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Abstract 

Rechargeable aqueous aluminum ion batteries (AAIBs) offer a promising avenue for 

achieving safe, high-energy and low-cost large-scale energy storage applications. 

However, the practical development of AAIBs is hindered by competitive reduction 

reactions in the aqueous solution, which lead to insufficient aluminum (Al) deposition 

and a severe hydrogen evolution reaction (HRE). In this work, an inorganic/organic 

hybrid hydrogel with a stable silicon-based network and multiple polar sites was 

successfully fabricated via an in-situ sol-gel polymerization method. The preferential 

formation of hydrogen bonds between the polar functional groups (-C=O and -NH) and 

water molecules effectively reduces the thermodynamic reactivity of water. 

Furthermore, X-ray photoelectron spectroscopy (XPS) and time of flight secondary ion 
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mass spectrometry (TOF-SIMS) analyses confirm the formation of a stable, inorganic-

rich solid electrolyte interface (SEI) layer, which kinetically suppresses undesirable 

side reactions. This hydrogel electrolyte exhibits a high ionic conductivity of 2.9×10-3 

S cm-1 at 25 ℃, even under lean-water conditions. As a result, Al|hydrogel|KNHCF full 

cells demonstrate excellent cycling performance, delivering a high initial discharge 

capacity of 74.9 mAh g-1 at 100 mA g-1 and achieving an outstanding capacity retention 

of 90.0 % after 200 cycles. Additionally, pouch cells exhibit stable open-circuit voltage 

under various mechanical abuse conditions. This work provides a promising approach 

for designing hydrogel electrolytes to enable high-performance and flexible AAIBs.  

Introduction 

   With the growing demand for sustainable energy, lithium-ion batteries have 

emerged as the predominant power supplies for electric vehicles and portable electronic 

devices.1-4 However, due to limited lithium resources and safety issues, it is imperative 

to explore next-generation electrochemical storage systems.5-6 Aqueous aluminum ion 

batteries (AAIBs) exhibit promising prospects for large-scale energy storage due to 

high specific capacity (8035 mAh cm-3, 2976 mAh g-1), high abundance, and inherent 

safety characteristics of aluminum (Al) metal anode.7-10 Currently in the early stages of 

development, AAIBs confront several challenges that require attention, particularly 

regarding the electrolyte/Al anode interface.7, 11 Specifically, the reversible 

electrochemical deposition of Al is hindered in traditional aqueous electrolytes due to 

the competitive reduction between Al3+/Al (-1.66 V vs standard hydrogen electrode) 

and H+/H2, leading to a parasitic hydrogen evolution rection (HER).12-13 Thus, it is 

urgent to design electrolytes with a wide electrochemical stability window (ESW) in 

order to suppress water decomposition and Al anode corrosion.  

   To date, various strategies have been employed to inhibit HER in aqueous 

electrolytes, such as "water-in-salt" concept14-15 and incorporation of functional 

additives or organic solvents.16-19 These approaches aim to reduce water reactivity by 

modulating the solvation structure, thereby alleviating interfacial side reactions.20-22 

Despite advancements in regulating aqueous electrolytes, several challenges remain for 



further development of rechargeable AAIBs: 1) suppression of side reactions at the 

anode surface; 2) inherent evaporation and leakage of liquid electrolytes; and 3) 

compromised mechanical stability of electrode/electrolyte interface under external 

force strain.23-24 In contrast, gel polymer electrolytes are widely recognized for their 

superior leak resistance and enhanced flexibility.25-28 However, their complex 

preparation processes and associated environmental concerns pose limitations on their 

large-scale development and commercialization. Hydrogel electrolytes (HEs), 

particularly those based on inorganic Si-O-Si networks, show considerable potential 

due to their low cost, non-toxic nature, and easy-scale-up preparation.29-33 Moreover, 

the abundant hydrophilic groups within hydrogel networks can effectively alter the 

hydrogen bond interactions in water, thereby inhibiting side reactions.34-36 Nevertheless, 

their application in AAIBs has been rarely explored to date. At this stage of AAIBs 

development, there is an urgent need to design high-performance hydrogels that exhibit 

exceptional physicochemical and electrochemical properties, which are considered 

pivotal for the realization of wearable battery systems.  

In this study, we developed a novel hydrogel electrolyte for AAIBs using aluminum 

trifluoromethanesulfonate (Al(OTF)3) as the Al salt, 1-[3-(trimethoxysilyl)propyl]urea 

(TU) and tetraethyl orthosilicate (TEOS) as crosslinkers. During the preparation 

process, TU and TEOS undergo copolymerization to form an inorganic/organic hybrid 

three-dimensional (3D) structure. This copolymerization occurs via hydrolysis and 

condensation reactions in an acidic Al(OTF)3/H2O solution, without requiring 

additional catalysts. Numerous polar groups promote the aggregation of H2O molecules 

around the Si-O-Si chains, while strongly electronegative carboxyl oxygen atoms 

establish ion transport channels, facilitating rapid ion migration under lean-water 

conditions (Figure 1a). Density functional theory (DFT) calculations and Fourier 

transform infrared (FTIR) analyses reveal that the abundant polar functional groups (-

C=O and -NH) in this hydrogel tend to form hydrogen bonds with H2O molecules. This 

disrupts the native hydrogen bond network of water, effectively reducing water activity 

and enhancing electrolyte stability. As a result, a wider ESW of 2.65 V (vs Al3+/Al) is 

achieved, outperforming the liquid electrolyte (LE, 2M Al(OTF)3/H2O). Notably, in-



situ differential electrochemical mass spectrometry (DEMS) and optical microscopy 

tests clearly demonstrate the effective suppression of HER. Besides, the hydrogel 

achieves an ionic conductivity of 2.9×10-3 S cm-1 at 25 ℃, even with a water content 

as low as 23 wt%, owing to the presence of fast ion transport pathways. Therefore, both 

Al|HE|Al and Al|HE|KNHCF cells exhibit outstanding cycling performance. This 

hydrogel, with its unique molecular structure, presents a promising pathway for the 

development of eco-friendly, low-cost and high-performance AAIBs.  

Results and discussion 

The interaction between hydrogel chains and water was investigated using DFT 

analysis. The electrostatic potential (ESP) distribution was initially analyzed to 

visualize the electronegative and electropositive regions within the TU molecule 

(Figure 1b). The negative region near the carboxyl oxygen atom and the positive region 

associated with the amino hydrogen atom suggest that the former can serve as a 

hydrogen bond acceptor, while the latter can function as a hydrogen bond donor. To 

quantify these interactions, the binding energies of H2O-H2O, H2O-TU(O), and H2O-

TU(NH) were calculated, as shown in Figure 1c. Specifically, the binding energy of 

H2O-TU(O) (0.23 eV) is notably higher than that of the H2O-H2O dimer (0.16 eV), 

indicating a stronger electrostatic interaction between H2O and TU(O). Additionally, 

the binding energy of H2O-TU(NH) (0.15 eV) is comparable to that of water dimers, 

suggesting a competitive interaction for hydrogen bonding between water and NH. This 

competition can also disrupt the hydrogen bond network among water molecules. These 

findings demonstrate the anchoring effect of polar functional groups in the Si-O-Si 

chains with water molecules, reducing the water activity, mitigating the HER, and 

contributing to the broadening of the ESW.  



 

Figure 1 a) Schematic of the HE and molecular structure. b) ESP of TU. c) Calculated 

binding energies of H2O-H2O, H2O-TU(O) and H2O-TU(NH). d) LSV profiles of HE 

and LE at a scan rate of 0.5 mV s-1. Inset: magnification diagram of hydrogen evolution 

potential.  

   Linear sweep voltammetry (LSV) measurements were performed to experimentally 

validate the theoretical findings. Stainless steel (SS)|electrolyte|Al cells were assembled 

for this purpose, where SS served as the work electrode and Al foil functioned as both 

the counter and reference electrodes. As shown in Figure 1d, the hydrogel exhibits a 

significantly broader ESW of 2.65 V vs. Al3+/Al, compared to that of aqueous liquid 

electrolyte (1.63 V vs. Al3+/Al). Notably, its hydrogen evolution potential is 

approximately -0.65 V vs. Al3+/Al, which is sufficiently low to enable reversible Al 

deposition. This result confirms that the polar group-based hydrogel effectively 

mitigates HER by forming hydrogen bonds with water, thereby reducing water 

reactivity and stabilizing the interface.  

   The optical photographs of the electrolyte before and after copolymerization are 

presented in Figure 2a. Following the incorporation of crosslinkers and the 

polymerization process, the hydrogel exhibits macroscopic morphological stability, 

which can be attributed to its unique 3D network structure. Additionally, the hydrogel 

exhibits good self-healing properties and mechanical flexibility, as shown in Figure 2b 



and S1, highlighting its potential for enhancing battery safety and enabling wearable 

applications. The microstructure of the hydrogel skeleton was then investigated using 

scanning electron microscopy (SEM). It is clear that the Si-O-Si matrix forms a 3D 

network structure composed of numerous interconnected nanoparticles (Figure 2c). 

This porous morphology, combined with hydrophilic functional groups, facilitates the 

formation of fast Al³⁺ ion transport channels, enabling efficient ion migration within the 

electrolyte.  

 

   Figure 2 Optical photographs of a) LE, HE and b) self-healing properties and 

flexibility of hydrogel (hydrogel was mixed with blue ink to produce a blue hydrogel). 

c) The SEM image of the Si-O-Si networks. d) XRD spectrum of HE. e) FTIR spectra 

of LE, HE and TU. f) Ionic conductivity of HE from 25 to 80 ℃ obtained from 

electrochemical impedance spectroscopy. Digital images of combustion tests for glass 

fibers saturated with g) HE and h) LE.  

   The crystallinity of hydrogel synthesized via sol-gel polymerization was further 

analyzed using XRD. As shown in Figure 2d, the broad peak observed around 22° 

corresponds to the amorphous SiO2. It is well established that amorphous SiO2 



possesses a large surface area, high pore volume, and good flexibility, thereby providing 

numerous active sites.37-39 Hydrogel electrolytes can generally be classified into two 

types based on their cross-linking modes: chemical and physical, which are closely 

associated with their mechanical properties, thermal stability, reliability, and durability. 

In this work, the hydrogel is double-crosslinked through both physical (hydrogen bonds) 

and chemical (covalent bonds) interactions to form an amorphous structure. According 

to previous literature, double crosslinked hydrogels exhibit superior mechanical 

strength, flexibility, and stability compared to their single-crosslinked counterparts, 

making them highly advantageous for demanding electrochemical applications.29, 40  

To further elucidate the hydrogen bond interactions between functional groups in 

hydrogel skeleton and H2O molecules, FTIR tests were employed. In Figure 2e and S2, 

the peaks at approximately 1650 cm-1, 1600 cm-1 and 1500 cm-1 correspond to the -

C=O, -NH2 and -NH- groups in TU, respectively. In the FTIR spectra of hydrogel, a red 

shift is observed in the stretching vibration of -C=O, while a blue shift appears in the 

bending vibration of -NH2 and -NH-. These shifts are attributed to hydrogen bond 

interactions between the functional groups and H2O, which is in consistent with our 

DFT calculations. Ionic conductivity is a crucial parameter for evaluating the 

application potential of electrolytes. Electrochemical impedance spectroscopy (EIS) 

tests were conducted in SS|hydrogel|SS cells. Interestingly, a high ionic conductivity of 

2.9×10-3 S cm-1 at 25 ℃ can be obtained even under the lean-water conditions with a 

water content of 23 wt% (Figure S3). As depicted in Figure 1a, the abundant polar 

groups promote the aggregation of H2O molecules around the Si-O-Si chains, 

facilitating rapid ion migration along the carboxyl oxygen atoms even at reduced water 

content. Besides, the activation energy (Ea), calculated from the Arrhenius plots via 

linear fitting, is determined to be 15.3 kJ mol-1, indicating a low migration barrier for 

Al3+ ions within the hydrogel (Figure 2f and Table S3). This result highlights the 

hydrogel’s ability to maintain efficient ion transport, which is critical for high-

performance AAIBs.  

Combustion tests were conducted to evaluate the flammability and safety of the 

hydrogel. In this test, glass fibers were immersed in the hydrogel precursor solution and 



subsequently underwent a polymerization process. Ignition tests were then performed 

to assess the flame resistance. As depicted in Figure 2g, no burning occurred even when 

the ignition time is extended to 8 s. This excellent flame retardancy can be attributed to 

the strong Si-O bonds within the hydrogel matrix and the release of inert N2 generated 

from the thermal decomposition of amino groups. In contrast, the glass fiber soaked 

with LE exhibited combustibility (Figure 2h). This result indicates the insufficient 

flame retardancy of the LE, which is unable to inhibit burning of glass fiber under the 

same conditions. These findings demonstrate the hydrogel's significant safety 

advantages, making it a more suitable choice for next-generation energy storage 

systems, particularly in applications where thermal stability and safety are critical. 

 

Figure 3 a) Galvanostatic charge/discharge profiles of symmetrical Al||Al batteries at a 

current density of 0.05 mA cm-2 and areal capacity of 0.05 mAh cm-2. Inset: 



magnification cycling performance of 50-54 h, 150-154 h and 253-257 h. b) In-depth 

XPS spectra of F 1s, Al 2p and S 2p from cycled Al metal. c) ToF-SIMS analysis of 

cycled Al metal.  

The plating and stripping behavior of the Al was investigated through galvanostatic 

charge/discharge tests on symmetrical cells. Figure 3a presents the cycling performance 

of the Al|HE|Al cell at a current density of 0.05 mA cm-2, with the Al|LE|Al cell serving 

as the control sample. In the Al|LE|Al cell, a fluctuating overpotential is observed, and 

the cell suddenly fails after 250 h of cycling. This behavior indicates uneven and 

irreversible Al plating in the aqueous liquid electrolyte due to side reactions and poor 

electrode compatibility. In contrast, the symmetrical cell based on HE exhibits stable 

voltage polarization profiles (~ 0.15 V) over 300 h, demonstrating the reversible and 

uniform deposition/stripping of Al, with reduced side reactions. To further confirm the 

interfacial behavior, the microstructure of Al electrode cycled in the HE was then 

examined using SEM. The SEM image displays a smooth and dense Al surface without 

dendrite formation, proving clear evidence of the hydrogel’s ability to enable uniform 

and reversible plating/stripping (Figure S4). In short, these results highlight that the 

hydrogel employed in this work effectively mitigates side reactions and enhances the 

reversibility of Al deposition/stripping in AAIBs.  

To further elucidate the protective mechanism at the Al/HE interface, in-depth XPS 

and TOF-SIMS techniques were performed to study the composition and structure of 

SEI. Following 50 h of cycling, the Al electrode was disassembled from the Al|HE|Al 

cell. XPS tests were initially conducted. As shown in Figure 3b, XPS spectra reveal that 

the outside layer of the Al electrode primarily consists of residual Al(OTF)3 salt. 

Following a 1 min etching process, the SEI layer was found to be dominated by 

inorganic components, including Al-F, Al-S, and Al-O species. Further insights into the 

interface behavior were obtained through TOF-SIMS analysis, which provided 3D 

spatial distribution of the SEI structure. As shown in Figure 3c, residual OTF- is 

observed on the surface. The AlF4
-, AlO2

- and S- secondary ions are detected within the 

SEI layer, which is consistent with the XPS results (Figure S5 and S6). These 

components are primarily attributed to the preferential reductive decomposition of 



OTF-
 anions. It is widely acknowledged that the parasitic HER in aqueous electrolyte 

can be kinetically suppressed though the formation of an SEI enriched with inorganic 

components.15 Such an SEI serves as a protective barrier, promoting Al nucleation and 

uniform deposition while avoiding direct contact between water and Al metal, thereby 

mitigating side reactions and facilitating long-term cycling performance.41  

To visually observe the HER in both hydrogel and liquid electrolyte systems, we 

conducted in-situ DEMS measurements on Al||potassium nickel hexacyanoferrate 

(KNHCF) full cells to record the H2 evolution during the first three cycles. As shown 

in Figure 4a, a pronounced H₂ evolution signal was detected during each charging 

process in the liquid electrolyte, indicating severe water decomposition occurring prior 

to Al deposition. In contrast, HER was effectively suppressed in the hydrogel-based 

cell, with reduced H2 generation observed during cycling (Figure 4b). These findings 

were further supported by in-situ optical microscopy tests, which provided a real-time 

observation of gas evolution at the interface. The optical images of gas evolution in the 

Al|LE|Al and Al|HE|Al batteries at a current density of 0.3 mA cm-2 are shown in Figure 

4c and d, respectively. Continuous bubbles were observed in the liquid electrolyte from 

1 to 10 minutes, confirming the severe HER during cell operation (Figure 4c). In 

contrast, minimal bubble generation was observed at the Al|HE interface under the same 

current density, which is consistent with the results obtained from in-situ DEMS 

analysis (Figure 4d). These results further demonstrate the ability of the hydrogel to 

effectively mitigate water decomposition at the Al/electrolyte interface. This 

stabilization is critical for enabling highly efficient and reversible Al deposition, thus 

contributing to the long-term cycling stability of AAIBs.  



 

Figure 4 In-situ DEMS testing for a) Al|LE|KNHCF and b) Al|HE|KNHCF. Optical 

images of gas evolution in the c) Al|LE|Al cell and d) Al|HE|Al cell at 0.3 mA cm-2 by 

in-situ optical microscope. Schematic illustrations of Al interface in the e) LE and f) 

HE.  

Based on these in-situ tests, we propose that the mitigated HER in the hydrogel 

system can be attributed to a combination of thermodynamic and kinetic protective 

mechanisms: 1) Thermodynamically, the formation of hydrogen bonds between the 

polar functional groups in the Si-O-Si chains and H2O molecules effectively reduces 

water reactivity, thereby suppressing HER; 2) Kinetically, a stable and robust SEI, 

induced by the hydrogel, promotes uniform deposition of Al while avoiding direct 

contact between water and Al metal, thus mitigating side reactions. As illustrated in 

Figure 4e and f, the combined effects of increased bonded water and the formation of a 

stable SEI result in remarkable inhibition of HER. Benefitting from these two 

mechanisms, reversible electrochemical performance can be achieved.  



   The Al||KNHCF full batteries were fabricated to evaluate the long-term 

electrochemical performance. The Nyquist plots of the fresh full cell are shown in 

Figure S7. At a current density of 100 mA g-1, the Al|HE|KNHCF cell exhibits 

outstanding cycling stability, delivering an initial discharge capacity of 74.9 mAh g-1 

with a high average Coulombic efficiency of 99.6 % (Figure 5a). After 200 cycles, the 

capacity retention remains at 90.0 %. In sharp contrast, the LE-based full cell exhibits 

low specific discharge capacity and accelerated capacity degradation. In detail, only 

27.8 % of its initial capacity is retained after 200 cycles, which caused by the continuous 

side reactions. Figure 5b compares the appearance of the coin cells after cycling. It can 

be clearly seen that the LE-based coin cell visibly ruptured due to pronounced H2 

evolution during cycling, while the Al|HE|KNHCF coin cell remained largely intact. 

This can be attributed to the unique hydrogel design, which suppresses HER and 

stabilizes the SEI layer. The corresponding charge/discharge profiles of 40th cycle in 

Figure 5c show the small voltage polarization and a stable voltage plateau. A higher 

specific discharge capacity (~ 68 mAh g-1) is achieved compared to most previously 

reported AAIBs utilizing Prussian blue analogue cathodes.  



 

Figure 5 a) Cycling performance of Al||KNHCF full cells at a current density of 100 

mA g-1 with HE and LE. b) Digital photos of coin cells after cycling. c) Corresponding 

charge/discharge capacity-voltage curves of the 40th cycle. d) Cyclic voltammetry 

curves of Al|HE|KNHCF full cell at a scan rate of 0.3 mV s-1. e) OCV decay with time. 

f) Rate performance of Al||KNHCF full cells at current densities of 50, 80, 100 and 150 

mA g-1. g) OCV of the Al|HE|KNHCF punch cell under bending, folding and cutting.  

   Figure 5d presents the cyclic voltammetry (CV) curves of the Al|HE|KNHCF full 

cell at a scan rate of 0.3 mV s-1 within the voltage range of 0.1-1.5 V . It is noteworthy 

that the oxidation and reduction peaks correspond to the Al3+ extraction and insertion 

processes, respectively. Besides, there is no obvious alteration are observed in the CV 

curves during the first three cycles, which can be attributed to the low polarization and 

the presence of large ion channels in KNHCF cathode. To evaluate the internal stability 

of the cell, the self-discharge process was monitored over a resting period of 20 h. The 

open circuit voltage (OCV) of the Al|LE|KNHCF full cell exhibits a gradual decrease 



within the first 12 h of standing, as depicted in Figure 5e. A sudden drop occurred at 13 

h, indicating persistent internal self-discharge (associated with side reactions) and poor 

compatibility between the aqueous electrolyte and electrode materials. In contrast, the 

HE-based cell maintained a constant OCV throughout the resting period, signifying a 

stable hydrogel and interface. The rate performance of the Al|HE|KNHCF full cell was 

further assessed across a range of current densities from 50 to 150 mA g-1 (Figure 5f). 

The cell demonstrates average discharge capacities of 92.0, 68.8, 62.4 and 56.1 mAh g-

1 at current densities of 50, 80, 100 and 150 mA g-1, respectively, which significantly 

outperform those of LE-based full cell. Importantly, when the current density was 

returned to 50 mA g-1, the capacity recovered to 85.3 mAh g-1. The corresponding 

charge/discharge curves, as presented in Figure S8, exhibit good electrochemical 

performance with respect to specific capacity and voltage plateau.  

Finally, pouch cells were constructed to evaluate the flexibility and safety of the 

Al|HE|KNHCF (Figure 5g) and Al|HE|AlxMnO2 (Figure S9) systems under various 

mechanical stresses. As displayed in Figure 5g, the Al|HE|KNHCF pouch cell exhibited 

an OCV of 1.02 V under normal conditions. Remarkably, its OCV remained stable even 

after subjecting the pouch cell to bending (90°) and folding (180°), highlighting its 

excellent mechanical flexibility. Moreover, when the pouch was cut into pieces, only a 

slight reduction in OCV was observed, and no signs of electrolyte leakage or short-

circuiting were detected. Owing to its inherent stable physical and chemical properties, 

the aqueous silicon-based hydrogel maintained a normal OCV when exposed to air, 

thereby demonstrating its potential for achieving flexible and high safety AAIBs.  

Conclusions 

In conclusion, we developed a novel hydrogel with a rapid ion conduction pathway via 

in-situ sol-gel polymerization. DFT calculations, combined with FTIR spectroscopy, 

reveal that the polar groups in the hydrogel skeleton form hydrogen bonds with H2O 

molecules, disrupting the native hydrogen bond network in water and inhibiting the 

HER. By exploiting this mechanism, LSV tests demonstrates a wide ESW of 2.65 V vs 

Al3+/Al. In-situ DEMS and optical microscopy tests further provide direct evidence of 



the effective suppression of hydrogen evolution. In addition, even under lean-water 

conditions, the hydrogel exhibits a high ionic conductivity of 2.9×10-3 S cm-1 due to the 

rapid ion migration pathway. Therefore, the Al||Al symmetrical cell achieves stable 

cycling with a low and consistent polarization potential of approximately 0.15 V at a 

current density of 0.05 mA cm-2 for over 300 h, indicating a reversible and uniform Al 

deposition/stripping process. The HE-based Al||KNHCF full cell also exhibits stable 

cycling performance with an impressive capacity retention of 90.0 % after 200 cycles. 

Finally, pouch cells were fabricated to assess their flexibility and safety under 

mechanical stresses. This work provides a path for the development of high-

performance and flexible AAIBs for practical applications.  
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