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a b s t r a c t

Solid-state electrolytes (SSEs) with high ionic conductivity, mechanical stability, and high thermal sta-

bility, as well as the stringent requirement of application in high-temperature fuel cells and lithium-ion

batteries is receiving increasing attention. Polymer nanocomposites (PNCs), combining the advantages of

inorganic materials with those of polymeric materials, offer numerous opportunities for SSEs design. In

this work, we report a facile and general one-pot approach based on polymerization-induced microphase

separation (PIMS) to generate PNCs with bi-continuous microphases. This synthetic strategy transforms

a homogeneous liquid precursor consisting of polyoxometalates (POMs, H3PW12O40, Li7[V15O36(CO3)]),

poly(ethylene glycol) (PEG) macro-chain-transfer agent, styrene and divinylbenzene monomers, into a ro-

bust and transparent monolith. The resulting POMs are uniformly dispersed in the PEG block (PEG/POM)

to form a conducting pathway that successfully realizes the effective transfer of protons and lithium ions,

while the highly cross-linked polystyrene domains (P(S-co-DVB)) as mechanical support provide outstand-

ing mechanical properties and thermal stability. As the POM loading ratio up to 35 wt%, the proton con-

ductivity of nanocomposite reaches as high as 5.99×10-4 S/cm at 100 °C in anhydrous environment,

which effectively promotes proton transfer under extreme environments. This study broadens the appli-

cation of fuel cells and lithium-ion batteries in extreme environments.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solid-state electrolytes (SSEs), as solid or quasi-solid materi-

als with high ionic conductivities (IC), have emerged as high-

priority materials for energy conversion and storage devices with

promising safety and high energy density [1–6]. Generally, SSEs

mainly include inorganic solid electrolytes (ISEs), solid polymer

electrolytes (SPEs) and inorganic-organic hybrid composite elec-

trolytes [7–9]. Dating back to 1960s, the discovery of the ceramic-

based β-alumina and its successful application in Na-S batter-

ies, bring the prelude to the ISEs system [10]. Nevertheless, they

still suffer from several tough solid-solid interface compatibility is-

sues resulting from their rigid nature [11]. SPEs represent a broad

class of materials with long polymeric chains and relatively high
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ion concentrations that offer outstanding advantages over conven-

tional liquid electrolytes in current lithium-ion batteries includ-

ing no leakage of electrolytes, low flammability, good flexibility,

safety and stable contact with the electrode [12,13]. SPEs pos-

sess excellent processability and flexibility as compared to ISEs,

enabling their strong adhesive on the surface of electrodes and

thus the decrease of interfacial impedance [14,15]. Especially, in

fuel cells, reactants such as H2 and O2 and products such as H2O

continuously flow past the electrodes, and therefore, the effective

polymer electrolyte membranes (PEMs) must maintain a combi-

nation of high modulus, toughness, stability, and high ionic con-

ductivity [16–18]. However, the ionic conductivity in most SPEs

is directly tied to segmental mobility and chain dynamics, which

is difficult to improve along with mechanical strength simultane-

ously [19–22]. One way to accomplish this goal is the develop-

ment of microphase separated polymers, wherein one of the mi-

crophases conducts ions while the other is responsible for the

mechanical rigidity of the heterogeneous polymer electrolyte [23–
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26]. However, these protocols are complex, and much synthetic ef-

forts are required. Although much progress has been made in fab-

ricating microphase-separated structures, these strategies still re-

quire either relatively complex polymerization reactions or deli-

cate modifications of nanoparticles (NPs). Therefore, there is an

urgent need for general and cost-effective approaches for the de-

sign of SSEs with both promising conductivities and mechanical

strengths.

Polymer nanocomposites (PNCs) are prepared by dispersing

nano-sized inorganic phases into polymer matrix, which can lead

to synergized functionalities better than the single component

[27–30]. The PNCs combining the advantages of inorganic materials

(for example, wide temperature range stability and high ionic con-

ductivity) with those of polymeric materials (for example, strong

plasticity and high processability) offer numerous opportunities for

SSEs design [31–34]. Their application in PEMs is receiving increas-

ing attention [18,35]. However, the bulk structures of PNCs are dif-

ficult to regulate as the interaction between the NP phases and

polymers are complex and usually weak, leading to phase sepa-

ration and the coagulation of NPs, and the long-term failure of

PNC-based functional materials [33,36]. Polyoxometalates (POMs),

as a large class of well-defined anionic molecular clusters of metal

oxides with sizes at nanoscale [37], are widely used as inorganic

building blocks to prepare functional hybrid materials, in particu-

lar POM-polymer composite electrolytes, owing to their high ionic

conduction, excellent electrochemical stabilities, excellent thermal

stability and electromagnetic response properties [38–40]. Zhang

et al. developed a facile approach to fabricate bi-continuous poly-

mer nanocomposites through a POM-induced phase transition of

lamellar PS-b-P2VP [41]. The electrostatic cross-linking effect of

POM on the P2VP chains contributes to the disturbance of the

lamellar phase and the formation of a stable bi-continuous phase.

Moreover, the POMs increase the proton conductivity of the system

and endow the bi-continuous nanocomposites with an increased

conductivity of 0.1 mS/cm and an enhanced Young’s modulus of

7.4 GPa at room temperature. They also fabricate nanocompos-

ite electrolytes containing inverse hexagonal cylindrical phase

and highly ordered lamellar proton-conducting nanochannels, by

the electrostatic self-assembly of a polyoxometalate H3PW12O40

(PW12) and other copolymers [42,43]. Recently, bi-continuous poly-

mer composite electrolytes through the electrostatic self-assembly

of PW12 and a comb copolymer PEEK-g-PVP have been reported

with applications in the direct methanol fuel cells (DMFCs) [44].

Meanwhile, the introduction of nanomaterials with Li+ conduc-

tive activity into polymers to prepare nanocomposite polymer elec-

trolyte materials is also one of the important ideas for prepar-

ing lithium ion SPEs [1,4,11,12,19,20,24,34,45]. Herein, we re-

port a facile and general approach for both proton and lithium

ion conductive organic-inorganic nanocomposites for anhydrous

SSEs. Nanocomposites with bi-continuous microphase separated

structures are prepared using poly(ethylene glycol) (PEG) and

cross-linked polystyrene (PS) block copolymers via polymerization-

induced microphase separation (PIMS) [24–26,46]. The nanoscale

molecular clusters of POMs are uniformly doped into the phase do-

main formed by the PEG block to constitute the conductive phase,

while the cross-linked PS domain provides mechanical support

and ensures the thermal and structural stability of SSEs. Specifi-

cally, reversible addition-fragmentation chain-transfer (RAFT) poly-

merization was implemented for the controlled growth of styrene

and divinylbenzene (DVB) from a PEG macro-chain-transfer agent

(PEG-CTA) in the presence of stoichiometric POMs. The POMs

can effectively suppress the crystallization behavior of PEG blocks

in nanocomposites and contribute to the effective segregation

between the mechanical phases and conducting domains. PIMS

nanocomposites make up the long-range, isotropic, cross-linked

domains with an exceptional combination of ionic conductivity,

thermal stability, and mechanical robustness, enabling them as

promising candidates for high-temperature anhydrous PEMs appli-

cations.

Several POMs show high solubility in PEG melts, and herein,

representative POMs with H+ (H3PW12O40, abbreviated as PW12)

or Li+ (Li7[V15O36(CO3)]·ca.39H2O, abbreviated as V15) as coun-

terions, are dissolved with macromolecular initiator, PEG-CTA,

and the obtained complexes are mixed with styrene monomers

and crosslinking agent DVB for reversible addition- fragmentation

chain-transfer (RAFT) polymerization (Figs. S1–S3, Tables S1 and

S2 in Supporting information). Due to the incompatibility between

PEG and styrene phase, the polymerization can induce the forma-

tion of bi-continuous microphases. POMs are uniformly dispersed

in PEG phase region through hydrogen bonding (HB) and elec-

trostatic interactions in nanocomposites while the cross-linked PS

phase acts as a structural support skeleton (Fig. 1). It is reported in

our previous work that sub-nm-scaled metal oxide cluster (PW12)

shows high solubility in the melt of PEG, fully inhibit the crystal-

lization of PEG, and form stable nanocomposites with PEG, which

facilitates the fast dynamics of PEG chains/segments, and the pro-

ton conduction in the PEG@POM hybrids by the diffusive mo-

tions of PEG chains [47]. The obtained PW12-PEG5k-b-P(S-co-DVB)

(PPBP) nanocomposites with variant POM contents (0, 10 wt%,

20 wt%, 30 wt%, 35 wt% PW12) are abbreviated as PPBP0, PPBP10,

PPBP20. PPBP30, PPBP35, respectively, showing promising proton

conductivities at ambient conditions [48,49]. Meanwhile, the ex-

ploration of polyoxovanadate V15 as a cathode material for lithium

ion batteries reveals its high current density and excellent cycling

stability, which fully demonstrates the application prospects of V15

in solid-state lithium-ion batteries [26,45].

To investigate the internal structure of the nanocomposites, the

materials are examined using small angle X-ray scattering (SAXS),

wide angle X-ray scattering (WAXS), differential scanning calorime-

try (DSC), and thermogravimetric analysis (TGA) techniques

(Fig. 2). In general, a broad principal scattering peak at q∗ and a

weak higher order shoulder at about 2q∗ in SAXS spectra are char-

acteristic of a structured morphology with microphase-separated

domains but without long-range periodic order [46]. The position

of the primary scattering peak corresponds to the structural length

scale of compositional heterogeneities (d=2π /q∗), and the charac-

teristic size between the PW12/PEG and the P(S-co-DVB) domains

is calculated to be 16–20 nm, significantly larger than the do-

main spacing between PEG and cross-linked PS phase (~12 nm)

in samples without PW12. The selective incorporation of the PW12

contributes to the volume fraction increasement of the conduct-

ing phase (PEG+PW12) as well as the increasement of the effec-

tive interaction parameter, χ eff, between the conducting phase and

P(S-co-DVB) phase [50], leading to the increase in the average do-

main spacing between conducting phase and cross-linked PS phase

(Fig. 2a) [51]. The increase of χ eff leads to the increase of the phase

separation strength and local order within the nanocomposites, as

indicated by the appearance of a more pronounced shoulder at ca.

2q∗ when POMs concentrations raise. Overall, the combination of

PW12 and PEG domains forms the conductive phase, which enables

the smooth conduction of protons, while the high modulus phase

formed by the cross-linked PS domains provides the skeleton sup-

port for this material and ensure its high temperature resistance

and mechanical stability in extreme environments.

Meanwhile, wide angle X-ray scattering (WAXS) technique is

applied to detect the crystallization of PEG blocks in nanocom-

posites and the dispersion of POMs in PEG blocks (Fig. 2b). Be-

cause of the high sensitivity of X-ray to heavy metal ions, the form

factor (P(Q)) corresponding to the morphology of PW12 molecular

clusters and the structure factor (S(Q)) reflecting information such

as interactions and possible aggregations between PW12 molecu-

lar clusters can be effectively collected using WAXS [52,53]. As
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Fig. 1. Schematic preparation of anhydrous ionic conductive nanocomposite with microphase separation.

Fig. 2. Characterization of PW12-PEG5k-b-P(S-co-DVB) (PPBP) PNCs with bi-

continuous microphases prepared by polymerization-induced microphase separa-

tion (PIMS) approach: (a) SAXS, (b) WAXS, (c) DSC and (d) TGA curves of samples

with variant PW12 content (0, 10 wt%, 20 wt%, 30 wt%, 35 wt% PW12 for PPBP0,

PPBP10, PPBP20, PPBP30, PPBP35, respectively).

shown in the wide-angle region of WAXS, POM clusters disperse

homogeneously in PEG without aggregation and inhibit PEG crys-

tallization completely even at high POM loadings. Owing to the

strong interactions, PW12 clusters disperse in PEG to form stable

complexes. Especially, in PW12-PEG5k-b-P(S-co-DVB) nanocompos-

ites with 35 wt% POM content (abbreviated as PPBP35), no obvious

aggregated scattering peaks of POM can be observed. Form factor

(P(Q)) and structure factor (S(Q)) of PW12 in PPBP35 nanocompos-

ites together demonstrate the complete structure of PW12 and the

uniform dispersity of PW12 in PEG blocks to form the final con-

Fig. 3. Characterization of V15-PEG5k-b-P(S-co-DVB) (VPBP) PNCs with bi-

continuous microphases prepared by PIMS approach: (a) SAXS, (b) WAXS, (c) DSC

and (d) TGA curves of the samples with variant V15 content (0, 10 wt%, 20 wt%,

30 wt% V15 for VPBP0, VPBP10, VPBP20, VPBP30, respectively).

ductive phase [54]. These results consistent with the SAXS data

described above.

Meanwhile, similar to PPBP, the microphase separated structure

of the nanocomposites is maintained when the PW12 molecular

clusters are changed to another POM V15, suggesting the univer-

sality of this protocol for the preparation of microphase-separated

nanocomposite electrolytes (Fig. 3). As shown in Fig. 3a, the same

shape factor (P(Q)) corresponding to the morphology of the V15

molecular clusters can be observed in the V15-PEG5k-b-P(S-co-

DVB) (abbreviated as VPBP) nanocomposites, indicating the stabil-

ity and well dispersion of the V15 clusters in the polymer matrix.
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With the increase of V15 content, the crystalline scattering peaks

of PEG blocks are gradually weakened, suggesting the role of V15

as inhibitor for the crystallization of PEG blocks (Fig. 3b).

Furthermore, the crystallization of PEG blocks in PPBP

nanocomposites is quantitatively probed using DSC, and the roles

of POMs for PEG crystallization inhibition can be revealed. At low

PW12 content (0–10 wt%), an obvious crystalline melt peak can be

observed around 50–60 °C, indicating that part of the PEG blocks

in the nanocomposites are still in a crystalline state (Fig. 2c). When

the mass ratios of PW12 increase to 20% or above, no obvious crys-

tallization and melting process can be observed, indicating that

POMs fully inhibit the crystallization of PEG blocks, which is con-

sistent with the WAXS results. Similar crystallization inhibition ef-

fect can be observed in VPBP nanocomposites except that higher

mass ratios of V15 is required for fully PEG crystallization inhibi-

tion (Fig. 3c).

The thermal stability of nanocomposites can be analyzed using

TGA, and the TGA curves of nanocomposites with different POM

contents are shown in Figs. 2d and 3d. It is often customary to use

a characteristic temperature to illustrate the thermal stability of a

material. The temperature at which the TGA curve begins to fall is

called the starting decomposition temperature, the temperature at

which the weight loss rate reaches 5% is called the decomposition

5% temperature, and the temperature at which the TGA curve be-

gins to deviate from the baseline is called the extrapolation start-

ing temperature. Because these temperature points are best repro-

duced, so these key temperature points are often used to char-

acterize the thermal stability of materials. The temperature of 5%

mass reduction of PEG5k-b-P(S-co-DVB) block copolymers without

POMs appears at 300 °C, and the extrapolation onset temperature

is even closer to 400 °C, indicating the high heat resistance of this

copolymers. The thermal stability of the nanocomposites is slightly

reduced after doping PW12, but the temperature at 5% decompo-

sition of the material and the extrapolation onset temperature are

all above 200 °C, and the thermal stability is comparable to that

of the phosphoric acid-doped benzimidazole high-temperature fuel

cell electrolyte film [18]. The first weight loss plateau occurs due to

the decomposition of parts of PEG blocks in the nanocomposites,

and the second one is caused by the simultaneous decomposition

of the cross-linked PS blocks with PW12 in the nanocomposites. At

low PW12 content, the stability of the materials increases as the

PW12 content increases. However, when the PW12 content reaches

a certain level, the excess PW12 leads to a decrease in compati-

bility with the PEG blocks, resulting in a slight decrease in the

overall stability of the material. Therefore, the doping content of

nanomolecular clusters needs to be controlled in a suitable con-

centration range to achieve the optimal material properties.

At the same time, the thermal stability of VPBP nanocompos-

ites is also observed by TGA. As shown in Fig. 3d, the addition of

V15 shifts the starting decomposition temperature of the materi-

als to a lower temperature, but the temperature at 5% decomposi-

tion of the sample mass and the extrapolation starting temperature

are above 200 °C, indicating that the prepared VPBP nanocompos-

ites have good heat resistance. However, unlike the PPBP nanocom-

posites, the weight loss curves of the VPBP samples do not show

two plateaus, which also indicates that the interaction between

V15 clusters and PEG blocks is greater than that between PW12

and PEG blocks. V15 clusters cause the decomposition of the entire

block copolymers crosslinking network rather than decomposition

of partial PEG decomposition first.

To measure the conductivity of microphase separated high-

temperature anhydrous proton conductive nanocomposites, the

typical electrochemical impedance spectroscopy (EIS) method is

used to determine the ion conductivity of PPBP with different

PW12 contents at different temperatures (Figs. 4a–c). The EIS spec-

tra is fitted by ZSimpWin and ZView2 software, and the pro-

Fig. 4. (a–c) EIS spectra of PW12-PEG5k-b-P(S-co-DVB) (PPBP) with (a) 10 wt%, (b)

30 wt% and (c) 35 wt% PW12 content (PPBP10, PPBP30, PPBP35, respectively) at

different temperatures. (d) Temperature-dependent protonic conductivities of PPBP

with various PW12 ratios (bottom up, 10 wt%, 30 wt%, 35 wt%).

ton conductivity of the nanocomposites can be calculated by us-

ing equation σ = L/(RbS) in combination with the actual dimen-

sions of the samples. The calculated conductivities are summa-

rized in Fig. 4d. With the increase of temperature, the increase

of proton conductivity in the low temperature region (50–80 °C)
is more obvious, because the crystallinity of PEG blocks in PPBP

nanocomposites gradually decreases, and the chain movement of

PEG blocks becomes fast, which promotes the proton conductiv-

ity. However, when the temperature rises to a high temperature

above 100 °C, the dissociation of protons gradually reaches a max-

imum to the proton conductivity plateaus. The overall conductiv-

ity of PPBP nanocomposites is enhanced with the increase of PW12

content, as the addition of PW12 acts as an inhibitor to the crys-

tallization of PEG blocks in this material, which in turn improves

the proton conductivity of the prepared solid-state polymer elec-

trolytes. The highest proton conductivity of 5.99×10-4 S/cm is

achieved when the PW12 content is 35%, and the proton conduc-

tivity is maintained at a high level of 2.03 × 10-4 S/cm at 30%

PW12 content under high temperature (150 °C) and anhydrous con-

ditions, which confirms the ability of the nanocomposites in effec-

tively proton transfer under extreme environments.

Compared to the PPBP nanocomposites, VPBP have generally

lower lithium ion conductivity (Fig. S4 in Supporting information),

which is related to the size of Li+ dissociated from V15 and the

electronegativity of V15. In the PEG conductive phase, the move-

ment of Li+ is more difficult than that of proton, so the conduc-

tivity is lower, but it can still indicate the feasibility and univer-

sality of this general approach to construct conductive nanocom-

posites using PEG, cross-linked PS block copolymers and POMs. At

present, both positive and negative ions of lithium salts in PEG-

based SSE materials can move, but this movement of negative ions

in lithium ion batteries intensify the polarization within the mate-

rials, which will lead to an increase in the polarization voltage of

the solid-state batteries. More severely, it will promote the growth

of lithium crystal branches and pierce the battery to cause danger,

so the lithium ion migration number (tLi+ ) is an important param-

eter used to evaluate the performance of SSEs [55]. Hence, VPBP30

nanocomposite was selected and tested at 80 °C using the poten-

tiodynamic polarization method, and the chronoamperometry pro-

files and EIS spectra before and after polarization are shown in
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Fig. S5 (Supporting information). The tLi+ of the nanocomposites

is calculated to be 0.87 by equation tLi+ = (Is(�V - I0R0))/(I0(�V -

IsRs)) that is similar to many reported single ion SSEs, indicating

that the movement of V15 anion is restricted by strong electro-

static interactions with the PEG block, and the conductive process

relies mainly on the movement of dissociated Li+. Meanwhile, pre-

vious studies have shown that tLi+ of PEG-based SSEs doped with

lithium salt is about 0.2–0.3 because both positive and negative

ions in the lithium salt can move [56–58]. Therefore, the doping of

V15 raises the tLi+ of PEG-based SSEs, which closes to that of single

ion conductivity. The VPBP nanocomposites is expected to be used

in solid-state lithium-ion batteries.

In summary, we present a facile, scalable, one-step syn-

thetic protocol to fabricate high-temperature anhydrous conduc-

tive nanocomposites based on POMs and PEG5k-b-P(S-co-DVB) via

polymerization-induced microphase separation. The POMs-PEG5k-

b-P(S-co-DVB) nanocomposites exhibit a bi-continuous morphol-

ogy, in which the POMs are uniformly dispersed in the PEG block

(PEG/POM) to form a conducting pathway that successfully realizes

the effective transportation of protons and lithium ions. The highly

cross-linked PS domains (P(S-co-DVB)) serve as mechanical support

and provide outstanding mechanical properties and thermal stabil-

ity. The prepared nanocomposites overcome the safety and stability

issues of conventional SSEs when working under high temperature

conditions, and avoid the drawback that small molecules of acids

in existing SSEs tend to leach out from the polymer matrix. Due to

the broad availability of POMs and polymers with different func-

tionalities, the SSE system can be facilely extended to a variety

of functional electrolytes, e.g., sodium-ion conductive electrolytes,

which can extend the design of multifunctional SSE materials.
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