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Proton-conducting materials are essential for energy and electronic technologies. Polyoxometalates
(POMs), as molecularly well-defined metal oxide nanoclusters with high proton conductivity, are promis-
ing candidates for such applications. However, their intrinsic crystalline brittleness poses significant chal-
lenges for practical device processing. In this work, we present a strategy to incorporate POM nanoclus-
ters into supramolecular ionic networks (SINs). By using synergistic electrostatic and hydrogen bonding
interactions, we uniformly disperse POM nanoclusters into zwitterionic liquids, forming an ionic network
structure. The resulting POM-based SIN electrolytes exhibit semi-solid flexibility and high proton conduc-
tivity of 2.0 x 103 S/cm. Notably, these electrolytes demonstrate strong adhesion with activated carbon
electrodes, resulting in flexible supercapacitors with a stable electrolyte-electrode interface that retains
90% capacitance after 14,000 charge-discharge cycles and 10,000 bending cycles. This study provides a
promising approach for developing nanocluster-based soft electrolyte materials for flexible devices.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Proton conductors play crucial roles in energy and electronic
technologies, serving as essential electrolyte materials in various
energy conversion and storage devices, including fuel cells, super-
capacitors, and water electrolysis systems [1-6]. To ensure the sta-
ble operation of these devices, proton conductors need to possess
several fundamental properties: high ionic conductivity, robust me-
chanical stability, strong interfacial adhesion, and ease of process-
ing [7-10]. Polyoxometalates (POMs), nanoscale metal oxide clus-
ters typically around 1 nm, are excellent inorganic proton con-
ductors [11-17]. The delocalized negative charges on POM cluster
skeletons facilitate the easy dissociation of protons from their sur-
face, imparting POMs with super-acidity. However, the proton con-
ductivity of POMs significantly decreases in low humidity condi-
tions, limiting their practical applications [18-23]. Moreover, POMs
are usually crystalline and brittle powders, lacking the necessary
processability to assemble electrochemical devices [24-27]. These
limitations impede the development of POM-based proton conduc-
tors. Therefore, it is crucial to develop innovative POM-based elec-
trolytes that exhibit both high conductivity and desirable mechan-
ical properties, ease of processing, and strong interfacial adhesion
with electrodes.

By employing an organic-inorganic composite strategy, inor-
ganic colloidal nanomaterials can be integrated into organic and
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polymer soft matrices [28-32]. This approach effectively combines
the functional properties of inorganic components with the ex-
cellent processability of organic components, resulting in com-
posite materials with superior comprehensive performance. This
strategy is also widely employed in the development of high-
performance electrolyte materials. For POMs, dispersing them into
an organic soft matrix is an effective way to enhance their process-
ability. In the reported works, Yin et al. combined low molecular
weight polyethylene glycol with POMs through hydrogen bonding
networks to create pseudo-plastic fluidic nanocomposites [33,34].
These materials exhibit exceptional proton conductivity but have
relatively low mechanical strength. Besides, Zang et al. introduced
POMs into polymer gel networks using a one-pot crosslinking
method, resulting in ionic hydrogels with good mechanical prop-
erties [35,36]. However, due to the intrinsic need for solvents
to facilitate ion transport in gel materials, there is an unavoid-
able risk of solvent evaporation. Therefore, constructing a POM-
accommodating matrix network that combines the fluidity of small
molecules with the mechanical strength and non-volatility of poly-
mers is particularly important.

In this work, we have successfully developed a POM-based flex-
ible and processable electrolyte that combines polymer-like me-
chanical characteristics with high proton conductivity by incorpo-
rating POM nanoclusters into a supramolecular ionic network (SIN)
(Fig. 1). POMs are dispersed into bola-type zwitterionic liquids
through electrostatic and hydrogen bonding interactions, forming
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Fig. 1. Schematic illustration of the preparation of SIN electrolytes and fabrication
of supercapacitors.

an ionic network structure. Serving as the nodes of this network,
the protons on the POM surface can be transported via hopping
during the network dynamic reorganization [17,37-39]. The result-
ing SIN electrolytes exhibit the unique dynamic reversibility of
supramolecular polymers, with non-covalent interactions impart-
ing thermal and shear responsiveness, while also demonstrating
excellent interfacial adhesion. We have successfully applied this
material as a flexible, adhesive proton conductor in flexible super-
capacitors. This work not only provides a new strategy for prepar-
ing POM-based soft materials but also highlights the significant po-
tential of SIN electrolyte materials in the field of flexible energy
and electronic devices.

Two bola-type zwitterionic liquids were synthesized with
polyethylene glycol oligomer spacer and imidazole sulfonate zwit-
terion terminal. The synthesis method and characterization are de-
tailed in Supporting information (Figs. S1-S3 in Supporting infor-
mation). Imidazole rings can interact with POM anions through
electrostatic interaction, which is the predominant driving force
for forming the SINs. Meanwhile, the sulfonate groups can accept
protons from POMs and form a dense hydrogen bond network
with the closely packed oxygen atoms on the POM surface, pro-
viding a continuous pathway for proton hopping [40]. To compare
the effects of flexible spacers, we selected two polyethylene gly-
col oligomers with 2 and 7 ethylene glycol (EG) repeat units and
named the corresponding zwitterionic liquid molecules EG2-IMS
and EG7-IMS. By combining these two zwitterionic liquids with
Keggin-type POMs that possess different charges and proton num-
bers, we developed flexible, self-supporting SIN materials.

Imidazole-sulfonate zwitterions are typical crystalline com-
pounds, usually appearing as solid powders [41]. Incorporating
flexible EG units into their structure inhibited zwitterion crys-
tallization, resulting in fluid bola-type zwitterionic liquids (Fig.
2a). Rheological tests show that EG2-IMS and EG7-IMS are vis-
cous liquids, with zero-shear viscosities at 30°C of 4.5 x 10* and
2.1 x 10% Pa s, respectively, the former being two orders of mag-
nitude higher than the latter (Fig. 2b). EG7-IMS maintains stable
viscosity at shear rates, while EG2-IMS exhibits shear thinning at
room temperature. This indicates that a shorter spacer leads to
a higher ionic group density and stronger intermolecular electro-
static interactions, facilitating a polymer-like SIN structure [42-44].
When temperature exceeds 60 °C, the accelerated molecular move-
ment balances the dissociation and recombination of these electro-
static interactions, leading to a stable viscosity. Differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA) were
used to analyze the thermal phase behavior and decomposition
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Fig. 2. (a) Photographs and schematic illustration of two zwitterionic liquids. (b)
Viscosities versus shearing rates at different temperatures. (c) Glass transition tem-
perature of two zwitterionic liquids. (d) The phase diagram of EG2-IMS composited
with three POMs of different charge numbers.

temperature of the zwitterionic liquids. Fig. 2c and Fig. S4 (Sup-
porting information) show Ty of —16°C and —26°C, respectively.
The EG2-IMS system exhibits higher T, and decomposition tem-
perature, suggesting that a shorter PEG spacer enhances thermal
stability.

POMs are proton-rich ionic inorganic nanoclusters, act as elec-
trostatic cross-linkers and proton conductors by dissociating into
multi-charged anions and free protons in polar media. To study the
effect of POMs with varying proton counts on the SIN structure,
three Keggin-type POMs, H3PW1,049 (PW), H4SiW1,04¢ (SiW), and
HgCoW15049 (CoW) were selected as representatives. All three
POMs have the same size but contain 3, 4, and 6 protons, respec-
tively. Synthesis and Fourier transform infrared (FT-IR) data are
shown in Fig. S5 (Supporting information). Since three POMs are
soluble in both zwitterionic liquids, we prepared SIN electrolytes
by directly blending POMs into the zwitterionic liquids (Tables S1
and S2 in Supporting information). The composite samples are
named EG2-IMS/POMX or EG7-IMS/POMX, where X denotes the
weight percentage of POMs.

The state diagram of composite samples with different POM
contents is shown in Fig. 2d. With increasing the POM content,
zwitterionic liquids are gradually solidified with increased viscosi-
ties; eventually, macroscopic phase separation occurs when POM
content exceeds 85 wt%. Notably, homogeneous samples with high
POM content exhibit flexible semi-solid regions. When PW con-
tent in EG2-IMS is 60 wt% to 85 wt%, the sample behaves as a
homogeneous semi-solid material. As the charge number of POMs
increases, the semi-solid phase region narrows. SiW can form a
semi-solid sample with EG2-IMS at around 85 wt%, while CoW
cannot form a semi-solid sample with EG2-IMS, remaining in a
fluid state even at 85 wt% POM content. The phase diagram of
EG7-IMS and POM composite systems is similar to that of EG2-IMS
(Fig. S6 in Supporting information). These results indicate that the
increasing number of protons on POMs is not beneficial to form
SIN with zwitterionic liquids. We speculate this is because the free
protons dissociated from POMs neutralize the negative charges of
sulfonate groups, weakening the electrostatic interaction between
sulfonate groups and imidazole cations of adjacent zwitterionic lig-
uid molecules, thereby reducing the strength of the SIN to real-
ize solidification. Consequently, PW and SiW, due to the appropri-
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Fig. 3. (a) FT-IR spectra of Siw, EG2-IMS, EG2-IMS/Siw20, and EG2-IMS/SiW85. (b)
SAXS data of SINs composed of different contents of Siw and EG2-IMS. (c) Cluster-
to-cluster distances of SiW in EG2-SiW calculated from the SAXS data and (d) the
schematics of cluster-to-cluster distances.

ate number of protons, are suitable for preparing semi-solid POM-
based SIN electrolytes.

The high solubility of POMs in zwitterionic liquids is due to
their intermolecular interactions. Taking the SiW and EG2-IMS
composite system as an example, FT-IR spectra show that the char-
acteristic vibrational peaks of W—0,—W and W-0.—W attributed
to SiW in EG2-IMS/SiW20 and EG2-IMS/SiW85 occur blue shifts
compared to pure SiW, reflecting changes in the electrostatic en-
vironment surrounding SiW (Fig. 3a). Meanwhile, from EG2-IMS to
EG2-IMS/SiW85, the S=0 vibration shows a red shift from 1196
cm! to 1170 cm™!, indicating hydrogen bonding between sulfonate
groups and the protons on the surface of SiW. Additionally, the
C=N vibrational peak red-shifts from 1566 cm™! to 1562 cm’!, in-
dicating electrostatic interactions between the cationic imidazole
group and the anionic SiW clusters [40].

The distribution of POM in the zwitterionic matrix was studied
by small angle X-ray scattering (SAXS) and X-ray diffraction (XRD),
using EG2-SiW as an example (Fig. 3b). The scattering peaks can
reflect the average spacing between SiW nanoclusters [45]. As SiW
content rises, the scattering peaks shift to a high-q region, indicat-
ing that the spacing between SiW decreases. From 20 wt% to 85
wt% SiW, spacing in EG2-IMS matrix decreases from 2.33 nm to
1.07 nm, and in EG7-IMS from 2.17 nm to 1.14 nm (Fig. 3c), with
EG2-IMS having smaller spacing due to the small volume caus-
ing denser packing (Fig. 3d). The phase stability of SIN electrolytes
with the highest POM content, while maintaining macroscopic ho-
mogeneity, was studied using XRD. The XRD patterns of the sam-
ples, prepared over 10 days, show no crystallization peaks (Figs.
S8 and S9 in Supporting information). This indicates that abundant
electrostatic and hydrogen bond interactions between the zwitteri-
onic liquids and POMs contribute to the stable dispersion of POMs
in the SIN matrix.

The mechanical properties of 85 wt% POM composites in
EG2-IMS/POM and EG7-IMS/POM systems were studied. In the
EG2-IMS/POM system, various POMs result in distinct mechan-
ical properties of composite samples: EG2-IMS/PWS85 is a self-
supporting solid, EG2-IMS/SiW85 is a flexible soft material, and
EG2-IMS/CoWS8S5 is a slow-flowing viscous liquid (Figs. 4a-c). Rhe-
ological tests reveal that EG2-IMS/PW85 has a much higher stor-
age modulus (G’) than loss modulus (G''), showing solid-like be-
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Fig. 4. Storage modulus (G’) and loss modulus (G”) of (a) EG2-IMS/PW85, (b)
EG2-IMS/SiW85 and (c) EG2-IMS/CoW85 versus shearing rates at 30°C. Insets are
the photographs of these samples. (d) Lap shear strengths of EG2-IMS/Siw85 on
polypropylene, glass, and stainless-steel substrates.

Fig. 5. Temperature-dependent proton conductivities of (a) EG2-IMS/PW85, EG2-
IMS/SiW85 and EG2-IMS/CoW85, (b) EG2-IMS/SiW composite samples with varied
SiW contents of 50, 70, and 85 wt%.

havior. EG2-IMS/SiW85 has a G’ value higher than G”, but the
modulus values are low and similar, indicating a semi-solid state.
In contrast, EG2-IMS/CoW85 exhibits a G'’ value higher than G’,
which is characteristic of liquid state. At 1 rad/s, G’ values for EG2-
IMS/PW85, EG2-IMS/Siw85, and EG2-IMS/CoW85 were 4.5 x 10°,
1.9 x 10°, and 2.9 x 10* Pa, respectively. Additionally, all samples
displayed shear thinning (Fig. S10 in Supporting information), sug-
gesting that at high shear rates, the SIN network disrupted, de-
creasing sample viscosity and confirming internal network struc-
tures. The modulus and viscosity of EG7-IMS/POM follow trends
like EG2-IMS/POM but with lower modulus values (Fig. S11 in Sup-
porting information).

The polarity and charge characteristics of POMs and zwitteri-
ons in SIN electrolytes facilitate strong supramolecular interactions
with different substrates, contributing to excellent interfacial ad-
hesion. Additionally, the supramolecular network further enhances
the cohesion of SIN electrolytes. The adhesion strength of EG2-
IMS/SiW85 on polypropylene, glass, and stainless steel is 166, 439,
and 512 kPa, respectively, displaying adhesive properties similar to
some POM-containing covalent polymer gel materials (Fig. 4d) [46].

Proton conductivity of SIN electrolytes at 30% RH from 30°C
to 60°C was measured by AC electrochemical impedance spec-
troscopy (EIS) (Fig. 5 and Table 1, Fig. S12 and Table S3 in Support-
ing information). The effects of proton numbers and POMs con-
tent on proton conductivity were studied. At 30°C, EG2-IMS/PW85,
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Table 1

The mechanical parameters and conductivity of SINs.2
Sample Tg (°C) G (Pa) G” (Pa) n* (Pas) o (S/cm) E, (eV)
EG2-PW85 16 45x10° 19x10° 49x10° 8.6x10° 0.63
EG2-SiW85 -4 19x10° 13x10° 24x10° 20x103 028
EG2-CoWw85 -9 29%x10* 53x10* 0.6x10° 4.7x103 0.14
EG7-PW85 -8 14x10° 75x10* 16x10° 58x10° 0.59
EG7-SiW85  -14 1.9x10* 3.7x10* 62x10* 6.6x10% 045
EG7-CoW85 -16 28x10° 4.6x10° 53x10° 1.6x103 041

2 The data listed in the table are tested at 30°C. The storage modulus, loss mod-
ulus and viscosity are measured at 1 rad/s.

EG2-IMS/SiW85, and EG2-IMS/CoW85 showed conductivities of
5.8 x 107, 2.0 x 1073, and 4.6 x 103 S/cm, respectively, suggesting
a positive correlation between proton concentration and conduc-
tivity in SINs (Fig. 5a). At the same temperature, EG2-IMS/PW85
exhibited the lowest conductivity, while EG2-IMS/CoW85 showed
the highest. EG7-IMS/POM samples followed a similar trend with
POM changes (Fig. S12a). However, due to the larger molecular
weight of EG7-IMS, which hinders molecular motion dynamics, its
proton conductivity was lower than that of EG2-IMS/POM when
the POM type and content remained constant. Additionally, using
EG2-IMS/SiW and EG7-IMS/SiW as examples, we evaluated the im-
pact of varying SiW content on proton conduction. A higher SiW
content resulted in a higher proton conductivity (Fig. 5b and Fig.
S12b). As the POM content in the system increases, the spacing be-
tween POM nanoclusters decreases, resulting in a more continuous
and compact hydrogen bond network between POMs and zwitteri-
onic liquids, thereby enhancing their synergistic conduction effect.
Samples containing 85 wt% SiW exhibited the highest conductivity.
As the temperature increased, all samples displayed increased
proton conductivity with Arrhenius behavior, allowing for deter-
mining activation energy (E,) for conduction. E; can reflect the
proton conduction mechanism. Generally, E; below 0.4 eV implies
Grotthuss hopping via continuous hydrogen bond networks that fa-
cilitate proton hopping [47], while a value above 0.5 eV suggests
proton carrier diffusion as the predominant transport process. In
our study, the E, values for EG2-IMS/PW85, EG2-IMS/SiW85, and
EG2-IMS/CoW85 were 0.63, 0.28, and 0.14 eV, respectively, indicat-
ing a transition in the proton transport mechanism from diffusion-
dominated to hopping-dominated, corresponding to increased con-
nectivity of the hydrogen bonding network (Table 1). Conversely, E,
values for EG7-IMS/PW85, EG7-IMS/SiW85, and EG7-IMS/CoW85
(0.59, 0.45, and 0.41 eV) were higher than those of EG2-IMS sys-
tems, illustrating a weaker hydrogen bonding network formation.
For efficient and stable electrochemical device operation, a ro-
bust electrode-electrolyte interface and high conductivity are cru-
cial. EG2-IMS/SiW85, with its flexibility, strong adhesion, and high
proton conductivity, is ideal for electrolyte materials. To further en-
hance its mechanical strength, we composite it with porous non-
woven fabrics, creating a composite electrolyte membrane that in-
tegrates rigidity and flexibility (Fig. S13 in Supporting informa-
tion). We integrated the composite electrolyte membrane with ac-
tivated carbon electrodes to create the flexible supercapacitor SC-
EG2-SiW85 and evaluated its electrochemical performance. GCD
can reflect the energy efficiency and power performance of su-
percapacitors. GCD curves in Fig. 6a, at various current densities,
are symmetric and linear, confirming double-layer capacitance. The
specific capacitance calculated from GCD data is 154 mF/cm? at
0.5 mA/cm? (Fig. S14 in Supporting information). Fig. 6b reveals
the stability of the specific capacitance and coulomb efficiency of
SC-EG2-SiW85 during the charge-discharge cycle. After 14,000 cy-
cles, the capacitor maintains 100% efficiency and more than 90%
capacity, showing excellent electrochemical reversibility. Bending
tests show the capacity retention rate decreases initially but then
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Fig. 6. (a) Galvanostatic charge-discharge (GCD) curves at different current densi-
ties. (b) Capacitance retention after 14000 cycles and capacitance retention at dif-
ferent bending numbers. (c) Scanning electron microscope (SEM) image and (d)
energy-dispersive X-ray spectroscopy (EDX) elemental mappings of the electrode-
electrolyte (EG2-IMS/SiW85) interface in the supercapacitor.

stabilizes, remaining above 90% even after 10,000 bends, proving
the robust bendability of the SIN electrolyte. SEM image and EDX
mapping (Figs. 6¢ and d) reveal the morphology of the electrode-
electrolyte interface. Unlike traditional rigid materials, the flexible
electrolyte can penetrate the gaps inside the electrode and closely
adhere to the electrode material, thereby increasing the contact
area between the electrode and electrolyte and improving interface
stability [48].

In conclusion, we present the development of SIN electrolytes
created by crosslinking zwitterionic liquids with POM nanoclusters.
Through the synergistic effects of hydrogen bonding and electro-
static interactions, the SIN electrolytes can incorporate a high POM
loading of up to 85 wt% while still maintaining semi-solid flexibil-
ity. Within the SINs, POMs not only function as crosslinking sites
but also serve as proton carriers, providing free protons and creat-
ing proton transport pathways, which enables the SIN electrolytes
to show a high proton conductivity of 2.0 x 10~ S/cm at room tem-
perature. Furthermore, the tight adhesion between the SIN elec-
trolytes and electrodes allows their supercapacitors to achieve high
capacitance, excellent stability, and certain bending resistance. Af-
ter 14000 charge-discharge cycles and 10,000 bends, the capac-
itance retention remains over 90%. This work innovatively inte-
grates POM nanoclusters into SIN matrices, providing a new ap-
proach to the development of nanocluster-based soft electrolyte
materials. With the tunable structures of POMs and organic sub-
strates, these electrolytes have substantial potential for functional
expansion and applications in the energy and electronics fields.
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