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H I G H L I G H T S  

• The hydrogel battery is based on redox reactions of polyvalent vanadium ions. 
• The composite hydrogel is prepared by in-situ growth of PNIPAM alongside MWCNTs. 
• The flexible hydrogel batteries exhibit high areal capacity and long cyclability.  
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A B S T R A C T   

Aqueous secondary batteries based on nonflammable electrolytes are attracting extensive attention due to high 
safety, fast reaction kinetics, and low cost. Herein, we report the development of flexible hydrogel batteries based 
on polyvalent vanadium ion redox chemistry. In this battery, symmetrical composite hydrogel electrodes used as 
both cathode and anode are prepared by in-situ fabrication of highly porous 3D poly(N-isopropylacrylamide) 
scaffold alongside conductive multi-walled carbon nanotube networks and swollen with redox-active vana-
dium ion electrolyte. The abundant nanoscale porosity and channels in the hydrogel matrix are conducive to the 
infiltration/diffusion of vanadium ions and H+ ions, thus enabling high areal loading mass (13 mgv cm− 2) and 
large areal capacity (0.99 mAh cm− 2). The active materials in the flexible electrodes exist in the form of com-
posite hydrogel state, which is beneficial to facilitate ion transport and electrochemical kinetics, delivering an 
impressive power density of 11 mW cm− 2 at 10 mA cm− 2. Moreover, the flexible vanadium ion hydrogel batteries 
also exhibit excellent mechanical properties and long-term durability of 1000 cycles. These merits make them 
promising for the applications in wearable and smart electronics.   

1. Introduction 

Flexible electronic devices work normally and maintain robust under 
various deformation of bending, folding, and stretching, and are 
promising for the cutting-edge applications, such as foldable screen, 
electronic skins, wearable devices, and implantable medical devices 
[1–4]. Conformable power source systems with good flexibility and high 
safety are significant for the commercial realization of next generation 

flexible devices [5,6]. Organic electrolyte-based secondary batteries 
with relatively high energy density, typified by Li-ion batteries, are 
believed to be promising candidates to power flexible devices [7–9]. 
However, organic electrolytes are generally volatile and flammable, 
which may cause serious safety hazards under mechanical deformation 
and thermal runaway [10,11]. An alternative strategy is to develop 
flexible batteries based on aqueous electrolytes, which have the ad-
vantages of superior safety, high power density, and low cost [12,13]. To 
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this end, flexible aqueous batteries based on alkali metal ions (e.g. Li+

[14–17] and Na+ [18–20]) or multivalent ions (e.g. Zn2+ [21–25] and 
Al3+ [26–28]) were proposed. When constructing flexible batteries, it is 
necessary to reconsider the structure, compatibility and safety of each 
ingredient [12,29], including electrode, electrolyte/separator, and 
packaging materials. Especially, designing electrode material with 
excellent redox reversibility, high capacity, good strain and deformation 
stability is crucial for the realization of flexible batteries [6]. Most lit-
eratures focus on electrode materials prepared by surface coating, 
spraying, or electrodepositing (Table S1), in which active materials are 
directly attached on current collector substrates to ensure high con-
ductivity. However, the areal mass loadings of active materials in these 
electrodes (usually <2 mg cm− 2) are not fully satisfying for practical 
applications. On the other hand, the active materials may fall off from 
the electrode surface under repeated deformation operations, resulting 
in capacity decay in the cycling processes. Therefore, it is necessary to 
design novel electrode materials with advanced 3D scaffold structures 
for flexible aqueous batteries [30–32]. 

Vanadium compounds in multiple oxidation states (+5, +4, +3, and 
+2) exhibit excellent reversibility, safety and recyclability for storing 
chemical potential energy at grid scale, especially in all-vanadium 
aqueous redox flow batteries [33,34]. However, the application of va-
nadium based electrodes in aqueous secondary batteries is plagued by 
irreversible deformation/collapse and dissolution issues, which may 
lead to fast battery capacity degradation. Therefore, the redox chemistry 
of polyvalent vanadium ions has scarcely been introduced in aqueous 
secondary batteries. Herein, we report the design of a flexible vanadium 
ion hydrogel battery based on symmetrical 3D-conductive composite 
hydrogel electrodes directly using vanadium ions as energy storage 
carriers. The pristine hydrogel scaffold is prepared by in-situ polymeri-
zation of poly(N-isopropylacrylamide) alongside multi-walled carbon 
nanotubes (PNIPAM/MWCNTs). After freeze-drying treatment, the 
PNIPAM/MWCNTs composite hydrogel is then swollen with aqueous 
electrolyte containing vanadium ions and used as both cathode and 
anode (Fig. 1a). The redox reactions of VO2

+/VO2+ couple and V3+/V2+

couple confined in the composite hydrogel electrodes are involved in the 
flexible hydrogel battery, leading to excellent reversibility and kinetics. 
Highly elastic polymer PNIPAM with 3D cross-linked porous structure is 
used as the flexible matrix of the composite hydrogel electrode, and the 
interconnected MWCNTs are uniformly distributed in the hydrogel 
skeleton to form the conductive network throughout the electrode. The 
abundant macropores and channels in the hydrogel matrix are favorable 
for the infiltration and diffusion of vanadium ions and H+ ions, thus 
ensuring high areal mass loading and fast ion transport within the 
electrode. The as-obtained composite hydrogel electrodes with the 
above functional components synergistically enable excellent mechan-
ical and electrochemical performances. Then, soft-packed flexible va-
nadium ion hydrogel batteries are fabricated with the symmetrical 
composite hydrogel electrodes, low-cost sulfonated polyether ether ke-
tone (SPEEK) separator and carbon fiber cloth current collectors, 
exhibiting remarkable rate capability and long-term cycling stability 
(Fig. 1b). 

2. Experimental section 

2.1. Chemicals 

All reagents and solvents were purchased from commercial sources 
and used as received without further purification unless otherwise 
stated. 

2.2. Synthesis of pristine Poly(N-isopropylacrylamide) (PNIPAM) 
hydrogel 

Briefly, 1.0 g of N-isopropylacrylamide NIPAM) monomer was dis-
solved in 5 mL of deionized water to form an aqueous solution. Then, 2 
mg of N,N′-methylenebis(acrylamide) (BIS, as crosslinking agent) and 
20 mg of K2S2O8 (as initiator) were sequentially added into the above 
solution. The mixture was degassed with high-purity N2 flow for 5 min. 
Then, 20 μL of N,N,N′,N′-tetramethylethylenediamine (TEMED, as 
catalyst) was immediately added into the above solution. After poly-
merized for 24 h at 20 ◦C, the product was washed with deionized water 
and then heated at 50 ◦C to remove residual monomer and possible 
impurity. The as-prepared PNIPAM hydrogel was freeze-dried under 
vacuum for further characterizations. 

2.3. Preparation of PNIPAM/MWCNTs based vanadium ion composite 
hydrogel electrode 

First, the multi-walled carbon nanotubes (MWCNTs) were treated 
with concentrated acid to promote their dispersion in aqueous solution. 
Then, 1.0 g of NIPAM monomer and 350 mg of multi-walled carbon 
nanotubes (MWCNTs) were added into 5 mL of deionized water, and 
blended under sonication for 5 min to form a homogeneous slurry. Then, 
2 mg of BIS (as crosslinking agent) and 20 mg of K2S2O8 (as initiator) 
were added into the above slurry. The mixture was degassed with high- 
purity N2 flow for 5 min. Then, 20 μL of TEMED (as catalyst) was 
immediately added into the above slurry. After polymerizing for 24 h at 
20 ◦C, the product was washed with deionized water and then heated at 
50 ◦C to remove residual monomer and possible impurity. The as- 
prepared PNIPAM/MWCNTs composite hydrogel was freeze-dried 
under vacuum for 12 h, and then dipped in aqueous vanadium ion 
electrolyte (containing 0.75 M VOSO4, 0.75 M V2(SO4)3, and 2.0 M 
H2SO4) for 30 min to obtain PNIPAM/MWCNTs vanadium ion com-
posite hydrogel electrode. 

2.4. Preparation of MWCNTs electrode 

The MWCNTs electrodes were prepared by a vacuum filtration 
method [35]. Briefly, 20 mg of MWCNTs and 1 mL of Triton X-100 (1 wt 
%) surfactant were dispersed into 100 mL of deionized water. The 
as-prepared suspension was vacuum filtration through a polypropylene 
membrane and washed with deionized water and methanol. Finally, the 
film was vacuum dried overnight to obtain a flexible and free-standing 
MWCNTs electrode. 

Fig. 1. (a) Preparation process of the composite 
hydrogel electrode. Briefly, the conductive hydrogel 
matrix was first fabricated by in-situ polymerization 
of 3D porous PNIPAM scaffold alongside multi-walled 
carbon nanotube networks, and then high- 
concentration vanadium ion electrolyte was infil-
trated into the gel framework to obtain the composite 
hydrogel electrode. (b) Schematic configuration of 
the flexible vanadium ion hydrogel batteries based on 
the redox reactions of VO2

+/VO2+ couple and V3+/V2+

couple confined in the composite hydrogel electrodes.   
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2.5. Preparation of SPEEK separator 

Briefly, 8.0 g of polyetheretherketone (PEEK) powder was slowly 
added into 100 mL of sulfuric acid (98 wt%) and vigorously stirred for 
30 min. The mixture was heated under high-purity argon atmosphere at 
70 ◦C for 2 h. The mixture was washed with ice water until the pH of 
rinsed water was close to 7, and then vacuum-dried at 60 ◦C for 24 h. The 
product was dissolved in dimethylacetamide (DMAC) to form a 17 wt% 
solution. Then, the solution was cast on a flat glass plate and dried at 
60 ◦C for 48 h to form SPEEK membrane. Afterwards, the SPEEK sepa-
rator was peeled off from the glass plate. The sulfonation degree (SD) of 
SPEEK was determined by calculating the ratio of HE number (n) to the 
sum of other types of hydrogen (HS, 12-2n) in the polymer per repeat 
unit, as shown in the following equation [36,37]: 

n
12 − 2n

=
AHE

AHS

(1)  

SD= n × 100% (2)  

2.6. Material characterizations 

SEM and EDX analyses were conducted with an FEI Nova NanoSEM 
450 instrument equipped with an attached EDX apparatus (Bruker 
Quantax-200). TGA measurements were conducted under N2 flow on a 
thermogravimetric/differential thermal analyzer (Netzsch, STA 449C) 
at a heating rate of 10 ◦C min− 1. A resistivity meter with a four-point 
probe setup (Soochow Jingge ST2253) was used to measure the elec-
trical conductivity of the composite electrode (with an area of 3 × 3 cm2 

and a thickness of 600 μm). ATR-FTIR spectra were recorded on a 
Thermo Scientifc NICOLET iS10 instrument. Raman spectroscopy was 
performed on a Horiba JY Raman spectrometer using a 633 nm laser 
source. XRD patterns were obtained using a Shimadzu XRD-6000 
diffractometer with a Cu Kα radiation source (λ = 1.54178 Å). XPS 
analysis was conducted on a PHI-5000 Versa Probe X-ray photoelectron 
spectrometer using an Al Kα X-ray source. The 1H NMR spectrum of 
SPEEK was recorded on a Bruker DPX spectrometer (400 MHz) in 
dimethylsulfoxide-d6 (DMSO‑d6). 

2.7. Electrochemical characterizations and battery tests 

CV and EIS curves were measured using a Chenhua CHI-760e elec-
trochemical workstation at 25 ◦C. The ionic conductivity (σ) of SPEEK 
membrane was calculated according to the following equation: 

σ =
L

RS
(3)  

where L and S are the thickness and area of the SPEEK membrane, 
respectively. The CV curves of hydrogel electrodes were collected with a 
three-electrode system including a hydrogel electrode as working elec-
trode, a Pt foil counter electrode and a saturated Ag/AgCl reference 
electrode. The PNIPAM/MWCNTs composite film with an area of 3 × 3 
cm2 and a thickness of 600 μm (Fig. S1) was swollen with aqueous va-
nadium ion electrolyte (containing 0.75 M VOSO4, 0.75 M V2(SO4)3, and 
2.0 M H2SO4) to form a hydrogel electrode. Soft-packed aqueous va-
nadium ion hydrogel batteries were assembled with two PNIPAM/ 
MWCNTs vanadium ion composite hydrogel electrodes, a piece of 
SPEEK separator, and carbon fiber cloth current collectors. Polyethylene 
terephthalate (PET) plastic films were used as encapsulation materials 
for the composite hydrogel batteries to prevent electrolyte leakage and 
moisture penetration. EIS analysis was carried out from 100 kHz to 0.01 
Hz at an amplitude of 5 mV. The galvanostatic charge/discharge per-
formances of aqueous vanadium ion hydrogel batteries were measured 
on a LAND CT2001A battery testing system at different current den-
sities. Cycling tests of the hydrogel batteries were performed in flexible 
symmetric soft-package batteries at different current densities within 

the voltage window of 0.6–1.6 V. When evaluating the specific capacity, 
the total mass of VOSO4 and V2(SO4)3 in the composite hydrogel elec-
trode is used to calculate the loading mass of active material. The va-
nadium ion electrolyte consisting of 0.75 M VOSO4, 0.75 M V2(SO4)3, 
and 2.0 M H2SO4 has a density of ~1.3 g cm− 3. One piece of composite 
electrode can hold ~440 mg of vanadium ion electrolyte, of which the 
active vanadium species account for 117 mg. Therefore, the mass 
loading of the electrode is calculated to be 13 mgv cm− 2. 

3. Results and discussion 

As shown in Fig. 1a, the flexible conductive matrix of the hydrogel 
electrodes was prepared by in-situ polymerization of N-iso-
propylacrylamide (NIPAM) monomer alongside MWCNTs to form PNI-
PAM/MWCNTs composite. The PNIPAM hydrogel with a highly cross- 
linked 3D porous skeleton shows excellent elasticity and stability, and 
has good compatibility with vanadium ion species (Fig. 2). The gelation 
process of PNIPAM is convenient and can be easily controlled by the 
reaction temperature. As shown in Fig. 2a, the PNIPAM/MWCNTs 
composite with homogeneously distributed conductive network of 
MWCNTs is gelatinous and adhesive, which exhibits outstanding pro-
cessability to be fabricate into different shapes, such as blocks and 
membranes, depending on the shape of molds. The shapeable electrodes 
based on PNIPAM/MWCNTs composite can meet the cutting-edge de-
mands for customized devices. After vacuum freeze-drying, the PNI-
PAM/MWCNTs composite shows excellent stability and flexibility 
(Fig. 2b and c). The composite hydrogel maintained a stable structure 
even under tensile deformation, indicating its potential application in 
stretchable devices (Fig. S2). As indicated by scanning electron micro-
scopy (SEM) images (Fig. 2d and e), the conductive network of MWCNTs 
is uniformly distributed within the PNIPAM hydrogel scaffold without 
bulky aggregation found in the composite, which is conducive to the 
improvement of mechanical robustness and electrical conductivity. 
Notably, the PNIPAM/MWCNTs composite maintains the inter-
connected 3D-porous structure of pristine PNIPAM hydrogel (Fig. S3), 
exhibiting hierarchical pore sizes of 5–10 μm (Fig. 2d) and 200 nm–1 μm 
(Fig. 2e). The abundant macropores and channels throughout the elec-
trode contribute to a low density of 0.62 g cm− 3 and a high porosity of 
52%, thus enabling a high vanadium ion electrolyte uptake ratio of 116 
wt% after the swelling (Fig. 2f). After exposed in ambient environment 
for 24 h, the electrolyte uptake retention is still maintained at 84 wt%, 
indicating that vanadium ion electrolyte has been well confined in the 
3D porous hydrogel scaffold. The intrinsically hydrophilic property and 
porous architecture of composite hydrogel electrode endow the infil-
tration and accommodation of vanadium ion electrolyte, resulting in a 
high level of safety for the flexible batteries. The composite hydrogel 
electrode with high electrolyte uptake not only guarantees large ca-
pacity loading, but also provides sufficient H+ ions for smooth charge 
transfer. Although the MWCNTs only account for a mass ratio of 27 wt% 
in the PNIPAM/MWCNTs composite, the 3D-interconnected MWCNT 
matrix is sufficient to rapidly transport electrons in the whole hydrogel 
electrode. The electrical conductivities of the composite electrode under 
dry and hydrated conditions were measured to be 0.8 and 2.2 S cm− 1, 
respectively, endowing fast charge transfer during cycling processes. 
The interlaced MWCNTs function as the conductive network to guar-
antee fast reaction kinetics, and simultaneously enhance the mechanical 
strength of the electrode. 

Fig. 3 shows the spectroscopic and structural characterization results 
of the composite hydrogel electrode. The broad characteristic band be-
tween 3200 and 3600 cm− 1 in the attenuated total reflection Fourier 
transform infrared (ATR-FTIR) spectra corresponds to the stretching 
vibration of secondary amide (− NH− ) in PNIPAM (Fig. 3a). The char-
acteristic peaks at 2970, 1650, and 1547 cm− 1 belong to the stretching 
vibrations of C–H, C––O, and C–N bonds [38,39]. For the PNI-
PAM/MWCNTs composite, the peak at 1625 cm− 1 attributed to the 
stretching vibration of C––C bond disappears, indicating the successful 
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polymerization of NIPAM monomer. Raman spectroscopy further ver-
ifies the chemical compositions of the PNIPAM/MWCNTs hydrogel 
composite (Fig. 3b). The characteristic peaks at 855, 924, 1162, 1460, 
and 2980 cm− 1 belong to the vibration modes of –CH3 bending, C–C 
stretching, –N–C stretching, –CH3 bending, and C–H symmetric 
stretching, respectively [40]. Two prominent peaks at 1346 cm− 1 (D 
band) and 1578 cm− 1 (G band) are attributed to the disorder-
ed/defective carbon and graphitic carbon in MWCNTs, respectively. 
X-ray photoelectron spectroscopy (XPS) was also conducted, confirming 

the presence of C, N and O elements in the surface compositions of 
composite hydrogel electrode (Fig. S4). The crystallinity of the PNI-
PAM/MWCNTs hydrogel composite was characterized by X-ray 
diffraction (XRD) spectroscopy (Fig. 3c). The PNIPAM polymer matrix 
exhibits an amorphous feature with a broad diffraction peak at 20◦, 
bringing the outstanding flexibility and stretchability of composite 
electrode. The amorphous phase can ensure the sufficient accommoda-
tion of vanadium ion electrolyte, and facilitate the charge transport 
within hydrogel electrode. On the other hand, the mechanical 

Fig. 2. (a) Optical photographs of pristine PNIPAM hydrogel and PNIPAM/MWCNTs composite hydrogel upside-down placed in glass vials. (b, c) Optical photo-
graphs and (d, e) SEM images of as-prepared vanadium ion composite hydrogel electrode after freeze-drying treatment. (f) The electrolyte uptakes of pristine 
PNIPAM hydrogel and PNIAPM/MWCNTs composite hydrogel after freeze-drying and dipping in aqueous vanadium ion electrolyte. 

Fig. 3. (a) ATR-FTIR spectra, (b) Raman spectra, (c) XRD spectra, and (d) TGA curves of pristine PNIPAM, MWCNTs and PNIPAM/MWCNTs composite.  
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properties, such as strength, toughness, rigidity, and elasticity, can be 
well adjusted by controlling the mass ratio of amorphous and crystalline 
phases [41,42]. According to the TGA curves (Fig. 3d), the PNIPAM 
content in the PNIPAM/MWCNTs composite is calculated to be ~73%, 
which is in accordance with the mass ratio of reactants, indicating that 
the NIPAM monomer has been completely polymerized. Benefitting 
from the 3D porous structure and high hydrophilicity of PNIPAM scaf-
fold, the composite hydrogel electrode has the advantages for con-
structing flexible vanadium ion hydrogel batteries with high mass 
loading and fast-charging capability. 

Aqueous vanadium ion electrolyte containing high concentration of 
redox-active vanadium ions (1.5 M) dissolved in H2SO4 solution was 
introduced in the composite hydrogel based flexible batteries. Upon 
charging or discharging, the reversible electrochemical conversions of 
VO2

+/VO2+ and V3+/V2+ occurred in the hydrogel cathode and hydrogel 
anode, respectively. A three-electrode system was first employed to 
measure the redox reactions within the composite hydrogel electrode 
and the corresponding kinetics of polyvalent vanadium ions. Fig. 4a 
displays the cyclic voltammogram (CV) curves of the composite 
hydrogel electrode at different scan rates from 2 to 10 mV s− 1. The 
oxidation peak at 1.00 V vs. Ag/AgCl is attributed to the electrochemical 
conversion process from V(IV) to V(V), while the reduction peak at 0.88 
V vs. Ag/AgCl corresponds to the reverse reaction. The small voltage 
polarization of the VO2

+/VO2+ redox couple indicates rapid electro-
chemical kinetics. At different scan rates, both the oxidation and 
reduction peak currents of the VO2

+/VO2+ redox couple have a linear 
relationship with the square root of the scan rate (ν1/2), indicating that 
the redox process within the composite hydrogel electrode is reversible 
and diffusion-controlled (Fig. 4b). Fig. 4c shows the CV curves in the 
potential window from − 0.8 to 0.2 V vs. Ag/AgCl, which is attributed to 
the anodic reaction between V3+ and V2+. The oxidation peak at a scan 
rate of 2 mV s− 1 is located at − 0.35 V vs. Ag/AgCl. The reduction peak at 
− 0.5 V vs. Ag/AgCl is partially overlapped with the hydrogen evolution 
potential of water molecules. By regulating the working voltage of the 
hydrogel battery within 1.6 V, the side effect of the hydrogen evolution 

can be minimized. As shown in Fig. 4d, the peak currents of V3+/V2+

couple are linear with the square root of the scan rate (ν1/2), further 
indicating a reversible and diffusion-controlled redox process. EIS plot 
shows that the composite hydrogel electrode delivers small intrinsic 
resistance (Rs) of 2.3 Ohm and charge transfer resistance (Rct) of 18.4 
Ohm (Fig. S5), respectively, contributing to excellent electrochemical 
performance. 

The flexible vanadium ion hydrogel batteries were assembled ac-
cording to the structural configuration in Fig. 1b and Fig. S6. In a typical 
procedure, two pieces of PNIPAM/MWCNTs hydrogel composites 
swollen with aqueous vanadium ion electrolyte were used as the sym-
metrical electrodes. The PNIPAM/MWCNTs composite hydrogel elec-
trode has high adhesion on the carbon cloth current collectors, which 
makes it easy to create a strong interfacial contact between the electrode 
and the current collector without voids. Additionally, a self-made SPEEK 
cation-exchange membrane with a thickness of 160 μm (Figs. S7 and S8) 
and a sulfonation degree of 90% was used as the battery separator for H+

transport (Fig. S9). EIS analysis was performed to evaluate the ion 
transport capability of the SPEEK membrane, which exhibited an ionic 
conductivity of 4.7 × 10− 3 S cm− 1 at 25 ◦C (Fig. S10). The SPEEK 
separator has the merits of high ionic conductivity, good stability, easy- 
to-synthesis, and low cost. Moreover, the SPEEK membrane can effec-
tively suppress the permeation of vanadium ions across the separator 
because its micellar channel is smaller than conventional perfluoro- 
sulfonate ion-exchanged membranes [36,37,43]. In the discharge pro-
cesses, the VO2

+/VO2+ and V3+/V2+ redox couples in the cathode and 
anode present a single electron redox behaviour at the potential of 0.94 
V and − 0.28 V vs. Ag/AgCl, respectively (Fig. 4a and c). As a result, a 
theoretical output voltage of 1.22 V could be achieved in the flexible 
hydrogel battery. CV analysis was used to study the redox processes of 
flexible vanadium ion hydrogel batteries (Fig. 5a). The vanadium ion 
hydrogel battery exhibits an oxidation peak at 1.45 V, a reduction peak 
at 1.18 V, and a voltage efficiency of 81% at a scan rate of 25 mV s− 1. CV 
response of a pair of controlled electrodes based on PNIPAM/MWCNTs 
composite swollen with 2.0 M H2SO4 solution was measured as a control 

Fig. 4. (a) CV curves of the composite hydrogel electrode within the potential window of cathode and (b) the corresponding fitting plots of the CV peak currents 
versus the square root of scan rates (ν1/2). (c) CV curves of the composite hydrogel electrode within the potential window of anode and (b) the corresponding fitting 
plots of the CV peak currents versus the square root of scan rates (ν1/2). 
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sample (Fig. 5a). No significant redox peaks are observed, and the cur-
rent response is negligible in comparison with that of the electrolyte 
containing 1.5 M vanadium ions. The result suggests that the 
redox-active vanadium species play a dominant role in energy storage. 
Different from incorporating redox molecules as pendants into inactive 
polymer to form a hydrogel electrode [44], we utilize hydrogel matrix 
swollen with redox-active vanadium ions in its pores and channels. In 
this way, the redox-active composite hydrogel electrode achieves 
improved electrochemical kinetics, which is conducive to the rate per-
formance in high-power output applications. 

The vanadium ion hydrogel battery exhibits an excellent rate per-
formance without large capacity loss at current densities ranging from 2 
to 10 mA cm− 2 (Fig. 5b and c). The specific capacities are 92, 80, and 76 
mAh g− 1 and the coulombic efficiencies are approaching 100% at the 
current densities of 2, 5, and 10 mA cm− 2, respectively. Under the 
current density of 10 mA cm− 2, the battery can be fully recharged within 
10 min and the specific capacity is well maintained with a high retention 
of 82.6% relative to the corresponding capacity value at 2 mA cm− 2. The 
voltage efficiencies of the hydrogel battery are 70.9%, 64.8%, and 
53.8% at 2, 5, and 10 mA cm− 2, and the energy efficiencies are 70.2%, 
64.5%, and 53.7%, respectively. These results indicate the competitive 
fast-charging capability of the vanadium ion hydrogel battery compared 
to those of previously reported flexible aqueous batteries[ [16,18, 
21–24]]. The morphology of the PNIPAM/MWCNTs composite hydrogel 
electrode after long-term cycling was monitored by SEM (Fig. S11). It 
can be observed that the porous architecture and the integrated 
conductive network are well preserved without obvious change. As 
attested by the ATR-FTIR spectra after cycling, the characteristic bands 
can be assigned to the functional groups of PNIPAM and SPEEK, 
respectively (Fig. S12). These results indicate the fact that the 

PNIPAM/MWCNTs composite hydrogel electrode and SPEEK separator 
do not deteriorate or decompose after cycling. After cycling at 5 mA 
cm− 2 for 600 cycles, the discharge capacity retention of vanadium ion 
hydrogel battery is 71.4% of its initial capacity, corresponding to a low 
capacity degradation of 0.048% per cycle (Fig. 5d). After 600 cycles, the 
charge and discharge voltage plateaus are still well maintained at 1.28 V 
and 1.05 V, respectively (Fig. 5e), suggesting the high voltage efficiency 
and favorable electrochemical stability. EIS plots exhibit Rct values of 
128.3 and 208.6 Ohm before and after cycling (Fig. S13), confirming the 
good charge-transfer kinetics of the hydrogel battery system. Notably, 
the coulombic efficiencies are constantly maintained at >99%, indi-
cating the good reversibility. In contrast, the battery control sample 
without redox-active vanadium species delivered a low discharge ca-
pacity of 4.8 mAh g− 1 at a current density of 5 mA cm− 2 and coulombic 
efficiencies below 60% (Fig. S14), and the discharge capacity decreased 
to 1.6 mAh g− 1 after 50 cycles. These results show that the capacity 
contribution of MWCNTs and PNIPAM is negligible compared to the 
redox reactions of vanadium ions. We further investigated the cycling 
stability of the flexible vanadium ion hydrogel battery at the current 
density of 10 mA cm− 2. As shown in Fig. 5f, the battery delivers an initial 
capacity of 77 mAh g− 1 and exhibits a stable charge/discharge capa-
bility for 1000 cycles with a coulombic efficiency close to 100%. The 
discharge capacity retention after 1000 cycles is 85.0% of the initial 
capacity, corresponding to a low capacity decay of 0.015% per cycle. 

To exemplify the role of 3D porous PNIPAM hydrogel skeleton in the 
composite electrode, a sandwich-type MWCNTs|SPEEK|MWCNTs bat-
tery control sample (without PNIPAM hydrogel) with vanadium ion 
electrolyte was assembled using pristine MWNCTs electrodes. As shown 
in the EIS plot (Fig. S15a), the charge transfer resistance of the MWCNTs 
electrode-based battery is 32.6 Ohm, reflecting better redox kinetics 

Fig. 5. (a) CV curves of a flexible vanadium ion hydrogel battery based on the electrolyte of 1.5 M V ions in 2.0H2SO4 and a battery control sample based on 2.0 M 
H2SO4 (without any V ions). (d) Cycling stability at the current density of 5 mA cm− 2 and (e) the galvanostatic charge/discharge curves at different cycles. (f) Long- 
term cycling stability at the current density of 10 mA cm− 2. (g) The galvanostatic charge/discharge curves of the flexible battery at 5 mA cm− 2 under different 
mechanical deformation. (h) Performance comparison of the flexible vanadium ion hydrogel battery presented in this work with other recently reported flexible 
aqueous batteries [14–16,18,21,24,45,46]. 
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compared to the composite hydrogel electrode. The CV curves show 
oxidation peaks at 1.35 V and reduction peaks at 1.21 V (Fig. S15b), and 
outstanding voltage efficiencies of 90% at a scan rate of 25 mV s− 1. 
However, the control sample battery only exhibited low coulombic ef-
ficiencies and a specific capacity of 22 mAh g− 1 after 100 cycles 
(Fig. S16). The severe degradation is attributed to the diffusion of va-
nadium ions across the separator, which is also a major cause of rapid 
capacity decay in conventional vanadium redox flow batteries. In the 
PNIPAM/MWCNTs composite hydrogel battery based on the redox 
chemistry of vanadium ions, due to the confinement effect of the porous 
hydrogel electrode, the crossover of vanadium ions can be substantially 
suppressed, resulting in increased coulombic efficiencies and better 
cycling performance. The excellent cycle stability of vanadium-ion 
hydrogel battery comes from the high reversibility of the polyvalent 
vanadium ion redox couples, the electrochemical stability of the 
hydrogel electrode, and the inhibition of the composite hydrogel elec-
trode and the SPEEK separator against the cross-membrane penetration 
of vanadium ions. Notably, the battery with an ultrahigh mass loading of 
13 mgv cm− 2 delivers a remarkable areal capacity of 0.99 mAh cm− 2 and 
a large power density of 11 mW cm− 2, which are very competitive 
among the currently reported flexible aqueous battery [14–16,18,21,24, 
45–49] (Fig. 5h, Table S1). The tolerance of flexible vanadium ion 
hydrogel battery against mechanical deformation was also tested while 
the battery is simultaneously electrochemically cycled (Fig. 5g). Fig. 5g 
shows the galvanostatic charge/discharge curves when the flexible 
battery was bent at 0◦, 90◦, and 180◦, respectively. No obvious changes 
were observed in the three voltage profiles, indicating the high me-
chanical robustness and intrinsic safety of the flexible vanadium ion 
hydrogel batteries. Three key parameters of the bending device, namely, 
the device length (L), the bending angle (θ), and the bending radius (R), 
were considered in evaluating the tolerance of flexible vanadium ion 
hydrogel battery against mechanical deformation [50,51]. When the 
battery with L of 6 cm was bent at θ of 90◦ and R of 1.5 cm (Fig. S17), the 
capacity retention was 98.5%. When θ was increased to 180◦ and R was 
reduced to 0.75 cm, the battery maintained 95.5% of its initial capacity. 
The soft-packed flexible vanadium ion hydrogel battery was used to 
power a digital hygrometer thermometer (Fig. S18). Under continuous 
bending/unbending operation, the battery maintained good electro-
chemical stability, indicating its potential for applications in flexible 
electronics. 

4. Conclusion 

In summary, a flexible polyvalent vanadium ion hydrogel battery 
based on the electrochemical conversion of VO2

+/VO2+ and V3+/V2+

redox couples was fabricated by incorporating vanadium ion electrolyte 
into composite hydrogel electrodes. Though the in-situ polymerization of 
highly elastic PNIPAM alongside the conductive network of MWCNTs, 
the as-obtained PNIPAM/MWCNTs composite hydrogel electrodes 
possess continuous 3D-porous structures with interpenetrated macro- 
and meso-pores, and thus favorable for high mass loading of active 
materials, electrolyte permeation and ion transport. With the assistance 
of a self-made highly sulfonated SPEEK separator, the flexible vanadium 
ion hydrogel battery delivers a high capacity of 0.99 mAh cm− 2, fast- 
charging capability, and long cycling life (85% capacity retention after 
1000 cycles). Moreover, we propose three promising strategies for 
further improving the overall performance of flexible vanadium ion 
hydrogel batteries: (1) Increasing the content of redox-active vanadium 
species in the composite electrodes, where the active material can be 
highly concentrated slurry and/or not be limited to soluble species. (2) 
Optimizing the compositions and interactions of the flexible polymer 
matrix and conductive network to further enhance the conductivity and 
electrochemical kinetics. (3) Combining 3D printing technology and in- 
situ gelation method to fabricate integrated battery devices. The design 
of composite hydrogel electrode combining conductive hydrogel matrix 
and aqueous vanadium ion redox electrochemistry presents an attractive 

strategy for developing flexible aqueous battery with high capacity and 
long-term stability towards the applications in the field of wearable 
electronics and flexible devices. 
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