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All-solid-state batteries are emerging as the new generation devices for safe and stable energy storage. However,
insufficient ion conductivity of solid electrolyte impairs their practical applications. Herein, a series of fast alkali-
ion conductor, polymer/polyoxovanadate hybrid nanowires were fabricated as solid electrolyte by a facile and
scalable polyoxovanadate-induced self-assembly method. Combining abundant mobile alkali-ions and terminal
oxygen atoms (Lewis base sites) of polyoxovanadates with the ion-migration favoured nanowire assemblage,
ultrahigh ion conductivities of universal alkali-ions (25 °C, 3.30 x 10’3, 2.00 x 10’3, and 4.55 x 1072 S em™! for

Li*, Na" and K" respectively) with low active energies are achieved. Remarkably, the hybrid solid-state elec-
trolytes were applied in solid-state lithium and potassium batteries, exhibiting remarkable rate capability and
comparable cycling stability. The chemical and structural design of polyoxometalate/polymer hybrid solid-state
electrolyte shed light on the material design and chemical investigation of next-generation all-solid-state batteries.

1. Introduction

Alkali-ion batteries (AIBs), including Li-ion batteries (LIBs), sodium-
ion batteries (SIBs) and potassium-ion batteries (KIBs), have been
widely applied in energy storage systems [1,2]. Varies advantages such as
the high energy density of LIBs, low cost, and high earth abundance of
sodium and potassium in SIBs and KIBs, endowed alkali-ion battery with
priority for portable and scaled using [3-5]. However, conventional AIBs
generally use liquid organic electrolytes, which leads to some drawbacks
such as uncontrollable safety issues and high cost [6]. Concerning these
problems, solid-state electrolytes have emerged as a kind of powerful
solution for next-generation AIBs [7,8]. In general, typical materials
applied in solid-state electrolytes could be categorized into two types:
inorganic electrolyte and polymer electrolyte. Inorganic solid-state
electrolytes, such as the garnet oxides LixLasM5012 [9], NASICON (so-
dium super ionic conductor)-type phosphates [10] and perovskite-type
LisxLas/3x1/3-2xTi03 [11], display high ion conductivity. However, they
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are many bottlenecks like the poor interfacial contacts in working elec-
trodes [12]. In contrast, solid polymer electrolytes (SPEs), a kind of
electrolyte composed of metal salts associated with soft polar polymer
matrix, are intended to solve most of the concerning issues encountered
with liquid electrolytes [13]. Specially, SPEs with high stability, wide
working temperature range and ease of processing show superior per-
formances than inorganic solid-state electrolytes and are regard as one of
the most promising materials in next generation solid-state electrolytes
[14].

To date, the exploration of SPEs with polymers functionalized with
sulfonate (SO3) anions (e.g., polystyrene sulfonate (PSS)) have been
intensively investigated [15]. However, PSS possessing similar type of
anion moiety in each repeating unit is not easy to reach high ion con-
ductivity, due to the lack of functional groups specified for facilitating the
hopping of working ions and sufficient concentration of working ions
with high mobility [16]. Therefore, PSS generally presents low ion
conductivity (about 107%10% s cm™ ) at room temperature and is
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largely lower than the minimum targeted value (10™* S cm™?) required
for applicable all-solid-state batteries like LIBs or KIBs [16]. Diverse
strategies like mixing PSS with polymer matrices containing soft seg-
ments with Lewis base groups [17,18] or to substitute sulfonate anion
with other anions (e.g., sulfonylimide) [19] have been explored, yet the
performances are still hard to meet the demand of practical applications.
This is in part attributed to the lack of morphology-controlled methods
that most of previously reported materials based on PSS are sphere
nanoparticles or short random nanorods. The ions like alkali-ions step
over enormous interface barriers, which eventually results in poor ion
conductivity [20]. Besides, in conventional SPEs, most of Li or K salts
(e.g., LiClOy4, LiTFSI, KClO4 or KPFg, etc.) dissolving in polymers are
mono-ionic lithium salts and are insufficient to provide abundant
working ions [21]. Therefore, how to design and construct anionic
polymer based materials with well-tuned morphology (e.g., 1D nano-
wire) and seek new multi-ionic salts possessing sufficient Lewis base sites
and working ions is highly demanded to achieve high ion conductivity.
In this contribution, a series of fast alkali-ion conductor, polymer/
polyoxovanadate (POVs) hybrid nanowires were fabricated as solid
electrolyte by facile and scalable polyoxovanadate-induced self-assembly
method (PISA) to solve the problems of conventional polymer electrolyte
mentioned above. POVs, as one kind of Polyoxometalates (POMs),
possess discrete ionic structure with heteropolyanions and counter-
cations (Li", Na™ and K"), which manifests themselves to be potential
candidates with fast ion conductivity [22-24]. In addition, the large
number of terminal oxygen atoms on the external surface of POMs (Lewis
base sites) whcih provide abundant sites for alkali-ion transport can
address the above concerns of PSS. PISA method utilizing POVs as both
co-initiators and construction units to fabricate 1D poly-
oxovanadates/polystyrene sulfonate (POVs/PSS) hybrid nanowires.
POVs play important roles in the preparation of hybrid nanowires and
might act as anionic template or structure-directing agents through
host-guest supermolecular interactions [25]. The well-controlled 1D
nanowires can avoid ion aggregation and can construct well-tuned
pathways. This method is applicable in diverse countercations (i.e.,
Li*, Na®, and K') and various heteropolyanions (i.e., [V100281°",
[V15036(C03)]7’, and [V34082]1°’) with well-tuned POVs loadings and
nanowire morphology. Obtained through the PISA method, POVs/PSS
hybrid nanowires with aligned 1D morphology can create efficient and
continuous ion conductivity pathways to impart these materials with
remarkable ion conductivity. Noteworthy, POVs/PSS hybrid nanowires
exhibit ultrahigh Li", Na* and K" conductivity and low active energy.
The POVs/PSS (e.g., V15/PSS-Li-1 and V34/PSS-K-1) hybrid nanowires
with high compatibility with lithium and potassium can be applied as
electrolytes in solid-state alkali batteries with remarkable capacities and
high cycling stability (LiFePOg4|Li batteries, 148 mA h g~! (100 mA g™ 1),
102.2% retention after 100 cycles; K; goFe[Fe(CN)glo.90-0.4H20|K bat-
teries, 104.8 mA h g’1 (20 mA g’l), 95.6% retention after 20 cycles).

2. Material and methods
2.1. Materials

Sodium-4-vinylbenzenesulfonate (CgH;NaO3S) and sodium allysul-
fonate (C3HsSO3Na) were purchased from Shanghai Macklin Biochem-
ical Co., Ltd. Sodium persulfate (NapS;0g), 2-acrylamido-2-
methylpropane sulfonic acid (C;7H;3NO4S), potassium metavanadate
(KVOs3) and lithium chloride (LiCl) were obtained from Aladdin Co., Ltd.
Potassium persulfate (K2S20g), sodium carbonate anhydrous (NayCOs),
potassium carbonate anhydrous (K,CO3) were purchased from Shanghai
LingFeng Chemical Reagent Co., Ltd. 2-propanol, hydrazine sulfate
(N2H4-H2S04), hydrazine hydrate (HCl, 36%) and ammonium persulfate
((NH4)2S20g) were acquired from Sinopharm Chemical Reagent Co., Ltd.
Vanadium oxide (V,05) was purchased from Alfa Aesar (China) Chem-
icals Co., Ltd. Lithium carbonate (Li;CO3) was bought from XiLong
Chemical Co., Ltd. Lithium bis(trifluoromethanesulphonyl) imide
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(LiTFSI) was obtained from Adamas Reagent Co., Ltd.
2.2. Syntheses of Li;V;s5, HNagV15 HK5V19, K7Vi5 and Ki19V34

Li;Vis (the formula is Liy[V15036(CO3)]-39H,0) was prepared
following the reported method in reference [26]. 5.88 g Li;CO3 (79.60
mmol) was dissolved in 150 mL H50 under stirring to achieve homoge-
neous solution. 12 g of V505 (65.90 mmol) was added portion wise in the
solution under stirring and further continue stirring for 5 min. After
filtration off the residues, the solution in a 300 mL Erlenmeyer flask was
heated after the temperature reach at 90 °C. After 1.5 g hydrazine sulfate
(11.5 mmol) as added portionwise in the solution under stirring and the
flask was kept heating at 90 °C for 1 h. After filtration, the obtained
greenish-black solution was shaking with 50 mL of 2-propanol after
cooling to 20 °C. After placing the solution at 5-7 °C for 2-3d, black
crystals were collected after washing with 2-propanol and drying under
vacuum. The syntheses of HNagV;5 (the formula is HNag[V15036(CO3)]-
nH»0) and K7 V75 (the formula is K7 [V15036(CO3)]-nH>0) were similar to
that of LiyVi5 except that NapCO3 or KoCO3 was used to replace LipCOs.

HKsV;g (the formula is HKs[V19028]-10H20): KVO3 (3.39 g) is dis-
solved in de-ionized water (100 mL); then, 4 M HCl is added to acidify the
solution until a pH of 4.8 is reached. The solution is filtered and addi-
tional HCl is added to maintain a pH of around 4.5. Subsequently, ethanol
(95%, 200 mL) was added to precipitate bulk product, which is then
filtrated and air-dried.

K10Vs4 (the formula is Kj0[V34082]-20H20) was prepared following
the reported method in reference [27]. KVOs, (3.45 g, 25.0 mmol) was
dissolved in HoO (50 mL) at 90 °C in a 100 mL Erlenmeyer flask. The
clear solution was then treated with 182 pL of hydrazinium hydroxide
(100%, 3.75 mmol) and kept at 90 °C. After 1 h, the pH of the above
solution was adjusted to 3.8 by addition of glacial acetic acid. After a
further 2 h the solution was filtered hot, the filtrate kept at 90 °C for 3 h
and finally cooled to room temperature. After standing for 1 d,
needle-shaped crystals were filtered off, washed with a little 50%
aqueous 2-propanol, and dried in air.

2.3. Syntheses of V15/PSS-Li-n (n = 1-4)

Taking the synthesis of V15/PSS-Li-1 for example, CgH7NaO3S (2.06 g,
10.00 mmol), (NH4)2S20s (0.40 g), LiyVis (1.08 g, 0.50 mmol) were
mixed and dissolved in 60 mL distilled water under stirring. Subse-
quently, the solution was transferred into a 100 mL three neck flask and
heated with an oil bath at 80 °C for 20 h. After cooling to room tem-
perature, the as-synthesized sample was collected by filtration. The as-
synthesized sample was re-dispersed in LiCl aqueous solution (50 mg
mL™1) at 50 °C for ion exchange. The solution was changed with the fresh
LiCl solution every 48 h and the procedure was repeated for three times.
After washing with water for several times and drying under vacuum at
100 °C overnight, V;5/PSS-Li-1 sample was successfully obtained. To
adjust the loadings of the Li;V;s in V15/PSS-Li, the moral ratio of POV/SS
is tuned from 1 : 20 to 1 : 200 and resulted in 84.1, 80.5, 77.2, and 74.9
wt% of LiyV;5 loadings in the final Vi5/PSS-Li-n (n = 1-4) (calculated
based on V and C elements amount determined by EDS tests). In this
research, we also tried to synthesize samples with higher Li;V;5 content,
however the obtained samples were in liquid-phase. Therefore, V15/PSS-
Li with 84.1 wt% LiyV;5 loading was the highest POV content sample
reported in this study. For the synthesis of PSS-Li, commercial PSS-Na
powder was dispersed in a 15 wt% LiTFSI contented N,N-
Dimethylformamide (DMF) solution (100 mL, 10 mg mL™) at 50 °C
for ion exchange. The solution was changed with the fresh LiTFSI solu-
tion every 48 h and the procedure was repeated for three times. The
sample was collected after washing with DMF for several times and
drying under vacuum at 100 °C overnight. For the gram-level production,
the precursor amounts of V15/PSS-Li-1 were expanded to tenfold of the
original ones. Appling similar conditions except that the reaction time
adjusted to 40 h, about 8.7 g of V15/PSS-Li-1 (87% yield) was produced.
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2.4. Synthesis of V15/PSS-Na-n, V10/PSS-K-1, V15/PSS-K-1 and Vs4/
PSS-K-n (n = 1-4)

The syntheses of V;5/PSS-Na-n, V1o/PSS-K-1, V15/PSS-K-1 and V34/
PSS-K-n (n = 1-4) were similar to that of V;5/PSS-Li-n (n = 1-4) except
that HNa6V15, Na28208 and HK5V10, K7V15, K10V34, KgSzOg were used to
replace LizVys and (NH4)2S20s, respectively.

2.5. Material characterization

Power X-Ray diffraction (PXRD) patterns were recorded on a D/max
2500 VL/PC diffractometer (Rigaku SmartLab, Japan) equipped with
graphite mono-chromatized Cu Ko radiation (A = 1.54060 ;\). The FTIR
was collected on a Nexus 670 spectrometer. The TGA was carried out by
using a DSC 800 from PerkinElmer under N, flowing with a heating rate
of 10 °C min~! from room temperature to 450 °C. The Raman mea-
surement was performed on Lab-RAM HR800. The morphology analyses
of the samples were conducted on a scanning electron microscope (SEM,
JSM-7600F) at an acceleration voltage of 10 kV and transmission elec-
tron microscopy (TEM) on JEOL-2100F apparatus at an accelerating
voltage of 200 kV. The Elemental mapping and energy dispersive X-ray
spectroscopy (EDX) were examined with JSM-5160LV-Vantage typed
energy spectrometer. X-ray photoelectron spectroscopy (XPS) was
measured on scanning X-ray microprobe (PHI 5000 Verasa, ULAC-PHI,
Inc.) using Al ka radiation and the Cls peak at 284.8 eV as internal
standard. The mass spectroscopy (MS) was carried out on Bruker Ultra-
fleXtreme MALDI-TOF/TOF instrument. The cycling and rate perfor-
mances tests were carried out on a LAND CT2001A (China) battery
measurement system with a cutoff voltage window of 4.5-2 V vs Li*/Li.
Cyclic voltammetry (CV, 1 mV s~ 1) and linear sweep voltammetry (LSV,
1 mV s~ 1) were collected on a electrochemical workstation CHI 660D
(Shanghai, China). The electrochemical impedance spectroscopy (EIS)
curves studies were measured at an impedance/gain-phase analyzer
(Solartron S1 1260) over a frequency range from 107 to 0.1 Hz with an
input voltage of 100 mV.

Single-Crystal X-ray Crystallography: The diffraction data of HNagV;5
and K;V;5 were collected on Bruker AXS Apex Duo diffractometer with
graphite monochromatized (Mo Ko, A = 0.71069 ;\) X-radiation and a
CCD area detector at 293 K. Raw frame data were integrated with the
SAINT program. A multi-scan absorption correction was applied with the
program SADABS. All structures were solved by the intrinsic Phasing
method with SHELXT [28] and refined with the full-matrix least-squares
technique with SHELXL [29] under Olex? software [30]. All
non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. The detailed structure parameters and crystallographic data are
shown in Table S1. CCDC numbers of HNagV5 and K;V;5 are 1866480
and 1866479, respectively. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre.

2.6. Electrochemical measurements

Ion conductivity was measured using EIS tests (Solartron S1 1260).
The samples were pressed into round pellets (diameter, 4 mm and
thickness, 2.5 mm). During the test, the pellet was placed between two
gold sticks under Ar atmosphere to eliminate the effect of water and
oxygen. The frequency range applied was from 107 to 0.1 Hz and the AC
amplitude was 100 mV. Ion conductivity was calculated based on the
formula of L/(R x A), R (Ohm) stands for the ionic resistivity measured
through the end point of the semicircle of EIS spectra, L (cm) is the
thickness of pellet and A (cm?) is the area of the pellet. To measure the
activation energies, EIS tests of the sample at different temperatures were
conducted and the values of activation energies were calculated based on
the Arrhenius formula.

For electrochemical compatibility test, Vi5/PSS-Li-1 or V34/PSS-K-1
was fabricated into membrane. V;5/PSS-Li-1 or V34/PSS-K-1 powder was
dispersed in the DMF solution of polyvinylidene fluoride (PVDF) (0.2 g
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mL 1) under ultrasonic for 30 min and further stirring for 12 h (weight
ratio, V15/PSS-Li-1 or V34/PSS-K-1: PVDF = 1 : 3). The obtained solution
was casted onto a glass pellet (10 cm x 10 cm) with defined thickness
(400 pm) and then dried under vacuum at 80 °C for 12 h. After peeling
from the glass pellet, V15/PSS-Li-1 or V34/PSS-K-1 based PVDF mem-
brane (7.5 cm x 8.0 cm x 50 pm) was obtained. For the CV and LSV tests,
lithium foils were used as reference/counter electrodes, stainless-steel
plates were applied as the working electrodes and V15/PSS-Li-1 or V34/
PSS-K-1 based PVDF membrane (crushed into round pellet with a
diameter of 18 mm) were utilized as electrolyte membrane. The CV tests
were performed in the potential range of —0.2-3 V (vs Li/Li) and
—0.5-3 V (vs K'/K) and the LSV tests were carried out in the potential
range of 2-5 V (vs Li*/Li) and 2.5-4.5 V (vs K'/K) at a scan rate of 1 mV
s~! on electrochemical workstation CHI 660D (Shanghai, China).

For the electrochemical tests of solid-state batteries, the cathode was
prepared by mixing LiFePOy4 or K; goFe[Fe(CN)glo.90-0.4H20, acetylene
black (Super-P), PVDF (70 : 20: 10 by weight) in N-methyl-2-pyrrolidi-
none solvent and ground in a mortar for minutes. K;jgoFe
[Fe(CN)glo.90-0.4H20 was prepared following the reported method in
reference [31]. After coating the obtained slurries on aluminum foils
collector, the electrodes were dried at 90 °C in vacuum for 24 h to remove
the solvent. The active material loading of the cathode was about 2 mg
em~2 A lithium foil and V15/PSS-Li-1 or V34/PSS-K-1 based PVDF
membrane were used as the counter electrode and electrolyte, respec-
tively. One drop (about 8 pL) of electrolyte was added to ensure
permeation into the electrode matrix. The solid-state battery
(Li/(V15/PSS-Li-1)/LiFePO4) or (K/(V34/PSS-K-1)/K; e9Fe[Fe(CN)glo.o
0-0.4H20) was assembled in an argon-filled glove box and the cycling and
rate performance tests were evaluated on a Land CT2001A measurement
system.

3. Results and discussion

3.1. Structure and characterization of POVs and POVs/PSS hybrid
nanowires

The syntheses of POVs/PSS hybrid nanowires are schematically
described in Fig. 1 (detailed synthesis procedures are illustrated in the
methods section). Five kinds of POVs (i.e., Li;Vy5, HNagVy5, HK5V10,
K7Vis, and Kj¢V34) that possess abundant countercations and terminal
oxygen atoms (Lewis base sites) are specially proposed (Fig. 2A-B and
Figs. S1-S6). Except for LiyV;s5, HK5V10, and K;oV34, two new POVs (i.e.,
HNagVis and K;Vis) crystals are synthesized through hydrothermal
methods. Proved by powder X-ray diffraction (PXRD) tests, the obtained
Li;Vys, HNagVis, HKsVyg, K7Vys, and K1¢V34 match well with the simu-
lated ones (Fig. 2A-B and Fig. S6). The well-defined structures are further
characterized by Fourier-transform infrared (FT-IR) (Fig. S7A) and
Raman characterizations (Fig. S7B). Detailed crystal information is
illustrated in Table S1. Li;Vy5, HNagVis, and K;Vps5 exhibit identical
spherical heteropolyanion [V15036(CO3)]”" while different counter-
cations. On the contrary, HKsVyg, K;Vy5, and Kj(V34 possess various
heteropolyanion ([V19Oa2g] 5>, [V15036(CO3)17", and [V34082]10_) and
same countercations. There are a large number of oxygen atoms (Lewis
base sites) on the surface of [V19025]%, [V15036(CO3)]17", and
[V34052]1'%" which render strong interactions with polymers thus
generating enormous mobile ions and creating continuous ion con-
ducting pathways in the hybrid materials [32].

The pattern of V;5/PSS-Li displays remained peaks (e.g., 8.14°, 24.9°,
25.7° and 34.6°) of Li; V15 (Fig. 2A). As for commercial PSS-Li, there is no
diffraction peak observed in the PXRD test, indicating a mainly amor-
phous phase (Fig. S9). The FT-IR and Raman spectra further confirm the
presence of PSS-Li and LiyVis components in Vi5/PSS-Li (Fig. S10).
Similar results are also detected in V;5/PSS-Na, V;0/PSS-K, V;5/PSS-K
and Vs4/PSS-K verified by PXRD, FT-IR and Raman tests (Fig. 2B and
Figs. S6 and S11). Further proven by X-ray photoelectron spectroscopy
(XPS) tests, the valence of POVs in POVs/PSS can all be remained after
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Fig. 2. The crystal structures, PXRD patterns, SEM and TEM images of POVs/PSS. (A) PXRD patterns of simulated Li,V;s, Li;V;5 and V;5/PSS-Li-1 and crystal
structure of Li;V;s (inset). (B) PXRD patterns of simulated K;V34, K10V34 and V34/PSS-K-1 and crystal structure of K;oVs4 (inset). (C), (D) SEM images of V;5/PSS-Li-1
and V34/PSS-K-1. (E), (F) TEM images of V;5/PSS-Li-1 and V34/PSS-K-1. (G), (H) EDX elemental mapping of V;5/PSS-Li-1 and V34/PSS-K-1.

polymerization (Figs. S12-S14). The mass spectroscopy, PXRD and FT-IR
of POVs/PSS and POVs are performed to verify the existence of POVs in
POVs/PSS (Figs. S15-S18). In addition, energy dispersive X-ray spec-
troscopy (EDX) elemental mapping tests are conducted to further confirm
the incorporation of POVs into POVs/PSS hybrid materials. Taking Vis/
PSS-Li for instance, Li, S, and V elements are uniformly distributed in
V15/PSS-Li nanowires (Fig. 2G). Similar results are also detected for Vy5/
PSS-Na, V1¢/PSS-K, and V;5/PSS-K (Fig. 2H and Figs. S19C, S20C,F).
To investigate the impact of POVs contents on the resulting hybrid
nanowires, POVs/PSS with different contents of Li;Vis, HNagVys, and
K7V34 (denoted as Vi5/PSS-Li-n, Vi5/PSS-Na-n and V34/PSS-K-n, n =

175

1-4) are prepared and verified by PXRD tests (Figs. S22-524). Detailed
synthesis procedures and relative loadings of POVs in POVs/PSS hybrid
materials are illustrated in the methods section. To find out the self-
assemblage 1D nanowires structure of POVs/PSS, a series of morpho-
logical study of V15/PSS-Li-n (n = 1-4), V15/PSS-Na-n (n = 1-4) and V34/
PSS-K-n (n = 1-4) are detected by SEM and TEM tests (Figs. S25-527).
Taking Vi5/PSS-Li-n for example, Vi5/PSS-Li-n show nanowires or
nanorods morphology. The lengths of the nanowires can be tuned from
about 4.2 ym to 200 nm and the diameters of slightly decreased from 42
nm to 31 nm with the decreased loadings from V;5/PSS-Li-1 (84.1 wt%)
to V15/PSS-Li-4 (74.9 wt%) (Table S2). Interestingly, with the decrease of
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Li;V;s loadings, the aligned nanowires of V15/PSS-Li-n become shorter
and shorter and finally results in short random nanorods for V;5/PSS-Li-4
(Fig. S25). Similar morphology changing from aligned nanowires to short
random nanorods can also be detected in V15/PSS-Na-n and V34/PSS-K-n
(Fig. 2 and Figs. S26-527). Cui et al. have demonstrated that polymer
electrolytes with aligned Li*-conductive nanowires exhibit a significant
enhancement of ion conductivity compared with random nanowire or
nanoparticle-based electrolytes [33]. In contrast with the sizes about 28
and 22 pm of the commercial PSS-Na and PSS-Li or V;5/PSS-Li-2, 3, 4, the
V15/PSS-Li-1 have the biggest and longest diameter and length, which
can create continuous ionic transport pathways to longest distances
(Fig. 2C and Figs. S21 and S25). We suppose that the well-tuned
morphology from nanowires to nanorods for POVs/PSS might have
excellent performances in material durability or ion conductivity.

Thermal stability is a key factor to evaluate the practical applications
of SPEs [34]. Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) profiles are carried out to study the thermal
stability of Vi5/PSS-Li-n, Vi5/PSS-Na-n and V34/PSS-K-n (n 1-4)
(Figs. S28-S30). Taking Vi5/PSS-Li-n for example, the decomposition
temperatures of V15/PSS-Li-n (n = 1-4) electrolyte at about 200 °C are
observed that can meet the requirements of practical applications in LIBs
(The highest temperature limits, about 60-80 °C) [35]. Besides, the
decomposition temperatures of V;5/PSS-Na-n and V34/PSS-K-n are about
250 and 200 °C, respectively. In DSC profiles (tested from —50 to 200
°C), taking Vi5/PSS-Li-1 for instance, the glass transition (Tg) and
melting temperature (Tp) of V;5/PSS-Li-1 are 58.2 and 168.3 °C,
respectively. The high thermal stability of these hybrid materials sets
fundamental basis for potential SPEs applications.

3.2. The electrocatalytic performance of POVs/PSS

Because of the 1D aligned nanowire morphology, enough counter-
actions and high thermal stability of these POVs/PSS, they might be
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excellent Li*, Na*, or K conductors. To support the hypothesis, elec-
trochemical impedance spectroscopy (EIS) measurements are performed
under Ar atmosphere to evaluate the intrinsic ion conductivity of POVs/
PSS electrolyte. Taking Vi5/PSS-Li for example, V;5/PSS-Li hybrid
nanowires yield Nyquist plot consisting of single, slightly depressed semi-
circle (Fig. 3A and Fig. S32). With the increase of LiyV;5 loadings (from
74.9 to 84.1 wt%) and the change of relative morphology from short
random nanorods (V;5/PSS-Li-4, diameter, ~32 nm and length, ~200
nm) to aligned nanowires (V;5/PSS-Li-1, diameter, ~42 nm and length,
~4.2 um), V15/PSS-Li possess higher ion conductivity (from V;5/PSS-Li-
4, 4.89 x 10™* to V15/PSS-Li-1, 3.30 x 1073 S em™?) (Fig. 3C, Fig. S34
and Table S3). Generally, the morphology of PSS based materials are
presented as nanoparticles or short random nanorods. The interface
barriers of nanoparticles or short random nanorods will cause inevitable
obstacles during ion conductivity and impair the improvement of per-
formances for PSS (Fig. S35). Obtained through the PISA method, POVs/
PSS hybrid nanowires with aligned 1D morphology can create efficient
and continuous ion conductivity pathways to impart these materials with
remarkable ion conductivity (Fig. S35). This all indicates that the
morphology-controlled PISA method indeed has impact on the perfor-
mances of the hybrid materials. Similar results are detected for V15/PSS-
Na-n and V34/PSS-K-n with the enhancement of POVs loadings (Fig. 3B
and Figs. S36 and S39). After the modification of POVs types and load-
ings, the best performances of Li*, Na* and K* conductivity are 3.30 x
1073'S em™! (V35/PSS-Li-1), 2.00 x 1073 S cm™! (V;5/PSS-Na-1) and
455 % 1073Scem™! (V34/PSS-K-1) at room temperature, respectively. In
addition, V34/PSS-K-1 (4.55 x 103 S ecm™!) exhibits better K™ conduc-
tivity than V1o/PSS-K-1 (3.22 x 10™* S ecm™!) and V;5/PSS-K-1 (1.23 x
1073 S em™!) (Fig. 3B - D and Fig. $37). It might be attributed to the
larger amount of terminal oxygen atoms (Lewis base sites) and coun-
teractions of K;oVs4 compared with HKsV;o and K;Vs (Fig. 6A). With
more terminal oxygen atoms (Lewis base sites) and countercations in the
structure, the samples might provide more sites for ion transport and thus
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further contributing to the enhancement of ion conductivity. It is worthy
to note that, these materials show ultrahigh performances in reported
polymer based materials for Li*, Na™ and K™ conductivity at room
temperature (Fig. 6B and Tables S5-S7) [36-38]. Considering that the 4
and 3 orders of magnitude lower conductivity of pristine PSS-Li and
Li;Vys at room temperature (Figs. S40-S41 and Table S3), the assem-
blage and hybrid strategy are of great significance in creating efficient
and continuous ion conductivity pathways to impart these materials with
remarkable ion conductivity. In addition, similar results are also detected
for Vi5/PSS-Na-1 and V34/PSS-K-1 in comparison with their relative
contrast samples. (Figs. S42-S44 and Table S3). Except for room tem-
perature, the ion conductivity properties at different temperatures are
also investigated. The temperature dependence experiments of the ion
conductivity for Vi5/PSS-Li, Vi5/PSS-Na, V19/PSS-K, V;5/PSS-K, and
V34/PSS-K are tested over the temperature range of 25-70 °C (Fig. 3A-B
and Figs. S32, S36, S39). Notably, these samples mentioned above all
follow Arrhenius-like behavior and V;5/PSS-Li-1 and V34/PSS-K-1 pre-
sent activation energy values of 0.50 and 0.59 eV, respectively. (Figs. S31
and S38). The results might be explained that alkali-ions in POVs/PSS are
transported by the hopping of working ions between sulfonate groups of
PSS and the external oxygen (Lewis base sites) atoms of POVs, similarly
to the Grotthuss mechanism in proton conductivity [39]. The PXRD an-
alyses after these measurements display no significant change, which
shows that Vi5/PSS-Li, V15/PSS-Na and V34/PSS-K can maintain the
structural integrity during ion transport measurements (Figs. S22-524).

Not only the conductivity of ions, but the compatibility of interface
matters for a stable solid electrolyte is of significant importance with
respect to their potential applications. To investigate the compatibility of
these materials with lithium, the plating/stripping behavior of lithium
across the V;5/PSS-Li-1 electrolyte is evaluated by cyclic voltammetry
(CV) with stainless steel working electrode and lithium metal reference
electrode and V;5/PSS-Li-1 based PVDF membrane (25 wt%, 40 pm in
thickness) as electrolyte membrane (inset of Fig. 4A). The strong
reduction peak at —0.20 V (vs. Li*/Li) in the negative scan corresponds to
the plating of lithium and the oxidation peak at 0.11 V (vs. Li*/Li) sug-
gests the stripping of lithium from the working electrode in the following
positive scan (Fig. 4A) [38]. Moreover, a linear sweep voltammetry (LSV)
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is tested to evaluate the electrochemical window of V15/PSS-Li-1 in the
potential range from 2 to 5 V at the scan rate of 1 mV st (Fig. 4B).
Vy5/PSS-Li-1 electrolyte is stable up to 4.50 V (vs. Li*/Li). Considering
the common electrochemical window applicable in lithium ion battery
below 4 V, the wide potential range of V;5/PSS-Li-1 holds promise in the
practical applications of lithium ion batteries [40,41]. Above all, the
plating/stripping and LSV tests demonstrate that V;5/PSS-Li-1 is a kind of
promising alternatives exhibiting high compatibility with lithium for
solid polymer electrolytes.

Additionally, ion transference number is measured to find out the ion
selectivity of V;5/PSS-Li-1 electrolyte, which is relative to the stability of
solid electrolyte. The ty;; of V15/PSS-Li-1 is measured using a Li|V15/PSS-
Li-1|Li symmetric cell by potentiostatic polarization method [42] with a
constant polarization potential of 10 mV at 25 °C [40,43]. The t;;. of
V15/PSS-Li-1 is calculated to be 0.7 (Fig. S45). This result is close to 1,
indicative of single Li-ion conducting behavior, which is attributed to the
huge volume of the polyanions (PSS-Li and POVs) [44,45]. High ty;,
(0.7) can prevents anion movement and accumulation which eliminates
the polarization effects present in electrolytes. To evaluate the imped-
ance and Li" transport capability across Vi5/PSS-Li-1 and Li metal
interface, the direct current (DC) Li plating/stripping experiment is
measured referred to the literatures [40,43]. The time-dependent voltage
profile of the Li|V;5/PSS-Li-1|Li nonblocking cell under current densities
of 0.05 and 0.1 mA cm ™2 is displayed in Fig. S46. The voltage profile in
each cycle is quite smooth and remains stable over 200 cycles. Moreover,
small polarization voltages of £103 and +186 mV are observed for 0.05
and 0.1 mA cm 2, respectively, indicating low interfacial impedance
between the V;5/PSS-Li-1 and lithium.

Combing high compatibility with lithium and ultrahigh Li* conduc-
tivity in polymer-based electrolytes together, V,5/PSS-Li-1 have potential
to be efficiently applied as electrolytes in solid-state lithium batteries. As
a proof-of-concept, V15/PSS-Li-1 electrolyte is successfully applied (Vi5/
PSS-Li-1 based PVDF membrane, 25 wt%, 40 pm in thickness) in a solid-
state lithium battery (Li/(V15/PSS-Li-1)/LiFePQy) (inset of Fig. 4B) and
the battery exhibits excellent rate capability and cycling performances
(Figs. S47-S50). As shown in Fig. 4C, the first discharge capacity of the
battery (Li/(V15/PSS-Li-1)/LiFePOy) is 145.0 mA h g~! at 100 mA g~ L.
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coin cell (inset). (C) Cycling performance of
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Li-1)/LiFePOy,) at the current density of 100
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After 100 cycles, the discharge capacity is 148.2 mA h g~! (102.2%
retained). Moreover, high capability (164.5, 153.3, 129.0, 152.5 and
163.4 mA h g~! at current rates of 50, 100, 200, 100 and 50 mA g},
respectively) are also achieved for the solid-state battery at diverse cur-
rent rates (Fig. 4D). These results indicate that POVs/PSS hybrid nano-
wires hold great promise in the applications of electrolytes in solid-state
batteries.

Similarly, V34/PSS-K-1 with K also displayed high stability and
compatibility with potassium anode and common cathode. In Fig. 5A, the
curve shows a pair of strong reduction and oxidation peaks. The sharp
reduction peak in the negative scan at —0.5 V (vs. K/K") reveals the
plating of potassium on working electrode. In the subsequent positive
scan, the oxidation peak at 0.37 V (vs. K/K") indicates the striping of
potassium from stainless steel. No obvious side reaction is shown be-
tween 2.5 V and 4.25 V (Fig. 5B), indicating that the potential window of
V34/PSS-K-1 is wide enough to meet the demand of the KjgoFe
[Fe(CN)glo.90-0.4H20 cathode electrode for potassium battery. The
cycling stability of K; ggFe[Fe(CN)glg.90-0.4H20 cathode with V34/PSS-K-
1 versus the solid-state electrolyte at 20 mA g! is shown in Fig. 5C. The
discharge capacity of the battery (K/(V34/PSS-K-1)/K; goFe
[Fe(CN)glo.90-0.4H50) reaches 104.8 mA h g’l after 20 cycles. The ca-
pabilities received at 20, 50, 100 and 200 mA g’1 are 110, 90, 70 and 50
mA h g7}, respectively (Fig. 5D).

3.3. The mechanism of ion conductivity for POVs/PSS

In this method, POVs acting as construction unit are uniformly
dispersed in the 1D nanowire and might interact with polymers to exhibit
positive effect on the enhancement of ion conductivity. To support the
hypothesis, 7Li static solid-state nuclear magnetic resonance (NMR)
spectra is performed. The resonance peak of V;5/PSS-Li-1 (1.90 ppm) is
found to shift to positive positions compared with pure Li;V;5 by —0.38
ppm, which implies that the incorporation of PSS can lead to different Li*
chemical environments in Vi5/PSS-Li-1 (Fig. S53) [46,47]. The local
environments of possible ion within POV/PSS are marked in grey in
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Fig. 6A. In addition, POVs with more contercations and terminal oxygen
atoms (Lewis base sites) tend to present higher ion conductivity for
POVs/PSS. As proved by the performances of HK5V1g, K7V15 and Ki(V34
based POVs/PSS, POVs with more terminal oxygen atoms (Lewis base
sites) can provide more sites for ions transport and thus further
contributing to the enhancement of ion conductivity (Fig. 6A).

As mentioned above, the unique PISA method can generate 1D POVs/
PSS hybrid nanowires with excellent ion conductivity. This can be
contributed to the superiority of this powerful method. Firstly, POVs can
act as new multi-ion salts to provide abundant working ions with high
mobility to create efficient pathways for ion transport. Secondly, POVs
can act as structure-directing agents to control the morphology of POVs/
PSS with aligned 1D nanowire morphology, which can create continuous
ion transport pathways to reduce the interface barriers. Thirdly, the
possible interactions between sulfonate groups of PSS and external oxy-
gen atoms of POVs would provide abundant sites for Li*, Na*, and K*
transport.

Despite PSS, this method could be introduced to other polymers (i.e.,
poly sodium allysulfonate (PSAS) and poly 2-acrylamido-2-methylpro-
pane sulfonic acid (PAMPS)) [48-52]. Applying similar protocol,
V15/PSAS-Li-1 and V;5/PAMPS-Li-1 are obtained proved by SEM, PXRD,
FT-IR, Raman and TGA tests (Figs. S54-S55). Remarkably, produced
through this powerful PISA method, V;5/PSAS-Li-1 and V;5/PAMPS-1
display similar 1D nanowire morphology and show excellent ion con-
ductivity performances (e.g., V15/PSAS-Li-1, 3.49 x 107> S cm™! and
V15/PAMPS-Li-1, 3.04 x 10~ S em™! for Li* conductivity at 25 °C)
(Fig. S56). Besides, this protocol can be extended to gram-level produc-
tion. When the reaction conditions are scaled up to ten times, 8.7 g
Vi15/PSS-Li-1 with about 87% yield is obtained (based on Li;Vjs,
Fig. $57).

4. Conclusions

In summary, we present a series of fast alkali-ion conductor, polymer/
polyoxovanadate hybrid nanowires as solid electrolyte by an alternative
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facile and scalable polyoxovanadate-induced self-assembly method.
POVs/PSS nanowires obtained through this method exhibit excellent
uniformity and can provide abundant working ions with high mobility
and terminal oxygen atoms (Lewis base sites) to create efficient pathways
for ion transport. This method can be extended to various POVs (Li; Vs,
HNagV1s, HK5V1g, K7Vi5 and KjgV34) and diverse polymers (e.g., PSS,
PSAS and PAMPS) and can be applicable in different ion conductivity
(i.e., Lit, Na' and K"). In addition, a systematically comparative study
about the effect of polyoxovanadates indicates that more terminal oxygen
atoms and countercations are beneficial for the enhancement of ion
conductivity. As result, the POVs/PSS hybrid nanowires with aligned 1D
nanowire morphology present ultrahigh Li*, Na™ and K" conductivity
(25 °C, 3.30 x 1073, 2.00 x 102 and 4.55 x 10* S em™!) with low
active energy. Moreover, these POVs/PSS hybrid nanowires exhibit high
compatibility with lithium and potassium and high thermal stability can
be applied as electrolytes in solid-state batteries with remarkable rate
capability and excellent cycling stability (LiFePOy4|Li batteries, 148.2 mA
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h g_1 (100 mA g_l), 102.2% retention after 100 cycles; KjgoFe
[Fe(CN)glo.00-0.4H0|K batteries, 104.8 mA h g! (20 mA g™ 1), 95.6%
retention after 20 cycles). This work might open a myriad of opportu-
nities for the development of POMs-based materials in solid electrolytes
for the next generation all-solid-state lithium batteries.
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