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Abstract  

Aqueous zinc-ion batteries (AZIBs) are promising for large-scale energy storage, but their development 

is plagued by inadequate cycle life. Here, for the first time, we reveal an unusual phenomenon of 

cathodic underpotential deposition (UPD) of Zn, which is highly irreversible and regarded as the origin 

of the inferior cycling stability of AZIBs. Combining experimental and theoretical simulation 

approaches, we propose that the UPD process accords with a two-dimensional nucleation and growth 

model, following a thermodynamically feasible mechanism. Furthermore, the universality of Zn UPD is 

identified in systems, including VO2//Zn, TiO2//Zn, and SnO2//Zn. In practice, we propose and 

successfully implement the removal of cathodic Zn UPD and significantly mitigate the degradation of 

the battery by controlling the end-of-discharge voltage. This work provides new insights into the 

degradation of AZIBs and brings the cathodic UPD behavior of rechargeable batteries into the limelight. 
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1. Introduction 

Lithium-ion batteries (LIBs) attract much interest and dominate the marketplace. However, further 

development of LIBs is hindered by the high cost, flammability, and toxicity problems [1-10]. In recent 

years, aqueous rechargeable batteries (ARBs) have thrived due to the merits of aqueous electrolytes, 

including low cost, non-flammable, non-toxicity, and high ionic-conductivity (over 3-orders higher than 

organic electrolytes) [11-15]. Hence, ARBs are promising for large-scale energy storage and fast 

charging. 

Aqueous zinc-ion batteries (AZIBs) attract much attention owing to the merits of zinc, including 

high theoretical capacity (820 mAh g-1), abundant source, non-toxicity, and the relatively low redox 

potential (-0.76 V vs. standard hydrogen electrode (SHE)) [16-24]. Therein, cathode materials including 

manganese-based oxide [25,26], vanadium-based compounds [27,28], Prussian blue analogues [29,30], 

and organic compounds [31], have been extensively investigated. It is found that Zn2+/H+ co-uptake 

mechanisms exist widely in various cathode materials, for example, Liu and co-workers reported an α-

MnO2 cathode for AZIBs and revealed that the chemical conversion reaction between α-MnO2 and H+ 

was mainly responsible for the good performance [32], in the meantime, the product of 

ZnSO4[Zn(OH)2]3·xH2O was detected. Zheng and co-workers reported that Zn2+/H+ co-insertion kept 

the interlayer spacing of Zn0.3V2O5·1.5H2O cathode constant [33], leading to high capacity and long-

term cycling stability. The H+ insertion would be accompanied by a concentration increase of surface 

OH-, which results in the formation of Znx(OTf)y(OH)2x−y·nH2O (OTf=CF3SO3). Kundu and co-workers 

found that the Zn4SO4(OH)6·5H2O and (OTf-)-based layered double hydroxide (Zn-LDH) deriving from 

H+ insertion can promote H+ insertion, which increased the specific capacity [34]. It seems that the 

Zn2+/H+ co-insertion and the accompanied Zn-LDH can help construct better cathode materials. 

Nevertheless, we notice that the above-mentioned Zn-LDH exists throughout the whole reaction, 



which just indicates the Zn-LDH forms irreversibly and would accumulate as the reaction goes on. The 

irreversible reaction would consume electrolyte and cause capacity fading, especially at low current 

densities (which usually correspond to high capacities) [35-37], similar to solid–electrolyte interphase 

(SEI) or cathode–electrolyte interphase (CEI) in LIBs [38,39]. More importantly, the newly formed Zn-

LDH changes potential distribution and solvent molecular orientation at the cathode-electrolyte 

interface significantly, leading to the possibility of underpotential deposition (UPD) of zinc on the Zn-

LDH. The UPD usually occurs when a metal ion forms an adsorbed layer on the surface of another 

metal at a much higher redox potential than its SHE potential, which was classified by Dunn and co-

workers as one of the three typical pseudocapacitance mechanisms in 2014 [40]. However, from then on, 

few research regarding cathodic UPD in rechargeable batteries can be found, and the metal deposition 

well above 0 V (vs. its SHE potential) was overlooked. 

Here, we discovered unusual Zn deposition on the cathode at a potential much higher than the 

standard Zn deposition potential. Detailed experimental investigations show that the 

Znx(OTf)y(OH)2x−y·nH2O originating from H+ insertion serves as the matrix for the Zn deposition. It is 

verified that the Zn deposition follows a two-dimensional nucleation and growth model, manifesting a 

UPD process of zinc metal. Theoretically, the UPD reaction is proved thermodynamically feasible 

through DFT calculations. The process is observed highly irreversible along with the severe 

accumulation of Zn metal, leading to inferior cycling stability. By controlling the end-of-discharge 

voltage to avoid Zn deposition, the reversibility and cyclic performance of the battery can be 

significantly improved. This finding provides new insights into the degradation of AZIBs and brings 

cathodic UPD of metal ions into the study of rechargeable batteries. 

 

2. Results and discussion 



2.1 Identification of cathodic Zn UPD 

VO2, as a typical cathode material for AZIBs, was used as a model to study the evolution of Zn-

LDH upon the cathode material during Zn2+/H+ storage. The zinc-ion coin cells were fabricated using 

VO2 (Fig. S1) as the cathode, zinc foil as the anode, and aqueous 3M Zn(OTf)2 as the electrolyte. As 

shown in the cycling performance test at a current density of 2 A g-1, the capacity decays 0.2% in each 

cycle (Fig. S2). Similar poor cyclic performance under deep charge/discharge conditions (corresponding 

to relatively high capacity) was widely observed in previous works [41]. To understand this 

phenomenon, we detailly investigated the electrochemical reactions during the fast capacity fading. 

 

Fig. 1. Identification of cathodic Zn UPD and detection of Zn metal on the cathode after 

cycling between 0.3 and 1.5 V. (a) Cyclic voltammograms of Zn-Zn symmetric cell at potential 

scanning rate of 0.5 mV s-1. (b) Cyclic voltammogram (black line) and its differential curve 

(blue line) of the VO2//Zn system at 0.1 mV s-1 during the initial reversible cycle. (c and d) Ex 

situ characterizations of the VO2 cathode during the first discharge/charge process, including (c) 



HEXRD patterns and (d) XPS spectra. (e) HAADF-STEM image of the VO2 cathode in the 

discharged state. (f) Corresponding Fourier transform of (e). 

As shown in Fig. 1a, we assembled Zn-Zn symmetric cell with 3 M Zn(OTf)2 aqueous solutions 

and observed reversible electrochemical deposition/dissolution of Zn. Therein, Zn deposition occurs 

between -0.2 to 0 V and no peaks of Zn deposition appeared between 0.3 to 0.4 V. Using the same 3 M 

Zn(OTf)2 solution, we assembled a VO2//Zn battery. By differentiating the CV curves of the VO2//Zn 

battery, we discovered a pair of sharp peaks at about 0.35 V (Fig. 1b). In order to figure out where these 

two peaks stem from, we performed synchrotron high-energy X-ray diffraction (HEXRD) investigations 

towards VO2 cathode (Fig. 1c). We observed the appearance of Zn metal between 0.4 and 0.3 V during 

first discharge. To the best of our knowledge, this is the first time that Zn metal is observed on cathode 

materials after cycles. The detection of ZnO can be attributed to the oxidation of nanocrystalline Zn 

metal with the dissolved O2 in the electrolyte [42]. 

Besides, we also observed the formation of Znx(OTf)y(OH)2x−y·nH2O (Fig. 1c and S3). According 

to previous reports, along with H+ insertion into the active materials, the remaining OH- on the cathode 

surface would react with Zn2+, H2O, and Zn(OTf)2 to form Znx(OTf)y(OH)2x−y·nH2O precipitation [33]. 

Further, we carried out XPS analysis and deconvolved the Zn 2p peak (Fig. 1d). The remarkable 

presence of the low-binding-energy (1022.8 eV) peak can be designated to Zn0 (Zn metal) at 0.3 V, and 

this is consistent with the energy disperse spectroscopy (EDS) mappings and corresponding energy 

dispersive X-ray (EDX) patterns (Fig. S4) showing that the Zn signals are stronger than V (which 

indicate there are Zn monomers). Combined with the high-angle annular dark-field-scanning 

transmission electron microscopy (HAADF-STEM) image and its Fourier transform pattern (Fig. 1e and 

1f), we confirmed the formation of Zn metal at 0.3 V. To exclude the possibility of Zn metal shuttling 

from anode to the cathode in a coin cell, we also assembled a two-electrode cell with a distance between 

anode and cathode ca. 2 cm and still detected Zn metal at 0.3 V (Fig. S5). Thus, the peaks at about 0.35 



V in Fig. 1b can be related to the Zn deposition/dissolution process, which contradicts Fig. 1a. 

2.2 Effects of cathodic Zn UPD 

 

Fig. 2. Effects of cathodic Zn UPD and characterizations and electrochemical tests of the 

VO2 cathode within different voltage windows. (a-c) The VO2//Zn battery operates between 

0.3 and 1.5 V. (a) HAADF-STEM image, (b) SAED pattern, and (c) EDX spectrum, recorded at 

1.5 V after 50 cycles. (d) Schematic of two artificially set voltage windows with and without Zn 

UPD. The two sets show similar capacities and charge/discharge depth. (e,f) Cycling 

performance at an E/C ratio of 3.0 g Ah-1 in the voltage windows of (e) 0.3 to 0.98 V and (f) 

0.42 to 1.5 V. 

After 50 cycles at 1.5 V, we observed a large Zn sheet lying on the carbon grid (Fig. 2a and S6). 

Fig. 2b is the selected area electron diffraction (SAED) image collected from the white frame in Fig. 2a.      

According to PDF card of Zn, the crystal system of Zn belongs to hexagonal system. By measuring 

angle and calculating distance between the diffraction pattern and the central bright spot, the interplanar 

spacing and crystal plane can be confirmed which are agreement with crystal plane of Zn (110), (110), 



(-120) and (-210). As shown in Fig. 2c, the Zn signal is stronger than the other elements, indicating the 

existence of Zn metal. The occurrence of Zn metal at 1.5 V indicates its irreversibility during cycling, 

which was also demonstrated in the ex situ XRD patterns of different cycles where the accumulation of 

Zn metal in the full charged state was observed (Fig. S7). The irreversible formation of Zn metal may 

consume a lot of electrolytes and is detrimental for battery’s cycle lifespan [43]. 

To figure out the relationship between the cathodic Zn metal deposition and the fast capacity 

fading (mentioned in Fig. S2), we considered avoiding the cathodic Zn deposition whilst minimizing 

capacity loss. Consequently, staircase potential electrochemical impedance spectroscopy (SPEIS) was 

performed to investigate the onset potential of Zn metal deposition (Fig. S8). We found that a new 

interface appeared between 0.417 and 0.397 V in the Nyquist plot and the corresponding Bode plot 

during the first discharging, which could be attributed to the newly formed phase of Zn metal. Hence, 

we set a new voltage window of 0.42-1.5 V for the VO2//Zn system, and we set another voltage window 

of 0.3-0.98 V that shows similar capacity to the 0.42-1.5 V as contrast (Fig. 2d and S9). In order to 

amplify the difference, we reduce the amount of electrolyte to a realistic condition (the electrolyte to 

cathode capacity ratio (i.e. E/C ratio) is 3.0 g Ah-1) [44]. It can be clearly observed that coulombic 

efficiency (CE) is ~90% when cycling between 0.3-0.98 V (Fig. 2e) and is ~100% when cycling 

between 0.42-1.5 V (Fig. 2f), meanwhile, cycling stability of the latter is much better than the former 

one.  

Ex situ EIS was employed to give further insight. As can be seen in the Nyquist plot and the 

corresponding Bode plot of the pristine sample, there are two semicircles at high-frequency region (Fig. 

S10a and S10b), indicating there are two reaction interfaces at the pristine state. To investigate the 

origin of the second phase in its pristine state, the pristine VO2 was soaked in the electrolyte for 3h. 

After soaking, Znx(OTf)y(OH)2x−y·nH2O was formed (Fig. S11), suggesting that H+ would be 



spontaneously absorbed into VO2 and the second phase of Znx(OTf)y(OH)2x−y·nH2O would be generated 

in the pristine state. After being cycled for two times in the voltage window of 0.3 to 1.5 V, the third 

semicircle appeared at 1.5 V (Fig. S10c-f), which became more obvious after being cycled for three 

times (Fig. 3a and 3b), corresponding to the formation of Zn metal and its accumulation. On the other 

hand, after being cycled for three times in the voltage window of 0.42 to 1.5 V, there was only one 

semicircle in the Nyquist plot and Bode plot (Fig. 3c and 3d), indicating the elimination of the 

irreversible formation of Zn metal and Znx(OTf)y(OH)2x−y·nH2O. Comparing the above two voltage 

windows, we revealed that the irreversible Zn metal deposition would cause severe battery degradation, 

which can be avoided by controlling the end-of-discharge voltage with only a small fraction (~4%) of 

their energy density sacrificed (Fig. S12). 

 

Fig. 3. Removal of cathodic Zn UPD by controlling the end-of-discharge voltage. (a,b) EIS 

test recorded at 1.5 V after 3 cycles in the voltage window of 0.3 to 1.5 V. (a) Nyquist plot and 

(b) corresponding Bode plot. (c,d) EIS test recorded at 1.5 V after 3 cycles in the voltage 

window of 0.42 to 1.5 V. (c) Nyquist plot and (d) corresponding Bode plot. 



2.3 Analysis of matrix for Zn UPD 

As seen from Fig. 1f and 2b, Zn metal seems to appear where there is Znx(OTf)y(OH)2x−y·nH2O 

originating from H+ insertion. By performing fast Fourier transforms towards the atomic-level HAADF-

STEM images (Figs. 4a, 4b and S13), we can clearly observe that Zn metal is distributed in the presence 

of Znx(OTf)y(OH)2x−y·nH2O. Electron energy loss spectroscopy (EELS) investigations were also carried 

out. From Fig. 4c and 4d, the Zn metal is enriched where both V and O are sparse, suggesting that 

cathodic Zn deposition sites are not dependent on VO2. Combined with the above analysis, Zn is 

deposited on Znx(OTf)y(OH)2x−y·nH2O rather than VO2, as schematically illustrated in Fig. 4e and 4f. 

 

Fig. 4. Investigation of the form of cathodic Zn deposition. (a and b) HAADF-STEM images 

and corresponding Fourier transform at 0.3 V. (c) HAADF-STEM image and corresponding 

EDS mapping of Zn element. (d) EELS mapping collected from the white box in (c). (e) 

Operation schematic of the VO2//Zn battery. (f) Schematic illustration of Zn2+/H+ insertion and 

Zn UPD on the VO2 cathode.  

2.4 Simulations of the Zn UDP 



To gain further insight into the formation process of Zn metal, we analyzed in detail the multi-

sweep rate CV curves of the VO2//Zn system. The CV curves with sweep rates ranging from 0.1 to 200 

mV s-1 were presented in Fig. S14. Based on the two-dimensional phase transitions model proposed by 

Camacho and co-workers [45], the peak at 0.35 V was studied by differentiating the curve at each sweep 

rate. From Fig. 5a, we obtained a good linear relationship between the peak current (ip) and v2/3 with a 

slope of 0.00682. By further fitting lgip with lgv and lg∆Ep with lgv (Fig. 5b and 5c), the linear slopes 

were calculated to be 0.598 and 0.46, respectively, close to the theoretical values of 0.6 and 0.4 in 

Camacho’s model. Therefore, the formation of Zn metal on Znx(OTf)y(OH)2x−y·nH2O follows the two-

dimensional nucleation and growth model, corresponding to the Zn UPD process. Furthermore, this 

phenomenon is analogous with the UPD of Zn on Ni [46], Pt, Pd and Au electrodes [47], which show 

underpotential shifts of about 0.6 V, 1.1 V, 1.1 V, and 0.6-0.7 V, respectively. 

Density functional theory (DFT) calculations were performed to measure the thermodynamic 

possibility of Zn UPD on Znx(OTf)y(OH)2x−y·nH2O. It was reported that the UPD occurs only in the 

case that the metal with a smaller work function deposits on the metal with a larger work function  [48]. 

Thereby, we carried out three kinds of algorithms of GGA-PBE, mGGA-M06L (Fig. S15), and LDA-

PWC (Fig. 5d and 5e) to evaluate the work functions of Zn metal and Znx(OTf)y(OH)2x−y·nH2O. The 

work function values of Znx(OTf)y(OH)2x−y·nH2O obtained from mGGA-M06L and LDA-PWC 

algorithms were close to each other, while LDA-PWC exhibited a closer value of Zn metal compared to 

its experimental result. Therefore, the work function of Zn metal and Znx(OTf)y(OH)2x−y·nH2O were 

determined to be 0.157 Ha and 0.292 Ha, respectively, by the LDA-PWC algorithm. As a result, the 

much larger work function of Znx(OTf)y(OH)2x−y·nH2O than Zn metal would facilitate the 

underpotential deposition reaction. 

Beyond the discovery of Zn UPD in the VO2//Zn system, we also observed it in TiO2 (Figs. S16 



and S17) and SnO2 (Figs. S18 and S19) cathodes for AZIBs, indicating the universal presence of Zn 

UPD in different AZIBs. 

 

Fig. 5. Electrochemical fitting and theoretical calculation of the Zn UDP. (a-c) Fitting of the 

multi-sweep rate CV curves ranging from 0.1-100 mV s-1. Plots of (a) ip with v2/3, (b) lgip with 

lgv, and (c) lgΔEp with lgv. (d,e) DFT calculations with LDA-PWC algorithm for calculating 

the work functions of (d) Zn metal and (e) Znx(OTf)y(OH)2x−y·nH2O. The insets in (d) and (e) 

are the calculated surface of Zn and Znx(OTf)y(OH)2x−y·nH2O, respectively.  

3. Conclusion 

In conclusion, we uncover the Zn UPD on the VO2 cathode through ex situ HAADF-STEM, ex situ 

HEXRD, ex situ EIS, SPEIS and ex situ XPS investigations. The Znx(OTf)y(OH)2x−y·nH2O originating 

from H+ insertion is the deposition matrix, and we confirm that the Zn UPD follows a two-dimensional 

nucleation and growth model by detailly fitting its CV peaks. We have also verified the thermodynamic 

feasibility of the UPD process by means of DFT calculations. Moreover, we observe the accumulation 



of Zn metal after cycling, indicating this UPD reaction is irreversible and harmful for the cycling 

stability of AZIBs. By increasing the end-of-discharge voltage slightly from 0.3 V to 0.42 V, the Zn 

UPD is significantly mitigated, and the cycling stability of the battery is effectively improved. The low-

potential Zn UPD reveals a new mechanism of the degradation of AZIBs, which can be avoided by not 

discharging to too low a potential. More importantly, this discovery will contribute to further research 

and application of cathodic UPD, as the UPD is a typical pseudocapacitive reaction mechanism that can 

exhibit high charge/discharge rates. 

4. Experimental section 

4.1 Synthesis of VO2 electrode 

Typically, 150 mg of V2O5 and 26 mg of rGO were added to n-propanol to form a 30 mL mixture 

solution. The mixture was then transferred into a 50 mL Teflon-lined autoclave and heated at 180 °C for 

12 h. After naturally cooling to room temperature, we obtained the blue precipitates. Afterward, the 

precipitates were washed with ethyl alcohol and deionized water several times, respectively, and then 

dispersed into an aqueous solution. Next, we added the single-walled carbon nanotubes into the solution 

and mixed them homogenously. Finally, the above mixture solution was filtrated under a vacuum into a 

VO2 film electrode. 

4.2 Material Characterization 

The morphologies, crystallographic and microstructural characteristics of the samples were measured 

using field emission scanning electron microscopy (FE-SEM, JEOL-7100F), scanning transmission 

electron microscopy (STEM, Titans Themis, the tests were carried based on samples lying on carbon 

grids), selected area electron diffraction (SAED), energy dispersive spectrometer (EDS), energy 

dispersive X-ray (EDX), X-ray diffraction (XRD, D8 Advance X-ray diffractometer with a Cu Kα 

radiation source) and synchrotron high-energy X-ray diffraction (HEXRD, at beamline 11-ID-C of 



Advanced Photon Source (APS) at Argonne National Laboratory; a beam with a size of 0.2 mm × 0.2 

mm and wavelength of 0.1173 Å was used to obtain diffraction patterns). The chemical states and 

atomic structure information were investigated by X-ray photoelectron spectroscopy (XPS, Thermo 

Fisher Scientific- ESCALAB 250Xi). 

4.3 Electrochemical Measurements 

The mass loading of the VO2 film cathode is about 2.3 mg cm-2. CR2016 coin cells were assembled for 

measuring the electrochemical performance of the VO2 film. Besides, commercial glass fiber and zinc 

foil were employed as the separator and anode, respectively. Aqueous 3M Zn(OTf)2 solution was used 

as the electrolyte. The galvanostatic charge/discharge (GCD) tests were performed on a battery test 

system (LAND CT2001A). CV and EIS were measured using an electrochemical workstation (EC-LAB, 

VMP-3, Bio-Logic SAS). The two-electrode test was performed with a distance between anode and 

cathode ca. 2 cm on an electrochemical workstation (CHI760E).  
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