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a b s t r a c t

The most practical high-temperature proton exchange membranes (PEMs) are phosphoric acid (PA)-doped

polymer electrolytes. However, due to the plasticizing effect of PA, it is a challenge to address the

trade-off between the proton conductivity and the mechanical performance of these materials. Here,

we report an effective strategy to fabricate robust high-temperature PEMs based on the in situ elec-

trostatic crosslinking of polyoxometalates and polymers. A comb copolymer poly(ether-ether-ketone)-

grafted-poly(2-ethyl-2-oxazoline) (PGE) with transformable side chains was synthesized and complexed

with H3PW12O40 (PW) by electrostatic self-assembly, forming PGE/PW nanocomposite membranes with

bicontinuous nanostructures. After a subsequent PA-treatment of these membranes, high-temperature

PEMs of PGE/PW/PA ternary nanocomposites were obtained, in which the in situ electrostatic crosslink-

ing effect between PW and PGE side chains was generated in the hydrophilic domains of the bicontinu-

ous structures. The microphase separation structure and the electrostatic crosslinking feature endow the

PGE/PW/PA membranes with excellent anhydrous proton conductive ability while retaining high mechan-

ical performance. The membranes show a high proton conductivity of 42.5 mS/cm at 150 °C and a high

tensile strength of 13MPa. Our strategy can pave a new route based on electrostatic control to design

nanostructured polymer electrolytes.

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

Medica, Chinese Academy of Medical Sciences.

Proton exchange membranes (PEMs) are the key components in

fuel cells, which require both high proton conductivity and me-

chanical properties to achieve sufficient power density and safety

[1,2]. Commercial perfluorosulfonic acid membranes (PFSAs) such

as Nafion are the most widely used with excellent performance at

low temperatures and high relative humidity (RH) [3,4]. However,

PFSAs have relatively low glass transition temperatures and can-

not establish a well-connected proton transport channel in the dry

state, which leads to a dramatic decrease in mechanical stabilities

and proton conductivity above 100 °C [5]. Therefore, it is urgent

to develop PEMs with excellent performance at high temperatures.

At present, the most practical PEM materials for high-temperature

applications are phosphoric acid (PA)-doped polymer membranes

[6–8]. Generally, such membranes require a high amount of PA ad-

sorption to ensure proton conductivity. However, the large amount

of PA reduces the mechanical strength of the membranes due to

the plasticizing effect [9]. Thus, addressing the trade-off between
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proton conductivity and mechanical performance becomes the key

issue for PA-doped PEMs.

Recently, researchers have focused on balancing the conduc-

tive and mechanical properties of PA-doped PEMs by crosslinking

or microphase-separating strategies [10]. Crosslinking is performed

by restricting the movement of polymer chain segments through

covalent or non-covalent bonds to counteract the plasticizing ef-

fect of adsorbed PA, wherein small molecules, polymers and parti-

cles have been used as crosslinkers [11,12]. Although the mechani-

cal strength can be substantially improved, a high crosslinking de-

gree may make the material brittle. Constructing microphase struc-

tures in membranes is commonly employed in PEMs, which can

reduce the proton transport energy barriers and realize efficient

proton transport [13,14]. The microphase structure allows the PA

to be selectively distributed only in the hydrophilic domains with-

out disturbing the mechanically supporting domains. Besides, the

mechanical strength of PEMs can also be effectively enhanced by

nanofillers, such as inorganic nanoparticles and nanoclusters [15].

Among them, polyoxometalates as nanosized solid superacids have

attracted much attention.
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Fig. 1. Preparation strategy of POM-polymer nanocomposite PEMs.

Polyoxometalates (POMs), comprising a large class of ionic

metal oxide nanoclusters with well-defined structures and uniform

size [16–20], show abundant properties in the fields of catalysis,

electrics, optics, etc. [21–25], and they were widely used to pre-

pare hybrid nanocomposites [26–35]. Especially, POMs are suitable

for use in high-temperature anhydrous environments due to their

excellent water retention capacity, outstanding thermal stability,

and high proton conductivity [36–48]. For example, our group re-

cently reported a study of POM-based anhydrous liquid-crystalline

electrolytes with high structural stability and high proton con-

ductivity [49]. In addition, the characteristics of multivalent an-

ions enable POMs as electrostatic crosslinkers to construct ionic

self-assembled materials and achieve significant mechanical en-

hancement [50]. Thus, combining the advantages of POMs with

microphase-separated polymer matrices is promising to develop

high-performance PEMs for high-temperature proton conduction.

In this work, we constructed electrostatic crosslinked PA-

doped PEMs with bicontinuous nanostructure based on POMs

and comb copolymers (Fig. 1). The whole idea takes full ac-

count of the topological structure and mechanical strength of

matrix polymers, as well as the noncovalent interaction be-

tween POMs and polymer moieties. We synthesized amphiphilic

comb copolymers poly(ether-ether-ketone)-grafted-poly(2-ethyl-2-

oxazoline) (PEEK-g-PEOx, which is abbreviated as PGE) with trans-

formable side chains. The comb copolymer is easy to form well-

connected nanostructures due to the aggregation of long hy-

drophilic side chains, in which PEEK as the main chain can impart

mechanical stability, and PEOx side chains have weak electrostatic

interactions with POMs and PA. Note that the hydrolysis of PEOx

to polyethyleneimine (PEI) leads to strong electrostatic interactions

with POMs and PA. Initially, flexible and transparent nanocom-

Fig. 2. (a) Photographs of PGE/PW nanocomposite membranes. (b) XRD patterns

and (c) FTIR spectra of PW, PGE1–4, PGP2–4 and PGP3–4. (d) SAXS profiles of PGE1–

4, PGE2–4 and PGE3–4.

posite membranes with tunable bicontinuous structures were con-

structed by the electrostatic self-assembly of PGE with H3PW12O40

(PW). Then, the membranes were treated by PA region-selective

enrichment, in which the in situ electrostatic crosslinking between

PW and PGE side chains was generated in the hydrophilic domains

of the bicontinuous structure. As expected, the bicontinuous struc-

ture and the electrostatic crosslinking effect significantly improved

the proton conductivity and the mechanical strength of the resul-

tant membranes.

The comb copolymer PGE was synthesized by the “grafting to”

method, in which optimized PEOx side chains (Mw of ca. 2000,

PDI of ca. 1.09) obtained from ring-opening polymerization were

attached to PEEK backbones (Mw of ca. 25,000, PDI of ca. 2.7) by

nucleophilic substitution reaction. We obtained three comb copoly-

mers PGE1, PGE2, and PGE3 with a certain graft length and increas-

ing graft density of 0.05, 0.11 and 0.17, respectively. A more de-

tailed synthesis process and characterization are shown in Figs. S1-

S8 (Supporting information). A series of PGE/PW precursor mem-

branes were prepared by a simple solution casting method, in

which anhydrous solvents were used to prevent the inherent acid-

ity of PW from hydrolyzing the amide groups of PEOx. The PGE/PW

membrane was identified as PGEx-y, where x and y represent the

polymer type and the PW content, respectively (e.g., PGE3–4 means

using PGE3 and the PW content of 40 wt%). Since a high PW con-

tent can make the membranes brittle or opaque (Fig. 2a and Fig. S9

in Supporting information), we optimized the maximum content of

PW to be 40 wt%.

All PGE1–4, PGE2–4 and PGE3–4 samples were flexible and

transparent (Fig. 2a), implying that the PW and PGE are com-

patible with each other. To further clarify the microscopic homo-

geneity, the membranes were measured by X-ray diffraction (XRD)

(Fig. 2b). The XRD patterns of the nanocomposite membranes ex-

hibited no characteristic peaks belonging to crystalline PW aggre-

gates, which supports that PW clusters are homogeneously dis-

persed in the PGE polymer matrix. The interaction between the
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PW and the PGE was further revealed by Fourier transform in-

frared spectroscopy (FTIR) (Fig. 2c). In the IR spectrum of pristine

PW, four kinds of oxygen atoms in PW give rise to the characteris-

tic vibration bands at 802 cm−1 νas(W–Oc–W), 891 cm−1 νas(W–

Ob–W), 984 cm−1 νas(W=Od), 1080 cm−1 νas(P–Oa). These vibra-

tion bands were all observed in the IR spectra of PGE1–4, PGE2–4,

and PGE3–4, demonstrating the PW clusters remained structural

integrity in the composites. Compared to pristine PW, slight shifts

were noticed in these vibration bands for all three nanocomposites.

The νas(W–Ob–W) and νas(W–Oc–W) peaks shifted to the high-

frequency region, appearing at 897 and 820 cm−1, whereas, the

νas(W=Od) peaks shifted to the low-frequency region, appearing

at 978 cm−1. The shift of characteristic peaks indicates that the

chemical environment around PW has changed, which is recog-

nized as the weak electrostatic interaction between the PW and

the amide groups of PEOx, similar to the results reported in the

literature [51,52].

The microscopic structures of PGE/PW composite membranes

were investigated by using the small-angle X-ray scattering (SAXS)

and transmission electron microscopy (TEM). The SAXS results

displayed that PGE2–4 and PGE3–4 showed significant scattering

peaks at the low q region of 0.44 nm−1 and 0.50 nm−1, corre-

sponding to d-spacing of about 14.3 nm and 12.6 nm calculated by

the equation d=2π /q, which indicated that both membranes had

typical microphase-separated structures (Fig. 2d). The SAXS pro-

file of PEG1–4 lacks the microphase signal due to the small vol-

ume fraction of its hydrophilic component that could not form

well-defined microphase domains. It is noteworthy that the SAXS

profiles show scattering peaks at 4.49 nm−1, 3.51 nm−1, and 3.43

nm−1 at the high q region for PGE1–4, PGE2–4, and PGE3–4, corre-

sponding to d-spacing of 1.4 nm, 1.79nm, and 1.83nm, respectively.

This set of scattering peaks reflects the distribution distance of PW

in the polymer matrix, and the increasing d-spacing of PW with

the PEOx domain sizes is due to the decreased distribution den-

sity of PW in the domains, which also reflects the uniform dispers-

ing state of PW. TEM was used to further explore the microphase

structure of the membranes. We prepared ultrathin sections of dif-

ferent PGE/PW membranes with a thickness of ca. 80nm. The area

containing PW is black in the bright-field model because the W el-

ement is more difficult to be penetrated by the electron beam. TEM

images show that all three PGE/PW membranes form a network-

like bicontinuous structure, in which the hydrophilic domain com-

posed of PEOx/PW and the hydrophobic domain formed by PEEK

are highly intertwined (Fig. 3). Notably, the three samples show

varied bicontinuous structures although they load the same con-

tent of PW. As the grafting density of the comb copolymer ma-

trix increases from PGE1–4, PGE2–4 to PGE3–4, their bicontinuous

network becomes denser with smaller phase sizes, which exhibits

higher connectivity of the PEOx/PW domain. This phenomenon is

consistent with the decreased d-spacing in the SAXS results.

The PGE/PW/PA ternary PEMs were prepared by PA region-

selective adsorption into the bicontinuous structure of PGE/PW

membranes. The hydrophobic PEEK domains are incompatible with

PA. In contrast, both components in the hydrophilic domains of

PEOx/PW are capable of hydrogen bonding or electrostatic interact-

ing with PA. Consequently, PA can selectively enrich the PEOx/PW,

which results in a high local concentration of PA in the PEOx/PW

domain despite the relatively small percentage of PA in the whole

membranes, thus ensuring a high proton conductivity while retain-

ing mechanical strength. The effect of PA-adsorption on the mem-

brane performance was investigated by taking PGE3–4/PA as an ex-

ample. The inset in Fig. 4a shows that PGE3–4/PA remains flexible

and transparent after PA-treatment, and its SAXS profile also main-

tains the bicontinuous structure. The d-spacing of phase size in-

creased from 12.6 nm for PGE3–4 to 14.0 nm for PGE3–4/PA, which

should be attributed to the swelling of hydrophilic domains after

Fig. 3. Bright-field TEM images of the ultrathin microtomed sections of the PGE/PW

nanocomposite membranes: (a, b) PGE1–4, (c, d) PGE2–4, (e, f) PGE3–4.

Fig. 4. (a) SAXS profile and (b) XPS spectrum of the PGE3–4/PA membrane. Inset of

(a) is the photograph of this sample.

PA enrichment in. Meanwhile, the d-spacing of PW increases from

1.83nm to 1.86nm due to the dilution effect of PA (Fig. 4a). In

addition, the PA-treatment process caused an in situ electrostatic

crosslinking effect. PEOx chains were easily converted to PEI chains

because of the acidic hydrolysis of the amide bond, resulting in

the partial conversion of PEOx/PW domains to PEI/PW domains.

PEI can offer a strong electrostatic crosslinking with the multi-

charged PW, which immobilizes the ionic domains of the bicontin-

uous structure, suppresses membrane swelling, and thus enhances

the mechanical properties.
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Fig. 5. (a) Temperature-dependent conductivities and (b) Arrhenius fitting of PGE1–

4/PA, PGE2–4/PA and PGE3–4/PA from 100 °C to 150 °C.

Table 1

Summary of PGE/PW/PA nanocomposite membranes.

Sample wPW (%) a x b PA uptake (wt%) σ (mS/cm) c

PGE1–4/PA 40 0.05 76 20.8

PGE2–4/PA 40 0.11 91 34.0

PGE3–4/PA 40 0.17 108 42.5

a Weight fraction of PW in the PGE/PW membranes.
b Grafting density of PEOx in PGE.
c Proton conductivity at 150 °C.

To confirm the electrostatic crosslinking effect, we tested the

binding energy of N 1s electron in the PGE3–4/PA membrane us-

ing X-ray photoelectron spectroscopy (XPS). Fig. 4b shows that the

membrane appears to have two types of N, which is considered

the result of PEOx hydrolysis for the generation of PEI. The dif-

ference between the strong electrostatic interaction of PEI/PW and

the weak electrostatic interaction of PEOx/PW can be clearly il-

lustrated by an experiment to evaluate the complexation strength

in aqueous solutions. PW remained soluble after mixing with the

aqueous solution of PEOx, while a precipitate rapidly formed when

mixing PW with the aqueous solution of PEI because of the strong

electrostatic crosslinking between PW and PEI (Fig. S10 in Sup-

porting information). Our in situ crosslinking strategy takes the ad-

vantage of the easy hydrolysis of PEOx and the good dispersibility

of PW in PEOx components. The crosslinking degree can be easily

regulated by varying the PW content, which can further control the

amount of adsorbed PA as well as the mechanical and conductive

properties.

The proton conductivities (σ ) of PGE/PW/PA membranes were

measured by AC impedance measurements in the temperature

range of 100–150 °C (Fig. 5a and Table 1). The corresponding

Nyquist plots are shown in Fig. S11 (Supporting information). The

conductivities of PGE1–4/PA, PGE2–4/PA, and PGE3–4/PA at 150 °C
are 20.8, 34.0 and 42.5 mS/cm, respectively. This tendency is con-

sistent with their channel continuity. By Arrhenius fitting, the pro-

ton conduction activation energies (Ea) of PGE1–4/PA, PGE2–4/PA,

and PGE3–4/PA are 0.14, 0.18, and 0.15 eV, respectively, proving that

proton conduction in this anhydrous system is a Grotthuss conduc-

tion mechanism (Fig. 5b). The PW can assist the dissociation of PA

molecules [53]. The synergetic conducting effect between PW and

PA enhanced proton mobility, which endowed a high conductiv-

ity to the membranes at a low PA-upaking state. Among the three

membranes, PGE3–4/PA behaved the best in conductivity. In addi-

tion, the PGE3–4/PA membrane shows a high tensile strength of

13.0MPa.

Besides, we further investigate the reinforcing effect of PW on

the mechanical stability of membranes by using PGE3/PW/PA sys-

tem as an example. We found that the membranes were remark-

ably reinforced from PGE3/PA, PGE3–1/PA, PGE3–2/PA, PGE3–3/PA

to PGE3–4/PA with maximum tensile strengths of 5.0, 7.5, 9.1, 10.7,

13.0MPa (Fig. S12a in Supporting information). Moreover, their di-

mensional stability also increases with the increasing PW content

(Fig. S12b in Supporting information). Not only because the bi-

continuous network constructed by PW can significantly increase

the mechanical properties but also because the strong electrostatic

interaction between PW and PEI enhances the overall mechanical

strength. Compared with other PA-doped PEMs reported in the lit-

erature, our membranes have obvious advantages in comprehen-

sive performance (Table S1 in Supporting information).

In summary, we developed an in situ crosslinking strategy to

construct robust high-temperature PEMs based on POM-polymer

nanocomposites. A comb copolymer PGE with transformable side

chains was synthesized and complexed with PW via electrostatic

self-assembly, forming bicontinuous PGE/PW nanocomposite as

precursor membranes. After a further PA-treatment, PGE/PW/PA

PEMs were prepared by PA region-selective enrichment, in which

the in situ electrostatic crosslinking effect between PW and PGE

side chains was generated. The bicontinuous microphase structure

and the electrostatic crosslinking feature enable the PGE/PW/PA

membranes with both high anhydrous proton conductivity and

high mechanical performance. The optimized membrane PGE3–

4/PA shows a high proton conductivity of 42.5 mS/cm at 150 °C and

outstanding tensile strength of 13MPa. This approach can provide

a new concept based on electrostatic control to design nanostruc-

tured polymer electrolytes.
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