with high aspect ratio greatly increase the ex-
posed specific surfaces for the interface construction. Therefore,
the monodispersed cluster chains finally connect to form the fully
active Li+ conductive networks in the polymer matrix. According
to the characteristics of the cluster chains. Figure 1e proposes a
possible conjecture about the composite formation process. Or-
ganic polymer chains tend to be in a flexible state in the uniform
good solvent system The radial spiral twining of polymer chains
on one sub-1 nm cluster chain would encounter greater steric

hindrance because the length of polymer chains is far longer than
the sub-1 nm diameter of cluster chains. Hence, the organic–
inorganic binding sites on the cluster chain surface may prefer to
present in a 1D-oriented axial distribution rather than the radical
distribution. Under the shear force and the binding force dur-
ing mixing, the original curled organic polymer chains would
be gradually attracted and stretched on the cluster chain sur-
face to achieve a 1D-oriented composite structure, which could
provide long-range continuous chain-adhered interface channels
for Li+ transport. On the contrary, the binding sites on the rel-
atively large-scale common nanowires mainly present irregular
3D distribution, which is difficult to construct oriented Li+ trans-
port channels on the surface (Figure 1f). Therefore, with the help
of oleylamine and oleic acid, the cluster chains maintain a sub-
1 nm diameter and high aspect ratios. In addition, small organic
molecules will adhere to the surface of cluster chains, providing
favorable conditions for their monodispersion in mixed solvents.
Hence, the small organic molecule plays a significant role in the
construction of effective organic–inorganic interfaces.

In order to realize the homogeneous organic–inorganic com-
posite, the morphology and dispersion characteristics of cluster
chains are studied. The mixture remains transparent and stable
for a long time even at high concentrations. As shown in Figure
2a–c, the cluster chain materials tend to align into bundles at high
concentrations The residual organic molecules on the surface
act as surfactants to avoid the irregular agglomeration of clus-
ter chains. Moreover, the diameter of the self-assembled bundles
gradually decrease when the concentration of mixture decreases.
The high-resolution TEM image is shown in Figure 2d. The di-
ameter of the synthesized inorganic cluster chain is ≈0.95 nm.
More details and the sub-1 nm diameter of cluster chains can
be observed in Figure S1 (Supporting Information). Figure 2e
is the scanning transmission electron microscopy (STEM) im-
age of cluster chains on the substrate. The originally arranged
cluster chains are separated, indicating the inter-molecular force
between cluster chains is easily destroyed under the other exter-
nal forces, which means the cluster chains have the chance to
present the more uniform dispersion state under the appropriate
concentration. The in situ liquid TEM was conducted to observe
the morphologies of inorganic cluster chains combined with
PEO in the mixed liquid, which clearly reveals the monodisperse
state of inorganic cluster chains in the mixed liquid (Figure 2f).
Figure 2g,h are the ultrathin section transmission electron micro-
scope (TEM) images of CSE films to investigate the actual disper-
sion state of cluster chains in the CSE film. It is clear that cluster
chains with sub-1 nm diameter exhibit the monodisperse state in
the CSE filmwithout obvious agglomeration and entanglement,
which will extremely increase the homogeneous distribution of
organic–inorganic interface areas in the polymer matrix. Poly-
mer molecules wrap on the surface of inorganic cluster chains
to reduce the surface energy and the molecular force between
small molecules, thereby preventing the cluster chains from re-
aggregating. Therefore, each monodispersed cluster chain can
be regarded as an independent and stable individual. Finally, the
monodispersed cluster chains connect into a 3D structure in the
polymer matrix after mixing. To certify the good dispersion state
of cluster chains, ≈2.5–12.5 wt.% cluster chain materials are dis-
persed in the CSE mixture with mixed solvent The CSE mix-
tures can still maintain the completely colorless and transparent
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Figure 2. Morphology of cluster chain and composite solid-state electrolytes. a–c) TEM images of cluster chains under different dispersion concen-
trations, a,b,c) concentrations of cluster chains gradually decrease. d) TEM image of one single inorganic cluster chain with a diameter of 0.95 nm.
e) STEM image of cluster chains. f) The in-situ liquid TEM image of the cluster chain/PEO/LiTFSI mixed liquid. g,h) Ultrathin section TEM images of the
CPCSE film. i) Optical photographs of the Tyndall effect in CSE mixtures and CSE films, including PEO-based CSEs with cluster chain in mixed solvent
(orange), cluster chain in acetonitrile (green), and common nanowire in mixed solvent (gray).

state (Figure S2, Supporting Information). The transparency of
the mixture is not affected by the increased amount of inorganic
cluster chains. Figure 2i contains the optical images of CSEs for
different filler/solvent systems under the Tyndall effect test. It
can be found that a stable laser path only occurs in the CPCSE
colloid, demonstrating a homogeneous composite state of the
overall components. However, in the other two nanowire/solvent
systems, no stable laser appears because the cluster chains can-
not realize the monodispersion in the strong polar of ACN. The
large-scale common nanowire also cannot achieve the homoge-
nous dispersion in the mixed solvent. The lower part of Figure 2i
is the optical images of three different SSE films. The CPCSE film
basically exhibits a completely colorless and transparent state and
can clearly see the logo below. While in the second and third
CSE films, the transparency gradually decreases, indicating the
best uniformity of the monodispersion cluster chain system. The
optical photos of the CPCSE membrane are provided in Figure
S3 (Supporting Information), which show good self-supporting
performance due to the enhancement of the inorganic cluster
chain networks in the polymer matrix. EDS tests were performed
on the CPCSE film in Figure S4 (Supporting Information). The

mapping plots show a uniform distribution of the gadolinium
element, which verifies the homogeneous dispersion of clus-
ter chains. Therefore, the designed composite system perfectly
solves the dispersion of inorganic filler in SPEs, which lays a fa-
vorable foundation for constructing efficient Li+ transport chan-
nels.

The control group of large-scale common nanowires was syn-
thesized by a similar hydrothermal method. The diameter of the
nanowires was regulated by adjusting the ratio of oleylamine,
oleic acid, and the reaction time. The final diameter is about
70 nm, and the length is comparable to that of cluster chains,
which is about 500 nm (Figure S5, Supporting Information). The
common nanowires are usually promiscuously distributed and
highly prone to agglomeration, which is unfavorable to the sub-
sequent composite with the polymer electrolyte. The XRD spectra
of cluster chain materials and common nanowires are consistent
with the GdOOH crystalline phase (Figure S6, Supporting In-
formation), which is consistent with the previous report.[15] The
thermogravimetric (TG) curves are shown in Figure S7, Support-
ing Information. About 50 wt.% organic molecules on the surface
of cluster chains and common nanowires. The organic molecules
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on the surface of cluster chains and common nanowires were
verified by FT-IR characterization (Figure S8, Supporting Infor-
mation). The results are consistent with the main characteris-
tic peaks from the oleylamine and oleic acid molecules on the
surface.[16]

To demonstrate the compatibility of the mixed solvent sys-
tem with cluster chains and polymer chains in this work, sev-
eral other common SPE systems are prepared for comparison.
Figure S9a (Supporting Information) shows the mixture of clus-
ter chain and PEO-based SPE in the mixed solvent, respectively,
which both maintain uniform colorless and transparency state.
Figure S9b (Supporting Information) are the images of the clus-
ter chain in the mixed solvent, ACN solvent, and DMF solvent,
respectively. The transparency of the mixture gradually decreases
due to poor dispersibility. Other common SPE materials were ap-
plied to verify the compatibility with cluster chains (Figure S9c,
Supporting Information). DMF solvent was used because the
mixed solvent was less polar and could not dissolve the PVDF-
HFP and PAN polymer powders. While cluster chains could not
be dispersed well into the transparent mixture in this strong po-
lar solvent. Thus, the latter two composite solid electrolyte mix-
tures were basically in a turbid state. Figure S9d,e (Supporting
Information) are the tests of the Tyndall effect in different di-
rections. The laser could pass through the CPCSE mixture, but
could not pass through the CSE mixture with acetonitrile sol-
vent. The results prove only PEO and the mixed solvent system
used in this work are perfectly compatible with the inorganic
cluster chain in the current mainstream polymer electrolyte and
solvent systems. The images of the CPCSE and CNCSE mix-
ture after 2 weeks standing are provided in Figure S10 (Sup-
porting Information), which shows that the CPCSE mixture still
keep transparent. However, the common nanowires begin to set-
tle in the mixed liquid. These results indicate the stable dis-
persibility of cluster chains in the mixed solvent. CSEs of dif-
ferent systems are fabricated into films to test their ionic con-
ductivity. The CPCSE shows the highest ionic conductivity of 5.2
× 10−4 S cm−1 at room temperature due to the homogeneous
and continuous organic–inorganic interfaces (Figure S11, Sup-
porting Information). The ionic conductivity of CSEs prepared
by cluster chains and poor solvent/polymer system is even lower
than that of the common nanowire system, indicating even small-
size materials cannot exhibit good performance without a good
dispersion situation. Even the same PEO and cluster chain sys-
tem cannot be effectively composited in the incompatible solvent.
On the contrary, the common nanowires/PVDF-HFP and com-
mon nanowires/PAN SSE have similar ionic conductivity with
the cluster chains/PVDF-HFP and cluster chains/PAN SSE, re-
spectively, due to the poor dispersion states. Thus, it shows that
the designed mixed solvent successfully compels both cluster
chains and polymer chains into a stable homogeneous mixture.
The good dispersibility of inorganic additives is the key to provide
effective inorganic/organic Li+ paths and high ionic conductivity
for SSEs.

In order to study the influence of inorganic filler in the CSEs,
the crystallinity of the CSE films was characterized by the X-
ray diffraction (XRD) test. It can be seen in Figure 3a that the
pure polymer solid-state electrolyte (PPSE) film has two obvi-
ous peaks at 19° and 23°, which is consistent with the XRD pat-
tern of polymer powders in Figure S12 (Supporting Information).

However, as for the CNCSE film, the peak at 19° appears sig-
nificantly broader and the peak intensity becomes weaker, indi-
cating the reduction of the polymer crystallinity. While in the
CPCSE film, the peak at 23° is weakened, indicating the fur-
ther decrease in crystallinity. The XRD spectrum demonstrates
that uniform monodispersion of cluster chains greatly destroys
the crystallinity of polymer, which will be beneficial to reduce
the complexation of polymer toward Li-ions and improve the Li+

transport efficiency (Figure 3b).[17] To further test the crystallinity
of the composite solid-state electrolyte film, the glass transition
temperatures (Tg) of the solid-state electrolyte (SSEs) films were
tested by differential scanning calorimetry (DSC). The results
show that the Tg of the CNCSE film slightly decreases after the
addition of common nanowire materials. However, after the in-
troduction of cluster chains, the Tg of the CPCSE film signifi-
cantly decreases to −50.51 °C. This result significantly confirms
the uniform monodispersion of cluster chains can greatly reduce
the crystallinity of the SSE film. Therefore, the polymer chains
in the amorphous region have higher flexibility, which is con-
ducive to compositing with cluster chains.[18] The thermogravi-
metric tests of the composite solid electrolyte show high ther-
mal stability (Figure S13a, Supporting Information), which re-
mains stable at about 350 °C. As shown in Figure S13b (Sup-
porting Information), the weights of SSE membranes keep over
99.5% before 100 °C, which suggests that the residual solvent
has been removed during the SSE fabrication process. The flat-
ness of the solid electrolyte film is one of the important factors
affecting the stability of the interface with the electrode (Figure
S14, Supporting Information). The reduced crystallinity makes
the films more uniform and flatter after solvent volatilization,
which is conducive to close adhesion with the electrode mate-
rials. In contrast, the crystallinity of the polymer in the compar-
ison sample is relatively high, and obvious wrinkles can be seen
on the film surface. The gaps between SSE and electrodes will
lead to interface failure when assembling the solid-state battery.
To verify the electrochemical stability window of the SSEs, lin-
ear sweep voltammetry (LSV) tests were performed (Figure 3c),
the results show the electrochemical stability windows are all im-
proved after the addition of inorganic fillers. The electrochemical
window of the CPCSE is 5.1 V, benefited by the introduction of
cluster chains and Lewis acid–base interaction between cluster
chains and TFSI− anions.[19] It also proves the stability of inor-
ganic cluster chains under high voltage.

As shown in Figure 3d, the Li+ transference number of the
solid-state electrolyte was studied to verify the Li+ transport ef-
ficiency. The CPCSE reaches the highest Li+ transference num-
ber of 0.62 due to its homogeneous chain-adhered interface con-
struction, which improves more interface areas to the dissocia-
tion of lithium salts. The common nanowires SSE only slightly
improves the ion transference number to 0.27 due to some in-
effective interfaces caused by agglomeration and large inner ar-
eas. (Figure S15, Supporting Information). The sub-1 nm size
and monodispersion of cluster chains are conducive to provid-
ing more interface areas to boost the space charge layer effect,
which can enhance the Li+ transport in fully active Li+ conductive
networks.[20] The ionic conductivity of the SSEs is compared for
different filler ratios (Figure S16, Supporting Information). The
results of cluster chains and common nanowires show a peak at
one particular ratio, mainly related to the best dispersion state of
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Figure 3. Crystallinity, electrochemical property, and interfacial stability of SSEs. a) XRD patterns of CPCSE, CNCSE, and PPSE. b) DSC profiles of
CPCSE, CNCSE, and PPSE. c) Linear sweep voltammetry curves of CPCSE, CNCSE, and PPSE. d) Current-time curves of CPCSE Li symmetric cell, insert
the corresponding EIS curves before and after polarization. e) EIS curves of CPCSE at different temperatures. f) Arrhenius plots of CPCSE, CNCSE,
and PPSE at different temperatures. Galvanostatic Li plating/stripping profiles of Li/CPCSE/Li, Li/CNCSE/Li, and Li/PPSE/Li cells at g) step-increased
current densities from 0.05 to 0.5 mA cm−2, and 0.1 mA cm−2 for h) 100–110 h and i) 1500 h, respectively. SEM images of Li metal surface after j) CPCSE
and k) CNCSE Li symmetric cell cycling for 300 h.

the filler and the interfacial configuration with the polymer. The
ionic conductivity peak of the CNCSE showes at 10 wt.%, which is
consistent with the reported inorganic filler materials. The ionic
conductivity of the CPCSE reaches a peak at 2.5 wt.% due to the
sub-1 nm size, proving the successful organic–inorganic inter-
facial construction with little cluster chain materials. The ionic
conductivity of the CPCSE at different temperatures was tested
(Figure 3e), and the ionic conductivity of the CPCSE reaches 1.6
× 10−3 S cm−1 at 60 °C. As for the CNCSE, the value decreases
to 9.1 × 10−4 S cm−1 at 60 °C. Specifically, the ionic conductiv-
ity of PPSE at 60 °C is 0.8 × 10−4 S cm−1 (Figure S17, Support-
ing Information). The calculated activation energy of the CPCSE
is significantly lower, which is 0.11 eV compared with 0.16 eV
of CNCSE and 0.32 eV of PPSE (Figure 3f). The monodispersed
cluster chain increases the contact area with the polymer, which
effectively reduces the crystallinity of the polymer and constructs
a continuous fully active Li+ conductive networks. Therefore,
there is an obvious increase in the transport efficiency of Li-ions
in the SSEs. To demonstrate the stability of SSEs, Li–Li cycling
tests were carried out at increased current densities from 0.05 to
0.5 mA cm−2 (0.05 to 0.5 mAh cm−2). The Li–Li cell with CPCSE
remains stable under the increased current. However, the short-
circuiting occurs in cells with CNCSE and PPSE at high current

densities, proving the homogeneous and continuous organic–
inorganic interface favors electrochemical stability at high cur-
rent density (Figure 3g). To further test the stability of the SSEs
with lithium metal, a long cycling test of Li–Li at a current den-
sity of 0.1 mA cm−2 (0.1 mAh cm−2) was carried out. When the
cells stabilize, the Li|CPCSE|Li cell shows the lowest polariza-
tion voltage due to the homogeneous and continuous Li+ trans-
port channels (Figure 3h). Furthermore, the Li|CPCSE|Li cell sta-
bly cycled for 1500 h and the polarization was stable at around
40 mV (Figure 3i). While the CNCSE showed short-circuiting
and polarization of 0.1 V at 400 h. The Li|PPSE|Li cell shows
larger polarization, and short-circuiting occurred after 180 h. The
stable lithium-SSE interface comes from the smoother SSE sur-
face brought by the reduction of crystallinity. With the help of
fully active Li+ conductive networks, the fast lithium-ion conduc-
tion and full dissociation of lithium salt can be realized for the
formation of stable SEI at the lithium-SSE interface. Figure 3j
is the morphology images based on the surface diagrams of
lithium metals after Li–Li cycling with the CPCSE. The lithium
metal in the CPCSE cell is flat without obvious dendrite emer-
gence. While in Figure 3k, obvious bulk lithium dendrites indi-
cate the CNCSE has a poor affinity for lithium metal and poor
ability to inhibit lithium dendrite during cycling.[21] Hence, the
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Figure 4. Mechanism analysis of organic–inorganic interface. a) Schematic illustration of the mechanism for enhanced Li-ion transport in organic–
inorganic interface. b,c) Calculated Li binding energy of the TFSl− in lithium salts and adsorbed by the cluster chain surface, LiTFSI (blue), and GdOOH
(orange). FTIR spectra of CPCSE, CNCSE, and PPSE at d) 4000–600 cm−1 and e) 1400–1140 cm−1. f) Theoretical calculation of adsorption energy
between polymer chains, and cluster chain-polymer chain. g) Raman spectra and h) 7Li solid-NMR of CPCSE, CNCSE, and PPSE. i) XPS spectra of Li
metal surface after Li–Li cycling with CPCSE, CNCSE, and PPSE.

effective construction of homogeneous and continuous organic–
inorganic chain-adhered interfaces endows SSEs with high ionic
conductivity and high interface stability toward Li metal. In-
situ optical microscope was conducted to observe the growth of
lithium dendrites. The Cu/CSE/Li battery was selected to con-
veniently observe the edge of lithium dendrites.[22] As shown in
Figure S18a–c (Supporting Information), the CPCSE-based sys-
tem displays a dense and thin Li deposition layer, which proves
the successful inhibition of the lithium dendrite growth. In con-
trast, the CNCSE system leads to obvious protrusions during
the growth process of lithium dendrites (Figure S18d–f, Sup-
porting Information). Furthermore, the lithium dendrites in
PPSE- based system are thick and uneven, which is unfavor-
able for maintaining interface stability (Figure S18g–i, Support-
ing Information).[23] Hence, the effective construction of homo-
geneous and continuous organic–inorganic chain-adhered inter-
faces endows SSEs with high interface stability toward Li metal.

It is well-known that the introduction of inorganic materials
will lead to the interface effect. The interface effects caused by
monodispersed sub-1 nm cluster chains will be discussed in de-
tail. Figure 4a illustrates the distribution state of the inorganic
cluster chain, organic polymer chains, and LiTFSI in the com-
posite solid-state electrolyte mixture. The surface of the inorganic
cluster chains will adsorb TFSI− anions. Hence, the dissociation
degree of the lithium salt will be elevated, and the concentration
of mobile Li+ will increase, constructing the fast Li+ transport

channels. To investigate the interface effect between the cluster
chain and the lithium salt, density functional theory (DFT) calcu-
lations were carried out to analyze the binding energy between
the surface of the cluster chain and the lithium salt in the SSEs.
The TFSI− anions are easy to be attracted by the Lewis-acid site on
the inorganic crystal surface (Figure 4b).[17,24] Moreover, the Li+

binding energy of the TFSI− anions in lithium salt and absorbed
by the surface of cluster chains were calculated (Figure 4c). The
lower Li+ binding energy on the surface of cluster chains means
a higher dissociation degree of LiTFSI and more mobile Li+, indi-
cating the improved Lewis-acid base effect in the homogeneous
and continuous interfaces.[25] FT-IR test was performed to in-
vestigate the interaction between organic–inorganic interfaces in
SSE films. Compared with PEO particles and LiTFSI, the FT-
IR spectrum of SSEs has changed after the introduction of in-
organic fillers and the formation of films (Figure S19, Support-
ing Information). As illustrated in Figure 4d, it is evident that
at 1300 cm−1, the CSEs exhibit distinct changes for the charac-
teristic peaks of ether oxygen bond compared to the PPSE film,
indicating the combination between the polymer chains and in-
organic cluster chains.[26] There are seldom characteristic peaks
from the residual oleylamine and oleic acid small molecules,
which means the residual organic molecules will not affect the in-
teraction between cluster chains and polymer chains. The Lewis
acid-base effect between inorganic fillers and lithium salt was
also analyzed in Figure 4e. Two red characteristic peaks are

Adv. Mater. 2023, 2303226 © 2023 Wiley-VCH GmbH2303226 (7 of 12)
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encapsulated as−SO2− stretching. Compared with the PPSE, the
other two CSEs appear peak shifts, indicating the interaction be-
tween the surface of inorganic cluster chains and sulfonic acid
groups in LiTFSI, which will enhance the dissociation degree of
lithium salts, increase the concentration of mobile Li+, and fi-
nally improve the Li+ transport efficiency.[27] To further investi-
gate the detailed composite states of cluster chains and polymer
chains, DFT calculations were employed, and the calculated re-
sults show the adsorption energy between polymer chains and
cluster chains was much higher than that between two polymer
chains (Figure 4f), which means the polymer chains are more
easily to be attracted and adsorbed by cluster chains. While inor-
ganic cluster chains possess sub-1 nm diameter and high aspect
ratio, it is reasonable to assume the binding sites with polymer
chains mainly exhibit 1D distribution. Therefore, the curly poly-
mer chains may be attracted to the surface of cluster chains to
be radially aligned and share the same orientation, which could
organize into oriented Li+ fast transport channels. The unique
molecular scale ordered state would further improve the trans-
port efficiency of lithium-ions.

To investigate more interface effects after organic–inorganic
composite, Raman characterization is performed to study the dis-
sociation state of the lithium salt in the solid-state electrolyte. As
shown in Figure 4g, the left side refers to the free TFSI− an-
ion, and the blue peaks on the right side are undissociated Li-
TFSI salt. More free TFSI− anion emerges in the CSEs due to
the Lewis acid–base effect.[28] The presence of the highest distri-
bution of free TFSI− in the CPCSE proves the highest dissoci-
ation degree of the lithium salts under the homogeneous and
continuous organic–inorganic interface, which will greatly en-
hance the Li+ transport efficiency. Solid-state NMR is used to
study the distribution of Li-ions in the solid-state electrolytes. The
characteristic peak positions of 7Li in both the solid-state elec-
trolyte with common nanowires and cluster chains are both neg-
atively shifted (Figure 4h), indicating lower interaction around
Li-ions.[29] While the characteristic peak of 7Li in the CPCSE sig-
nificantly broadens, from which two peaks can be distinguished,
the left red peak represents the distribution of mobile Li+, occu-
pying 50.7%, which mainly exists in the organic–inorganic in-
terface. The peak in blue on the right side represents the Li+

combined with oxygens of polymer, occupying 49.3%. There-
fore, the construction of homogeneous and continuous organic–
inorganic interfaces stimulates an increased amount of mobile
Li+, which is beneficial for efficient Li+ transport.[30] XPS was
carried out to detect the side reactions between SSE and lithium
metal, Figure 4i shows the characteristic peak spectrum of fluo-
rine element on the lithium metal surface. The peak of the red
area on the left is fluorine element in LiTFSI, and blue area on
the right represents lithium fluoride generated on the surface of
lithium metal.[31] More lithium fluoride content indicates more
stable SEI film on the surface of lithium metal. XPS spectrums
show that the composition of lithium fluoride on the surface in-
creased obviously after the introduction of cluster chains, and
the lithium fluoride produced in the CPCSE shows the highest
amount, presenting the generation of the stable SEI film and
improved dissociation of lithium salts, which is guided by the
strong interactions between uniform and wide range of organic–
inorganic interfaces.[32] The experimental results show that the
CPCSE creates greater interface stability, which is inseparable

from the monodispersion of cluster chains and effective interface
construction.

CEI is one of the important components that affect the cath-
ode/SSEs interface. The high-resolution TEM was carried out
to investigate the formation of CEI. As shown in Figure 5a, an
amorphous layer (CEI) was uniformly coated on the surface of
CPCSE-based cycled NCM811 particle (NCM-CPCSE). While for
NCM-CNCSE and NCM-PPSE particles, the CEI layer is thick
and uneven, which will lead to high interfacial resistance at the
cathode/SSEs interface (Figure 5b,c). The X-ray photoelectron
spectroscopy (XPS) measurement was conducted to character-
ize the CEI on the cycled NCM811 cathode surface. As shown
in Figure 5d–f, the C 1s spectra can be divided into about several
peaks, indicating the Li2CO3 (C═O) and organic lithium com-
pounds (C–O) in the CEI.[33] The NCM-CPCSE cathode surface
contains less organic lithium compounds, indicating less PEO
decomposition. Furthermore, the F 1s spectra show the signif-
icant content of LiF for stable CEI (Figure 5g-i). The surface
of NCM-CPCSE possesses more LiF components, indicating a
more stable CEI composition.[34] Therefore, a stable CEI layer
can inhibit the decomposition of PEO and maintain a stable cath-
ode/SSE interface. In addition, the CEI on the cycled NCM811
cathode surface was detected by time-of-flight secondary ion
mass spectrometry (TOF-SIMS). The C2HO− and LiF2

− anions
represent organic lithium compounds and inorganic LiF, respec-
tively. The 3D reconstruction images show the distribution of or-
ganic and inorganic components in CEI after cycling with differ-
ent SSEs (Figure 5j–l). The LiF content in the surface of NCM-
CPCSE is the highest, indicating a more stable CEI composition.
Therefore, the stable CEI can suppress the further decomposi-
tion of PEO, thereby leading to a low content of organic lithium
compounds. On the contrary, the NCM-PPSE surface has less
LiF and more organic lithium compounds, which means that
the unstable CEI layer is difficult to suppress the continuous de-
composition of PEO. The distribution of different components
can also be seen from the depth profile in Figure 5m,n. This re-
sult is consistent with the conclusion of the previous XPS anal-
ysis. The monodispersed cluster chains connect to form homo-
geneous, large-scale, and continuous fully active Li+ conductive
networks, which lead to full dissociation of lithium salts. Thus,
a stable LiF-rich CEI layer can be constructed to reduce the side
reaction of the cathode-SSE interface. Furthermore, a dense and
uniform CEI on the NCM-CPCSE surface can also weaken the
interface impedance caused by the space charge layer effect.[35]

On the contrary, the CEI layer is uneven and shows a continu-
ous growth trend in the control group, making it difficult to re-
lieve the impact of space charge layer between the cathode and
SSE. Accelerating rate calorimeter (ARC) was conducted to study
the interfacial thermal stability. The onset temperature (Tonset)
is the temperature at which side reactions begin to occur inside
the cells. As shown in Figure S20 (Supporting Information), the
CPCSE-based cell displays higher Tonset and longer self-heating
time, indicating the stable interface inside the cells. Then, the
PPSE-based cell undergoes the first thermal runaway at 242 °C.
In contrast, the CPCSE-based cell shows higher thermal run-
away temperature (Ttr), lower Tmax, and greatly delays the thermal
runaway time. As a result, the CPCSE-based pouch cell presents
great interfacial thermal stability, which may benefit by the stable
SEI and CEI induced by fully active Li+ conductive networks.[36]

Adv. Mater. 2023, 2303226 © 2023 Wiley-VCH GmbH2303226 (8 of 12)
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Figure 5. The CEI study for the cycled NCM811 cathode with different SSEs. a–c) High-resolution TEM images of NCM811 particles after solid-state full
cell cycling with different SSEs. d–i) XPS spectra about the C 1s and F 1s of the cycled NCM811 cathode. j–l) TOF-SIMS 3D reconstruction of the cycled
NCM811 cathode surface. TOF-SIMS depth profiles of m) LiF2

−, and n) C2HO− on the cycled NCM811 cathode surface.

The performance of the SSE was further evaluated with the
solid-state full cell. Figure 6a shows the inner diagram of the
composite cathode material. The CPCSE is introduced into the
cathode material as the ionic conductive agent and binder. The
efficient Li+ transport channels composed of cluster chain and
polymer chains will adhere to the surface of the cathode mate-
rial particles to optimize the Li+ transport path between the cath-
ode particles.[37] The rate performances of solid-state batteries
are tested from 0.1 to 2 C (Figure 6b). The capacities of SSLBs
based on CPCSE remain stable after the current increasing, and
still show a capacity of 121 mAh g−1 at 2 C. While the capacities
of the control groups decrease significantly with the increase of
current, which are below 100 mAh g−1 at 2 C. The monodisper-
sion of cluster chains and efficient interface construction of clus-
ter chains/polymer chains provide decreased PEO crystallinity
and fully active Li+ conductive networks for fast Li+ transport
channels, which greatly improves the high current tolerance of
the solid-state electrolyte. Charge/discharge plateaus slightly ex-
pand and remain stable under increasing current (Figure 6c).
However, the polarization of the control groups increases signifi-
cantly under increasing current, indicating low Li+ transport effi-
ciency (Figure S21a,b, Supporting Information). Based on the ex-
cellent Li+ transport performance of the CPCSE and optimized
Li+ transport channels in the cathode material, the assembled
SSLBs exhibit consistently excellent cycling stability, maintain-
ing high capacity retention of 87.7% after 1000 cycles at 0.5 C
(Figure 6d), capacity retention of 80.2% after 700 cycles at 1 C
(Figure 6e), 152 mAh g−1 after 100 cycles at 0.1 C, respectively
(Figure S21c, Supporting Information). The coulombic efficiency
of solid-state batteries based on CNCSE and PPSE continuously

decreases after a long cycle, which means that there are side
reactions between electrode and solid-state electrolyte. As men-
tioned before, the fully active Li+ conductive networks can dis-
sociate lithium salts and induce the formation of stable SEI,
thereby suppressing side reactions at the electrode/SSE inter-
face and providing high interface stability.[38] Charge/discharge
curves of LFP/Li SSLBs after 100 cycles are shown in Figure
S21d (Supporting Information), homogeneous and continuous
organic–inorganic interface endows more 3D efficient Li+ trans-
port networks. Hence, the charge/discharge curves of SSLBs with
CPCSE show stable plateaus after cycling. To investigate the high
voltage stability of SSEs. SSLBs with NCM811 cathode were as-
sembled and tested. Charge/discharge curves under different
rates also keep stable contributing to the optimization of com-
posite interface (Figure 6f). On the contrary, the control groups
exhibit larger electrochemical polarization and lower cycling ca-
pacity due to the poor high voltage tolerance of PEO (Figure
S21e,f, Supporting Information). The assembled solid-state bat-
teries with NCM811 cathode maintain stable capacity even at
0.5 C, maintaining 142.8 mAh g−1 after 250 cycles (93.7% of ca-
pacity retention) (Figure 6g), indicating high voltage stability of
the CPCSE. The results show excellent cycling performance com-
pared to other works in Table S1 (Supporting Information). The
EIS curves show that the interfacial resistance of the LFP/CPCSE-
based full cell is much lower than that of the LFP/PPSE-based
full cell before cycling, indicating a better interfacial compatibil-
ity of CPCSE with both electrodes (Figure 6h,i). After 100 cycles
at 0.5 C, the interfacial resistance of the CPCSE-based full cell
keeps stable, while that of the CNCSE-based full cell increases
significantly. Hence, the EIS results indicate a more stable
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Figure 6. Electrochemical performance of solid-state full cells. a) Schematic illustration of the Li+ transport channel in the composite cathode. b) Rate
performance of the LFP/Li solid-state full cells at different rates. c) Voltage-capacity profiles of LFP/CPCSE/Li solid-state full cells at different current
rates. Cycling performance of the LFP/Li solid-state full cells at d) 0.5 C, e) 1 C. f) Voltage-capacity profiles of NCM811/Li solid-state full cells at different
current rates. g) Cycling performance of the NCM811/Li solid-state full cells at 0.5 C. The EIS curves of LFP/Li solid-state full cells h) before and i) after
100 cycles.

interface in CPCSE-based full cell due to the lower crystallinity
of PEO and fully active Li+ conductive networks. The fabricated
solid punch cell maintains a stable voltage output of 3.4 V (Figure
S22a, Supporting Information), and can stabilize the power LED
light plate at different bending degrees (Figure S22c,d, S22b-d,
Supporting Information), indicating the excellent electrochemi-
cal performance and interface stability of the solid-state punch
cell. The LFP/CPCSE/Li pouch cell was assembled and kept sta-
ble cycling at 0.5 C and 30 °C with a capacity retention of 99%
(Figure S22e, Supporting Information), presenting its high prac-
tical application value. Compared with other PEO-based com-
posite solid electrolytes with different inorganic fillers, the key
performance parameters show huge advantages (Table S2, Sup-
porting Information). This work provides a valuable basis for the
organic–inorganic composite solid-state electrolyte. On this ba-
sis, we could develop some new polymer materials and compati-
ble solvent systems, and improve the binding state between clus-
ter chains and polymers through surface modification.

3. Conclusion

In summary, a novel type cluster chain/polymer composite solid
electrolyte with fully active Li+ conductive networks was designed
and fabricated to enhance Li+ transport. The sub-1 nm inorganic
cluster chains deliver little inner Li+ non-conductive area and rich
exposed surface atoms, which provide more specific interface ar-
eas with polymer chains. A compatible SPE and mixed solvent

system were designed to achieve monodispersion of sub-1 nm
inorganic cluster chains in the polymer matrix, which avoids an-
other kind of Li+ non-conductive areas caused by agglomeration,
constructing homogeneous and continuous Li+ conductive chan-
nels to amplify the interface effects and lead to improved Li+

transport efficiency. A rational conjecture about the 1D-oriented
distribution of organic polymer chains along the inorganic clus-
ter chains is proposed based on the results of the experiments
and theoretical calculations. Benefiting from the merits above,
the CPCSE possesses high ionic conductivity at room tempera-
ture (5.2 × 10−4 S cm−1), high Li+ transference number (0.62),
large distribution of mobile Li+ (50.7%), and LiFePO4/Li metal
and NCM811/Li metal cells with CPCSE deliver excellent electro-
chemical stability. This research provides a new strategy to break
through the current bottleneck in the research field of organic–
inorganic composite solid-state electrolytes.
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the author.
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