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Abstract: Hydrogen evolution reaction and Zn dendrite growth, originated from high water 

activity and the adverse competition between the electrochemical kinetics and mass transfer, 

are the main constraints for the commercial applications of the aqueous zinc-based batteries. 

Herein, a weak H-bond interface with suspension electrolyte is developed by adding TiO2 

nanoparticles into the electrolytes. Owing to the strong polarity of Ti-O bonds in TiO2, abundant 

hydroxyl functional groups are formed between the TiO2[110] active surface and aqueous 

environment, which can produce a weak H-bond interface by disrupting the initial H-bond 

networks between the water molecules, thereby accelerating the mass transfer of Zn2+ and 

reducing the water activity. In consequence, the Zn||Zn symmetrical cells display reversible Zn 

plating/stripping behaviors with a high Coulombic efficiency of 99.7% over 700 cycles. 

Moreover, the TiO2-based suspension strategy is also applicable to other zinc salt systems and 

exhibits fast plating/stripping behaviors. The suspension electrolyte enables long-term life full 

cells including Zn||PANI hybrid capacitors and Zn||ZnVO full batteries. 
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INTRODUCTION 

Rechargeable aqueous zinc batteries (RAZBs) have the intrinsic features of relatively low cost, 

high safety, and environmental benignity,1-4 demonstrating highly promising for large-scale 

energy storage devices.5-8 As a common anode material in RAZBs, Zn metal possesses the 

advantages of low redox potential, large capacity, and high compatibility with aqueous 

electrolytes.9-10 However, the long-standing obstacles to the practical commercialization of 

RAZBs lie in the side-reactions, dendrite growth, and hydrogen evolution reaction (HER) that 

occur on the Zn surface,11-12 causing a low Coulombic efficiency (CE) and inferior reversibility 

of Zn metal.13-14 Even worse, the dendritic deposited Zn with irregular morphology may 

puncture the separator and cause a quick fail of the cell.15-16 Hence, optimizing the reaction 

interface between the electrode and electrolyte in terms of component and structure is vital to 

guide the uniform Zn deposition and suppress the HER.17-19 

Various strategies have been attempted to solve the problems associated with Zn anodes, 

mainly including electrolyte engineering,20-27 artificial interface,28-32 and structure 

optimization.33-38 Notably, the electrolyte engineering emerges as a particularly accessible 

aspect of battery manufacturing, making it exceptionally appealing.39-41 More importantly, 

electrolyte engineering through the introduction of organic molecules or inorganic salts into the 

electrolytes has been verified to enhance the stability of Zn metal.40, 42 For instance, the majority 

of electrolyte engineering strategies are centered around tuning the solvation structure of Zn2+ 

hydration ([Zn(H2O)6]2+), which can alter the solvation structures and reduce the water activity 

in the solvation structures, thus impeding the HER and side reactions.43-44 Moreover, the 

regulation of hydrated Zn2+ can improve the kinetics of the Zn2+ de-solvation process and 

uniformize the nucleation sites of Zn2+, thus inducing uniform Zn2+ deposition to alleviate the 

dendrite growth.45-46 However, despite significant endeavors that have been dedicated to the 

advanced aqueous electrolytes for RAZBs through the perspective of electrolyte engineering 

strategies, there are still key unresolved issues regarding the intricate correlation between the 
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reaction interphase and Zn stability. In fact, the ions plating process follows a competing 

mechanism between electrochemical reaction and mass transfer.47-48 The fast kinetic reaction 

leads to the preferential deposition of ions in certain tip regions, resulting in the formation of 

dendrites. Subsequently, the ions are unable to immediately migrate to the reaction interface 

due to the sluggish mass transfer, further accelerating the dendrite growth. In addition, the 

hydrogen bond (H-bond) networks between the water molecules can diminish their stability to 

a certain extent, thus promoting the HER.49 However, the electrochemical reaction is difficult 

to be further improved by simple electrolyte engineering strategies. Therefore, designing an 

aqueous electrolyte that can simultaneously enhance the mass transfer and reduce the water 

activity is important to further improve the electrochemical performance. 

Herein, we propose a weak H-bond interface with suspension electrolyte by mixing 

titanium dioxide (TiO2) nanoparticles with the liquid electrolytes to elucidate the interface’s 

roles in enhancing the reversibility of the Zn anode (Scheme 1a). At the oxides/water molecules 

contact interface, abundant hydroxyl functional groups are generated on the TiO2[110] active 

surface due to the strong polarity of Ti-O bonds in TiO2, which can construct a network of weak 

H-bond interface capable of rapidly transporting Zn2+ by accelerating the mass transfer of water 

molecules at the reaction interface (Scheme 1b). Moreover, the interfacial field between the 

TiO2 surface and water molecules can further break the H-bond networks between the water 

molecules to reduce the water activity. Hence, the suspension electrolyte can simultaneously 

homogenize Zn2+ deposition and suppress the HER. On the basis of these advantages, the Zn 

anodes in the suspension electrolyte achieve a long lifespan and high Coulombic efficiency. 

Moreover, the corresponding hybrid capacitors and full batteries demonstrate superior rate 

capability and excellent cycling stability. 

RESULTS AND DISCUSSION 
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TiO2 nanoparticles, as a typical polar oxide, were selected to be introduced in the liquid 

electrolytes to generate the suspension electrolytes (Figures S1a and S2a). In this study, silicon 

dioxide (SiO2) nanoparticles were selected to construct a reference suspension electrolyte due 

to the weak polarity of Si-O bonds in SiO2 (Figures S1b and S2b). SiO2 and TiO2-based 

suspension electrolytes are regarded as sus-SiO2 and sus-TiO2 electrolytes, respectively. 

Generally, the existence of hydroxyl functional groups on the oxide surfaces can improve their 

bonding properties and surface characteristics.50-51 As shown in Figure 1a, owing to the small 

size and the electrostatic repulsive effect between the oxides with the same charge, nano-sized 

oxides (0.05 wt.%) can be uniformly dispersed in the aqueous electrolytes with obvious Tyndall 

phenomenon. Even after standing for 12 hours, the sus-TiO2 electrolyte can still maintain a 

stable dispersity owing to its higher Zeta potential value than the sus-SiO2 electrolyte (Figures 

S3 and S4). Moreover, the ionic conductivities of various electrolytes were calculated to be 

about ~25-30 mS cm-1 (Figure 1b), suggesting that a slight addition of nano-sized oxides has 

an insignificant impact on the ionic conductivity of the electrolytes. However, we have found 

that the suspension dispersity is not too uniform when the content of oxides reaches 0.1 wt.% 

(Figures S5 and S6). Furthermore, the ionic conductivities of the suspension electrolytes with 

high concentrations drop to low values (Figure S7), which will hinder the ion migration in 

electrolytes during the reaction process. Therefore, 0.05 wt.% oxides are considered as the 

optimal content for suspension electrolytes and have been employed to evaluate the 

electrochemical properties of suspension electrolytes. 

Fourier transform infrared (FTIR) spectra of the various electrolytes were conducted to 

verify the influence of nano-sized oxides on the evolution of H-bond networks between the 

water molecules. In the FTIR spectra (Figure 1c and Figure S8), there is no significant 

difference after adding SiO2 nanoparticles into the liquid electrolyte. Nevertheless, the peaks of 

O-H bending vibrations (1,634 cm-1) and O-H stretches (3,200-3,400 cm-1) exhibit a blueshift 

in the sus-TiO2 electrolyte, demonstrating that H-bond networks between TiO2[110] active 
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surface and water molecules are strengthened while the initial H-bond networks between the 

water molecules are weakened. This variation is ascribed to the bond interactions between water 

molecules and oxides, which can also be confirmed by Raman and nuclear magnetic resonance 

(NMR). Owing to the different H-bond environments, the O-H vibration peaks (3,100-3,700 

cm-1) can be fitted into three regions, including strong, medium, and weak H-bond regions 

(Figure S9a).52 Compared with the liquid electrolyte, the ratio of strong H-bond in the sus-TiO2 

electrolyte decreases from 33.41% to 25.25% due to the re-construction of H-bond networks 

under the influence of hydroxylated TiO2 (Figure S9b).52 In the NMR spectra, the peaks of 1H 

and 17O resonances experience an upshift in the sus-TiO2 electrolyte (Figure 1d and Figure S10), 

indicating a diminished electronic density of H and O atoms caused by the charge transfer 

between Ti-O bond in TiO2 and O-H bond in H2O due to the strong polarity of Ti-O bonds.52-

53 Furthermore, the relaxation dynamics evolution of water molecules was analyzed by the 2D 

low-field NMR (LF-NMR) spectra.54 The time regions (T2) in the range of ~100-500 ms and 

~1,000 ms are attributed to the immobilized water and free water, respectively.55 Significant 

immobilized water molecules are found in the sus-TiO2 electrolyte (Figure 1f), suggesting that 

the number of H-bond between the water molecules can be markedly reduced due to the 

introduction of TiO2 nanoparticles. In contrast, almost only free water molecules are observed 

in the liquid and sus-SiO2 electrolytes while the proportion of immobilized water molecules can 

be neglected (Figure 1e and Figure S11). These findings demonstrate that the bond interactions 

between water molecules and oxides can effectively break the original H-bond networks among 

the water molecules, stiffen the O-H bond and soften the O:H bond (Figure 1g), which is also 

confirmed by the crystal orbital overlap population (COOP) of O-H bonds in the water molecule 

networks (Figure S12). 

Next, the interactions between the TiO2 active surface and water molecule were explored 

by density functional theory (DFT) calculations (Figure 1h,i, Figures S13 and S14). Figure 1h 

shows the different structural geometries (G1, G2, and G3) of the TiO2[110] active surface during 
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the hydroxylation process. G1 corresponds to the original adsorbed water molecule near the 

TiO2[110] surface, G2 represents the formation of two hydroxyl groups on the TiO2[110] active 

surface after the dehydrogenation process, and G3 exhibits a fully dissociative water geometry. 

The charge density difference maps show the charge redistributions in these geometries (Figure 

1h, below), basically reflecting the evolution process of the hydroxyl groups on the TiO2[110] 

surface,56 which is consistent with the results from NMR (Figure 1d and Figure S10). However, 

the calculated energy barrier from G2 to G3 is much higher than that from G1 to G2, and the 

electronic excitation can reach up to 4.59 eV (Figure 1i), indicating that G3 does not exist 

theoretically. That is to say, the hydroxylation process on the TiO2[110] active surface originates 

from the first step of dehydrogenation of water molecules near its surface. Furthermore, the pH 

values of the various electrolytes were tested to evaluate the hydroxylation process. As shown 

in Figure S15, the addition of nano-TiO2 to the liquid electrolyte increases the pH values from 

3.84 to 4.16, indicating that some free hydroxyl groups are formed during the hydroxylation 

process. This process can effectively reduce the number of free H+ ions and prevent anodic 

corrosion compared to the liquid electrolyte. To deeply gain insight into the modification 

mechanisms of various suspension electrolytes, the disparities of H-bonds between the 

interfacial and internal water molecules were investigated by molecular dynamics (MD) 

simulations (Figure 1j and Figure S16). In these models, the oxide surfaces were fully mobile 

throughout the simulations. The real electrolyte compositions (including water molecules, OTf- 

and Zn2+ ions) were added in the z-direction of oxide active surfaces, as illustrated in Table S1. 

Radial distribution functions (RDFs) show that abundant Ooxide-H coordination structures 

(coordination distance: ~0.97 Å) appear on the TiO2[110] surface (Figure S17), confirming the 

existence of -OH groups on its surface.57 In contrast, only a few Ooxide-H coordination structures 

are observed on the SiO2[101] surface owing to the weak polarity of Si-O bonds.58 Such 

distinction endows the TiO2[110] surface with more H-bond networks. As shown in Figure 1k, 

the mean value of H-bonds per unit area is ~0.30 on its surface, which is much higher than that 
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(0.25) on the SiO2[101] surface. Moreover, a precise analysis of the H-bond distributions was 

performed to acquire the H-bond evolution in terms of length and angle (Figure 1l and Figure 

S18). 

As discussed above, the water activity is effectively restrained in the sus-TiO2 electrolyte. 

Consequently, the HER potential presents a negative shift of ~10 mV in the sus-TiO2 electrolyte 

than the liquid and sus-SiO2 electrolytes (Figure 2a), indicating that the renormalized H-Bond 

networks can suppress the HER. Moreover, Tafel curves were performed to evaluate the 

anticorrosion capability of various electrolytes (Figure 2b and Figure S19). Herein, the 

calculated corrosion current density and potential of Zn metal in the sus-TiO2 electrolyte are 

0.10 mA cm-2 and -0.85 V, respectively. These values are much lower than the cases in both 

liquid and sus-SiO2 electrolytes. Accordingly, the Zn anode in the sus-TiO2 electrolyte has 

better thermodynamic stability,59-60 verified by the optical images of soaked Zn metal in various 

electrolytes after 10 days (Figure S20). Furthermore, the electric double layer (EDL) 

capacitance tests were investigated through the cyclic voltammetry (CV) curves to confirm the 

adsorption phenomenon of nano-TiO2 on the Zn anode (Figure S21), which is also identified 

by the X-ray photoelectron spectroscopy (XPS) results (Figure S22). In the CV curves, Zn||Zn 

cell exhibits a lower EDL capacitance of ~0.155 mF cm-2 in the sus-TiO2 electrolyte than that 

in the Zn(OTf)2 electrolyte. The reduction of the EDL capacitance in the sus-TiO2 electrolyte 

can be attributed to the formation of an adsorption layer near the Zn anode.49, 61 The potential 

impact of nano-TiO2 on the electrode’s EDL structure may provide insight into the uniform 

electric field observed during the Zn plating/stripping process, as well as the enhanced Zn2+ 

diffusion kinetics. The nucleation behaviors of Zn2+ ions in various electrolytes were analyzed 

using the chronoamperometry test at a constant overpotential of -150 mV (Figure 2c). In the 

liquid and sus-SiO2 electrolytes, the currents continuously rise within 500 s, suggesting a 2D 

diffusion process along the metal surface in which Zn2+ ions easily deposit at a certain tip region 

and gradually evolve into the dendrites.62 A stable 3D diffusion process with a low and smooth 
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current rapidly occurs after a transient 2D diffusion process in the sus-TiO2 electrolyte, 

facilitating the formation of smooth deposited Zn.63 As a result, the Zn2+ transference number 

in the sus-TiO2 electrolyte (0.71) is much higher than the cases (0.48 and 0.37) of the liquid and 

sus-SiO2 electrolytes (Figure 2d and Figure S23). Meanwhile, the sus-TiO2 electrolyte with a 

weak H-bond interface endows Zn2+ ions with lower nucleation overpotential and faster 

reaction kinetics during the Zn plating process (Figure 2e,f and Figure S24). MD simulations 

were further performed to quantify the dynamic relaxation behaviors of the water molecules. 

Dipole vector autocorrelation function (DACF) was plotted for the interfacial and internal water 

molecules (Figure 2g). The relaxation rate of the interfacial water molecules on the TiO2[110] 

surface is much faster than the interfacial water molecules on the SiO2[101] surface and internal 

water molecules. A faster relaxation rate indicates a more energetic molecule kinetics process, 

which is related to the negative of the derivative of Cμμ.64 The kinetics of interfacial water 

molecules in the sus-TiO2 electrolyte likely accelerates because the interfacial field breaks the 

original H-bond networks. The dynamic relaxation behaviors were also verified by the self-

diffusion coefficient of the water molecules (Figure 2h), which is consistent with the DACF 

results. Consequently, the water molecules on the TiO2[110] surface possess high mean local 

diffusion coefficients in all directions (Figure 2i), meaning the increase in the mass transfer of 

Zn2+. 

The symmetric Zn||Zn cells were utilized to illustrate the reversibility of Zn in various 

electrolytes. As evidenced in Figure 3a and Figure S25, the cells with the liquid and sus-SiO2 

electrolytes display drastically fluctuating signals due to battery failure,65 while the Zn||Zn cell 

of sus-TiO2 electrolyte delivers a satisfactory average CE of 99.5% after 700 cycles at 1.0 mA 

cm-2. A high average CE of 99.7% is still achieved even at a large current density of 5.0 mA 

cm-2 (Figure S26), reflecting the excellent reversibility of Zn in such a suspension electrolyte. 

Notably, the comprehensive properties of Zn anode in the suspension electrolyte, including high 

CE, high current density, and long-term cycle number, outperform many published Zn anodes 
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(Figure 3b),52, 66-74 implying the superiority of our strategy for the RAZBs. The fast ion transfer 

kinetics in the sus-TiO2 electrolyte endows the Zn anode with satisfying rate capability (Figure 

3c). A lower overpotential could always be obtained in the case of using the sus-TiO2 electrolyte 

as the current density increases from 0.5 to 30 mA cm-2 (Figure 3d), profiting from the stable 

reaction interface and favorable Zn2+ conduction (Figure 3e). Encouragingly, the low 

overpotentials at high current densities are far exceeding the values of many reported literature 

(Figure S27). Furthermore, the Zn||Zn cell with the sus-TiO2 electrolyte exhibits a long-term 

lifespan (1,500 h at 3.0 mA cm-2) with a stable overpotential (Figure 3f). However, the cells 

with liquid and sus-SiO2 electrolytes fail after less than 100 h, possibly due to the uncontrolled 

Zn dendrite-induced short circuits.75 For the high areal capacity in the Zn||Zn cell with the sus-

TiO2 electrolyte, the cell can still be stably cycled for 160 h at a high Zn utilization rate of 

~85.5% and a high current density of 15 mA cm-2 (Figure S28). In addition, the shelving-

recovery tests were carried out to assess the practical conditions of RAZBs. The Zn||Zn cells 

was operated with an intermittent discharge/charge test (Figure 3g). Noticeably, the Zn||Zn cell 

operates stably over 600 h in the sus-TiO2 electrolyte, whereas the cells with liquid and sus-

SiO2 electrolytes can only run less than 200 h due to the formation of side reactants and Zn 

dendrites. The morphology evolution of Zn anodes after cycling in various electrolytes was 

disclosed by scanning electron microscopy (SEM) and optical images (Figure 3h and Figure 

S29). After cycling, the Zn anodes with the liquid and sus-SiO2 electrolytes deliver a dendrite-

like structure with different sizes, which can easily trigger cell failure. For the Zn anode with 

the sus-TiO2 electrolyte, no discernible dendrites are observed on its surface after cycling, 

implying the notable influence of nano-sized TiO2 on the Zn deposition process. More 

importantly, the TiO2-based suspension strategy could be extended to other zinc salt electrolyte 

systems, such as ZnSO4 and ZnClO4-based aqueous electrolytes (Figures S30-S36), greatly 

enhancing its commercial value. The Zn||Zn cells with the TiO2-based suspension electrolytes 

exhibit a long-term lifespan of 1,500 h at 3.0 mA cm-2 with a stable overpotential (Figure S32). 
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SEM images of Zn anodes after multiple cycles are shown to illustrate the Zn deposition process 

in these TiO2-based suspension electrolytes (Figure S33). Obviously, almost no dendrites are 

observed on the Zn surface, suggesting the superiority of suspension electrolyte on regulation 

of Zn deposition. Furthermore, we assembled the different types of full batteries to assess the 

reliability of the TiO2-based suspension electrolyte (Figures S34-S36). The Zn||PANI hybrid 

capacitors and Zn||ZVO full batteries exhibit high capacity and excellent stability after 

thousands of cycles. Impressively, the Zn||I2 full battery with a high mass loading (8.0 mg cm-

2) delivers over 4,000 stable cycling (2.0 A g-1) with only ~11% capacity loss. 

The Zn nucleation behaviors in various electrolytes were evaluated by different 

spectroscopic techniques. In the X-ray diffraction (XRD) patterns (Figure 4a), a higher value 

(0.64) of I002/I101 of deposited Zn is achieved in the sus-TiO2 electrolyte as compared to the 

cases in the other electrolytes. The surface orientation of deposited Zn was also elucidated using 

the wide-angle X-ray scattering (WAXS) patterns (Figure 4b,c and Figure S37), where the 

signals of deposited Zn[002] in the sus-TiO2 electrolyte are more recognizable as compared to 

the signals in the other electrolytes. These results verify that the sus-TiO2 electrolyte can guide 

the Zn deposition along the Zn[002] plane to restrain the formation of by-products and dendrites, 

thus achieving stable Zn anodes.76-77 Atomic force microscope (AFM) images discover the 

nucleation morphologies of deposited Zn in various electrolytes (Figure 4d). After cycling, the 

Zn anode reflects a glabrous surface in the sus-TiO2 electrolyte, while the rough surfaces with 

larger protuberances occur in the liquid and sus-SiO2 electrolytes. The corresponding surface 

roughness was further acquired from the statistical results to show the differences between the 

deposited Zn surfaces in various electrolytes, confirming the superiority of the sus-TiO2 

electrolyte on Zn nucleation behaviors (Figure S38). Furthermore, to observe the in-situ Zn 

deposition behaviors, we constructed two types of operando optical detection platforms from 

both cross-sectional and planar directions (Figure 4e and Figure S39). In the cross-sectional 

optical images, the Zn dendrites begin to generate from 10 min and reach about 50-120 μm after 
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60 min in the liquid and sus-SiO2 electrolytes (Figure 4f and Figure S40). By contrast, no 

evident protuberances are observed on the Zn deposition layer in the sus-TiO2 electrolyte 

(Figure 4g). The similar Zn deposition behaviors were also verified through the in-situ planar 

optical images (Figure S41). 

Finally, hybrid capacitors based on polyaniline (PANI) cathodes were assembled to 

illustrate the practical feasibility of the sus-TiO2 electrolyte (Figure S42). Figure 5a compares 

the rate capability of Zn||PANI hybrid capacitors in various electrolytes. As expected, the sus-

TiO2 electrolyte endows the Zn||PANI hybrid capacitor with high capacities at all current 

densities. Moreover, the capacity can recover to the initial value of ~100 mAh g-1 as the current 

density turns back to 0.2 A g-1 (Figure 5b), exhibiting an excellent rate capability. This is 

attributed to the advanced interfacial reaction kinetics in the sus-TiO2 electrolyte in comparison 

with other electrolytes (Figure 5c and Figure S43). 2D CV patterns were also conducted to 

illustrate the electrochemical process of Zn (Figure 5d,e and Figure S44). The potential of the 

cathodic peak (peak A) gets significantly increased due to the small charge transfer resistance 

in the sus-TiO2 electrolyte (Figure 5c), which helps contribute to higher output voltage and 

energy density. The reaction kinetics of the cells are understood by CV curves and ion diffusion 

coefficient (D). For instance, with the increase of scan rates from 0.2 to 1.0 mV s-1, the current 

intensities of redox peaks are gradually enhanced (Figure S45). The capacitive contribution of 

the cell based on the sus-TiO2 electrolyte rises gradually and finally reaches ~82.94%, which is 

higher than the cases of Zn(OTf)2 and sus-SiO2 electrolytes. This characteristic is favorable for 

the fast ion diffusion kinetics. Galvanostatic intermittent titration technique (GITT) 

measurement is further carried out to reveal the ion diffusion coefficient (D) (Figure S46). The 

D value with sus-TiO2 electrolyte determined by GITT is as high as ~10-9 to 10-10 cm2 s-1, which 

can endow the cell with the enhanced reaction kinetics. Besides, Zn||PANI hybrid capacitor 

with the sus-TiO2 electrolyte exhibits a long-term cycling behavior over 2,500 cycles (capacity 

retention: 97.3%), as shown in Figure 5f,g, surpassing the values of capacity retention in other 
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electrolytes. In the self-discharge assessment, the Zn||PANI hybrid capacitor in the sus-TiO2 

electrolyte demonstrates a lower self-discharging rate, maintaining a voltage of 1.21 V over 24 

h, far better than the cases in the liquid and sus-SiO2 electrolytes (Figure S47). To illustrate the 

Zn deposition process, the SEM images of Zn anodes after cycling are shown in Figure S48. In 

the Zn(OTf)2 and sus-SiO2 electrolytes, the surface is covered with flake-like dendrites or 

corrosion pits owing to the uneven plating/stripping behaviors. In the sus-TiO2 electrolyte, no 

discernible dendrites or pits were observed on the surface of Zn anode after cycling, implying 

the notable influence of nano-sized TiO2 on the Zn deposition process. For further practical 

application evaluation of the sus-TiO2 electrolyte, Zn0.25V2O5ꞏH2O and iodine inorganic active 

cathodes were also selected to assess the electrochemical properties of Zn||ZnVO and Zn||I2 full 

batteries (Figure 5h,i and Figures S49-S51). The Zn||ZnVO full battery with sus-TiO2 

electrolyte delivers a high capacity of ~200 mAh g-1 and exhibits outstanding stability over 

1,000 cycles at 3.0 A g-1. Impressively, the Zn||I2 full battery with a high mass loading of ~8.0 

mg cm-2 displays a stable capacity (>120 mAh g-1) over 4,000 cycles at 2.0 A g-1. Hence, the 

sus-TiO2 electrolyte endows the RAZBs with enhanced electrochemical properties. 

CONCLUSIONS 

In summary, we demonstrated that the concept of suspension electrolyte strategy is applicable 

to the aqueous electrolytes and has broad applicability. Owing to the strong polarity of the Ti-

O bonds in TiO2, the suspended TiO2 nanoparticles in the sus-TiO2 electrolyte could disrupt the 

H-bond networks among the water molecules, thus weakening the water activity to inhibit the 

HER. Besides, a weak H-bond region was constructed at the electrode/electrolyte interface, 

accelerating the mass transfer of water molecule, and enhancing the Zn2+ transfer kinetics. 

Therefore, the issues of HER and dendrites on the Zn anode were inhibited in the sus-TiO2 

electrolyte. As a result, the reversibility of Zn plating/stripping was enhanced, which endows 

Zn anodes with a high average CE of 99.7% after 700 cycles and a stable cycling over 1,500 h 

at 3mA cm-2. Furthermore, the assembled Zn||PANI hybrid capacitors and Zn||ZnVO full 
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batteries delivered improved electrochemical performance in the sus-TiO2 electrolyte. More 

importantly, the concept of suspension electrolytes in this work could be also extended to other 

Zn salt-based aqueous electrolytes and might also be helpful for other rechargeable batteries. 

METHODS 

Synthesis of ZnVO Microspheres. ZnVO microspheres were prepared by a microwave 

hydrothermal method. Typically, 0.36 g of vanadium pentoxide (V2O5, 99.6%, Aladdin) and 

0.38 g of zinc acetate dihydrate (Zn(CH3COO)2∙2H2O, 99%, Sigma-Aldrich) were dispersed in 

a 50 mL mixed solution (acetone/water, mass ratio: 1:15) and stirred for 5 h. Then, the above 

solution was transferred into a Teflon-lined autoclave and kept at 180 oC for 1.5 h. The obtained 

dark orange powder was washed with deionized water many times and dried at 60 oC overnight. 

Preparation of Suspension Electrolytes and Electrodes. The liquid electrolyte was prepared 

by dissolving 10.9 g of zinc trifluoromethanesulfonate (Zn(OTf)2, 98%, Sigma-Aldrich) in 10 

ml of deionized water. The SiO2 and TiO2 suspension electrolytes (regarded as sus-SiO2 and 

sus-TiO2 electrolytes) were prepared by mixing indicated amount (0.05 and 0.1 wt.%) of 

nanoparticles (Nano SiO2, diameter: ~50-150 nm; Nano TiO2, diameter: ~50-100 nm, Sigma-

Aldrich) with liquid electrolyte (3M Zn(OTf)2). The suspension electrolytes were strongly 

ultrasonic stirred for 2 h. 

To prepare the polyaniline (PANI, 98%, Macklin) and ZnVO cathodes, PANI or ZnVO 

powders, Ketjen black, and polyvinylidene fluoride (PVDF, Aladdin) in a weight ratio of 8:1:1 

were mixed in N-methyl-2-pyrrolidone (NMP, 99.5%, Aladdin) solvent. The slurry was coated 

on stainless-steel meshes (diameter: 12 mm) and dried under vacuum at 80 °C for 24 h to 

remove the residual solvent. The mass loading of the active materials on the cathodes was 

around 1.0-1.5 mg cm-2, and the thickness of the cathode was ~60 μm. Zn, Ti, and Cu foils 

(thickness: 50 μm, Shengshida Metal Materials Co., LTD) were cut into small disks (diameter: 

12 mm) and then cleaned with deionized water and ethanol in sequence before use. For the high 
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areal capacity in the symmetrical cell tests, the thickness of Zn foil was ~30 μm, corresponding 

to a theoretical capacity of about 17.55 mAh cm-2. 

Preparation of High Mass Loading I2@Ac Cathode. The I2@Ac composite was fabricated 

using a melt-diffusion method. Typically, active carbon (Ac) and I2, in a mass ratio of 1:9, were 

thoroughly mixed by hand grinding for 10 mins. Subsequently, the mixture was sealed in a glass 

bottle and heated at 80°C for 6 h. For the preparation of I2@Ac cathodes, a slurry was prepared 

by mixing the I2@Ac composite (80%), Ketjen black (10%), and PVDF binder (10%) in NMP. 

Then, the slurry was uniformly coated on a carbon cloth (CC) and dried at 50°C overnight. The 

areal mass loading of I2 in the cathodes was controlled at ~8.0 mg cm-2. 
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electrolytes, current-time plots of Zn‖Zn symmetric cells, CV curves of Zn||Ti cells, 

voltage-capacity curves, CE tests of Zn||Cu cells, rate capability of Zn||Zn cells, long-term 

cycle performance of Zn||Zn cells, WAXS pattern of the deposited Zn, 2D AFM images 

of the deposited Zn surface, schematic diagram of in-situ optical detection platform, in-

situ optical images of Zn plating, characterizations of PANI powders, 2D contour plots of 

https://pubs.acs.org/
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CV patterns of Zn‖PANI hybrid capacitors, characterizations of ZnVO cathode materials, 

and the sizes of MD simulation systems. 
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Scheme 1. Illustrations show the Zn deposition behavior on the Zn anode in (a) pure Zn(OTf)2 

electrolyte and suspension electrolyte containing TiO2 nanoparticles with fast transport 

pathway. (b) Diffusion kinetics in the various electrolytes with strong H-bond interface and 

weak H-bond interface. 
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Figure 1. Electrolyte structures and H-bond characterizations of the various electrolytes. (a) 

Optical images and Tyndall effect of liquid electrolyte and suspension electrolytes with 0.05 

wt.% nano-oxides. (b) Nyquist impedance plots and the corresponding ionic conductivities. (c) 

FTIR spectra. (d) 1H NMR spectra. 2D LF-NMR T1-T2 relaxation spectra of (e) 3M Zn(OTf)2 

and (f) sus-TiO2 electrolytes. (g) Schematic showing H-bond breakage between two water 

molecules, resulting in a softening of the O:H bond and stiffening of the O-H bond. (h) 

Structural geometries and calculated charge difference maps of G1, G2, and G3, respectively. (i) 

Calculated energy barriers along the dehydrogenation pathways in (h). (j) Snap-shot of MD 
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simulation of TiO2[110]/electrolyte interface, the enlarged images show the internal and 

interfacial water molecules. (k) The mean values of the H-bond number be-tween oxide lattice 

planes and water molecules. (l) The probability of H-bond angle. 
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Figure 2. The role of various electrolytes on Zn deposition. (a) LSV curves at 5 mV s-1. (b) 

Tafel plots of Zn anodes. (c) Chronoamperometric curves of Zn electrodeposition. (d) Zn2+ 

transference number. (e) CV curves of Zn||Ti cells at 5.0 mV s-1 (the second cycle) and (f) the 

partial enlarged view. Dynamic relaxation behaviours for the interfacial and internal water 

molecules: (g) Dipole vector autocorrelation function (DACF), (h) the simulated MSD vs. time 

curves, and (i) the local diffusion coefficients. 
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Figure 3. Electrochemical performance of Zn anodes in various electrolytes. (a) CE 

measurements. (b) Comparisons of CE, cycle number, and current density between this work 

and recent reported literatures. (c) Rate capability, (d) and the corresponding overpotentials. (e) 

Nyquist impedance plots after 3 cycles, and the corresponding Rs and Rct values. (f) Cycling 

performance. (g) Cycling performance during intermittent discharge/charge test. (h) SEM 

images of Zn anodes after 50 cycles, scale bar: 5 μm.  
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Figure 4. Nucleation and in-situ deposition behaviours of Zn in various electrolytes. (a) XRD 

patterns of the deposited Zn, the corresponding WAXS patterns in (b) Zn(OTf)2, and (c) sus-

TiO2 electrolytes. (d) AFM images and the surface roughness plots of the deposited Zn surface 

after 50 cycles. (e) Schematic diagram of in-situ optical detection platform. In-situ optical 

observation of deposited Zn morphologies in (f) Zn(OTf)2 and (g) sus-TiO2 electrolytes, scale 

bar: 100 μm. 
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Figure 5. Electrochemical properties of Zn||PANI hybrid capacitors and Zn||ZnVO full batteries 

in various electrolytes. (a) Rate capability of Zn||PANI hybrid capacitor, and (b) the 

corresponding discharge/charge curves. (c) Nyquist impedance spectroscopy before and after 

100 cycles. 2D contour plots of CV patterns of Zn||PANI hybrid capacitors in (d) Zn(OTf)2 and 

(e) sus-TiO2 electrolytes. (f) Cycling stability over 2,500 cycles, and (g) the corresponding 

capacity retention of Zn||PANI hybrid capacitors. Electrochemical performance of Zn||I2 full 

batteries with a high mass loading of ~8.0 mg cm-2: (h) discharge/charge profiles, and (i) cycling 

stability over 4,000 cycles in the sus-TiO2 electrolyte at 2.0 A g-1.  
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A weak H-bond interface with suspension electrolyte is developed to overcome the problems 

of HER and dendrites on the Zn anode. Such electrolyte possesses low water activity and 

exhibits high Zn2+ transfer kinetics. The resulting Zn||Zn cells and full cells display stable 

reversibility of Zn plating/stripping behaviors. 
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