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A B S T R A C T   

Rechargeable aqueous Zn metal batteries are promising for large-scale renewable energy storage. However, the 
aqueous Zn metal battery chemistry encounters severe irreversibility issues, as manifested by the non-uniform 
metallic Zn plating and undesired side-reactions of corrosion. Herein, we report a highly-reversible aqueous 
Zn metal anode with accurately controlled nanopore structure, by which the space charge distribution could be 
regulated and interface-localized concentrated electrolyte was enabled. Consequently, the nanoporous Zn (npZn) 
electrode exhibited high electrochemical reversibility for 750 h under the measurement with a combination of 
electrochemically Zn stripping/plating cycling (1 mA cm− 2 and 1 mAh cm− 2 for 25 cycles) and resting (50 h), 
and looping. Moreover, a npZn||NaVO3 cell exhibited a high capacity of 200 mAh g− 1 and a long lifespan with 
considerable capacity retention (76% for 1500 cycles), and high reversibility (Coulombic efficiency of 99.8%), 
which was more stable than the counterpart with pristine Zn anode (short-circuit after 600 cycles).   

1. Introduction 

The unprecedented energy crisis and environment degradation have 
brought extensive research attention to energy storage technologies 
with enhanced environmental friendliness and reduced price[1–10], of 
which rechargeable aqueous zinc metal batteries (RAZMBs) stand out 
due to the following advantages: First, Zn metal possesses a high theo
retical capacity as a anode (820 mAh g− 1), which helps to achieve high 
energy batteries[11–14]; Second, Zn metal is abundant and environ
mentally benign, beneficial for low cost and large scale application; 
Third, aqueous electrolytes, particularly the mild ZnSO4 electrolytes 
developed in recent years, are intrinsically safe and compatible with Zn 
metal anodes, and thus can enable high battery safety. [15–17]. 
Nevertheless, Zn metal anodes suffer from detrimental drawbacks 
including non-uniform electrochemical plating and inevitable side- 
reactions of corrosion, resulting in its poor electrochemical perfor
mance, which constitute the bottlenecks for scale-up utilization of 
RAZMBs[18–20]. Therefore, it is urgent to develop highly reversible Zn 
metal anodes for practical RAZMBs with long lifespan. 

In pursuit of high-performance Zn metal anodes for RAZMBs, various 
strategies including surface protection[21,22], nanostructure design 
[23,24], and electrolyte optimization[25] have been proposed to sta
bilize metallic Zn during electrochemical cycling. In particular, 
concentrated or “water-in-salt” electrolytes became one of the most 
important strategies by increasing the availability of Zn2+ ions, 
decreasing the content of free water[26,27]. Recently, Wang[28] and Ji 
[29] adopted concentrated “water-in-salt” electrolytes (1 M Zn(TFSI)2 +

20 M LiTFSI and ZnCl2, respectively) and realized highly reversible Zn 
metal anodes. Despite these exciting advancements, the issues of high 
cost, high viscosity, and low ionic conductivity for concentrated elec
trolytes have not yet been solved [30,31]. The essence of concentrated 
electrolyte is to tune the solvation structure of Zn2+ ions and changes the 
electrochemical behaviors at the metal/electrolyte interface. In this 
study, we proposed that locally concentrated electrolyte at the metal/ 
electrolyte interface could retain the advantages of concentrated elec
trolyte, and greatly reduce the cost and viscosity of the electrolyte and 
increase the overall ionic conductivity at the same time in comparison to 
the concentrated electrolytes, therefore being ideal for aqueous Zn metal 
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anode, especially three-dimensional (3D) Zn electrode with large surface 
area that suffered from severe side-reactions of corrosion. 

In this work, we enabled interface-localized concentrated electrolyte 
at a 3D nanoporous Zn (npZn) metal electrode by designated use of the 
space charge effect in the accurately controlled nanopore structure, as 
confirmed by both theoretical simulation and spectroscopic studies. The 
npZn electrode with interface-localized concentrated electrolyte showed 
uniform Zn plating behavior and suppressed side reactions simulta
neously. As a consequence, the npZn electrode exhibited high electro
chemical reversibility for 750 h under the measurement with a 
combination of electrochemically Zn stripping/plating cycling (1 mA 
cm− 2 and 1 mAh cm− 2, 25 cycles) and resting (50 h), and looping. In 
contrast, the pristine Zn electrode failed after 30 h of cycling under the 
same test condition. Moreover, a npZn||NaVO3 full cell showed a high 
capacity of 200 mAh g− 1 and a long lifespan with considerable capacity 
retention (76% for 1500 cycles), which outperformed the pristine Zn|| 
NaVO3 full cell (failed after 600 cycles due to short-circuit). These re
sults suggested a promising route for the stabilization of Zn metal anode 
in rechargeable aqueous batteries. 

2. Results and discussion 

Fig. 1a illustrates electrochemical plating behavior of a conventional 
Zn metal foil (pristine Zn) electrode in ZnSO4 electrolyte, where inho
mogeneous plating and chemical corrosion of metallic Zn take place. In 
the case of concentrated electrolyte (Fig. 1b), uniform Zn plating can be 
achieved due to the increased availability of Zn2+ ions, meanwhile 
chemical corrosion can be suppressed because of the less content of free 
water. However, the concentrated electrolyte suffers from high cost, 
high viscosity and low ionic conductivity, which is detrimental to the 
practical application. Compared to the above two situations, a 3D 
nanoporous Zn metal electrode with interface-localized concentrated 
electrolyte can be an ideal case for low-cost and highly-reversible Zn 
metal electrode (Fig. 1c). The space charge effect of nanoporous metal 
provides the platform for regulating the charge density in electric double 
layer on the electrode surface to achieve interface-localized concen
trated electrolyte, while the bulk of the electrolyte remains unchanged. 
To investigate the space charge distribution of a nanoporous Zn metal 
electrode in ZnSO4 electrolyte, finite element simulations were 
employed to understand the relationship between the ion/charge con
centration and the pore diameter. The electric potential and the ion (e.g. 
Zn2+, Zn (H2O)6

2+, SO4
2− ) concentration at the Zn metal|ZnSO4 

Fig. 1. Schematic illustration of Zn plating 
processes on (a) Zn metal electrode with 
conventional ZnSO4 electrolyte, (b) Zn metal 
electrode with concentrated electrolyte, and 
(c) nanoporous Zn electrode with interface- 
localized concentrated electrolyte. (d) The 
ion concentration at the electric double layer 
of nanoporous Zn metal with different pore 
diameters based on Poisson-Nernst-Planck 
equations. (e) Surface charge densities of 
the cations and anions at the interface of 
ZnSO4 electrolyte and nanoporous Zn metal 
with different pore diameters ranging from 5 
nm to 100 nm.   
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electrolyte interface were modeled following the Gouy-Chapman-Stern 
double layer model (Fig. S1), the space charge effect on the effective 
ion concentration of electrolyte within the pores became significant with 
the shrinkage of the pore sizes, as shown in Fig. 1d. In fact, with the 
decrease of pore sizes (e.g. < 40 nm), the surface of Zn metal became 
cation-rich, demonstrating the high Zn2+ ion concentration. For clarity, 
the ion concentration at the interface of ZnSO4 electrolyte and Zn metal 
pores with diameters ranging from 100 nm to 5 nm were shown in 
Fig. 1e. It was found that the cations including Zn2+ and Zn(H2O)2+ in 
the double layer at the metal/electrolyte interfaces became enriched 
with decreased nanopore size (especially 10 and 5 nm). Such results 
revealed the fact that interface-localized concentrated electrolyte can in 
principle be achieved within a nanoporous Zn metal with a pore size 
ranging from 1 to 40 nm. 

Inspired by the above theoretical findings, we propose an alloying- 
dealloying method to prepare npZn electrode with controlled pore size 
(Fig. 2a). The pristine Zn foil showed a relatively flat surface with a 
silver-white metallic lustre, as confirmed by scanning electron micro
scope (SEM) and optical microscopy (OM) images (Fig. S2). After the 
alloying reaction with Li metal at room temperature, Li-Zn alloy layer 
formed on the surface of the Zn metal and Li-Zn/Zn composite foil was 
produced, as indicated by the result of X-ray Diffraction (XRD, Fig. S3). 

The Li-Zn/Zn composite foil was then dealloyed using ethanol immer
sion to produce a Zn electrode with 3D nanoporous structure (noted as 
npZn). The OM image suggested that the surface of npZn electrode 
became dull after dealloying (Fig. 2b). SEM images showed the hierar
chical pore structures of the as-prepared npZn electrode, mainly 
including submicronmeter-sized macropores with average pore diam
eter of ~500 nm and mesopores with average pore diameter of ~20 nm 
(Fig. 2c), and the thickness of the nanoporous layer was ~15 μm 
(Fig. 2d). It was noted that the pore size and the thickness of the 
nanoporous layer could be finely tuned by changing the temperature for 
the alloying reaction. When an elevated temperature of 100 ◦C was 
applied for the alloying reaction, the average pore diameters of the 
mesopores increased to ~80 nm, the thickness of the nanoporous layer 
also increased to ~28 μm (Fig. S4). When the alloying reaction tem
perature was further increased to 200 ◦C (>180 ◦C, the melting point of 
Li metal), the nanoporous layer even punctured the entire Zn foil (~145 
μm, Fig. S5). To confirm the space charge effect in the npZn electrode, 
energy-dispersive X-ray spectroscopy (EDS) analysis was employed. As 
shown in Fig. 3c, the npZn electrode after immersing in ZnSO4 electro
lyte and washed with deionized water for 5 min showed a clear 
elemental mapping of S, suggesting that ZnSO4 was confined in the 
nanopores and could not be washed out. Moreover, the electrode after 

Fig. 2. (a) Schematic illustration of the 
preparation of npZn electrode. (b) Top-view 
SEM image of the npZn electrode. The inset 
showed the digital picture of the as-prepared 
npZn electrode. (c) Size distribution of the 
macropores and mesopores of the npZn 
electrode. (d) Cross-section SEM and EDS 
elemental mapping images and (e) XRD 
pattern of the npZn electrode after immersing 
in ZnSO4 eletrolyte and washed with deion
ized water for 5 min. (f) Raman analysis of 
the ZnSO4 electrolyte configuration in and 
outside the 3D nanoporous channels of the 
npZn electrode.   
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immersion and washing was dried under vacuum and examined by XRD. 
As shown in Fig. 2e, the XRD peaks for ZnSO4⋅7H2O further confirmed 
the confined ZnSO4 within the npZn electrode in the electrolyte, indi
cating the concentrated electrolyte in the nanopores that can hardly be 
washed out. To get direct evidence of the electrolyte configuration in the 
metallic pores and verify the locally concentrated electrolyte, Raman 
spectroscopy was employed to investigate the ion coordination forms in 
ZnSO4 electrolyte (e.g. Zn2+(H2O)6

2+⋅OSO3
2− and Zn2+⋅OSO3

2− ). A npZn 
electrode with ZnSO4 electrolyte was examined with a Raman laser 
focused on the bulk ZnSO4 electrolyte or the local electrolyte at the npZn 
layer. As demonstrated in Fig. 2f, only the Zn-OH2 vibration at 310 cm− 1 

was observed in the saturated ZnSO4 electrolyte (~3.3 M) above the 
surface of the npZn/ZnSO4 electrode[32–35]. Under the same test con
dition, the Zn-O vibration of [Zn2+⋅OSO3

2− ] ligand mode (270 cm− 1) 
appeared in the electrolyte in the nanoporous layer of the npZn/ZnSO4 
electrode[32–35], suggesting a great degree of ion-association, which 
often appeared when the ions were more crowded. Furthermore, the 
contact ion pair (CIP. i.e. [Zn2+(H2O)5⋅OSO3

2− ]), was observed in the 
electrolyte in the nanoporous layer, suggesting a high association degree 
of Zn2+ and SO4

2− that existed only in high-concentration electrolytes in 
previous reports[32–35]. In contrast, the saturated ZnSO4 electrolyte 
showed only the solvent separated ion pair (SSIP, i.e. 
[Zn2+(H2O)6⋅SO4

2− ])[32–35], and thus indicated the less free water in 
the nanoporous Zn layer of npZn according to the Eigen-Tamm mech
anism. As a comparison, the npZn electrode alloying at 100 ◦C with an 
average pore size above 40 nm did not get Raman signal of 
[Zn2+⋅OSO3

2− ] ligand and CIP mode (Fig. S6), which was in consist with 
the theoretical prediction, and in turn further confirmed the localized 
concentrated electrolyte at npZn electrode with controlled nanopore 
size. 

The npZn electrode with 3D nanoporous structure would show 
enlarged electrochemical surface area (ESA) and enhanced charge 

transfer, both of which are favorable for improving the electrochemical 
performance of an electrode. The ESA of the electrodes, indicated by the 
electrical double-layer capacitance (Ceff), were calculated by fitting the 
EIS results (Fig. S7, S8), and the results are shown in Table S1. The Ceff of 
the pZn electrode was 74 times that of the pristine Zn, suggesting a much 
higher surface area for the npZn electrode. Moreover, the npZn electrode 
exhibited a much smaller charge transfer resistance (54.7 Ω) than the 
pristine Zn electrode (289.8 Ω, Fig. S7). To evaluate the electrochemical 
performance of the Zn metal electrode, Zn||Zn symmetric cells were 
assembled using aqueous ZnSO4 electrolyte. In consideration of the 
practical application scenarios where batteries are intermittently used 
but not continuously cycling, we performed dynamic measurement with 
a combination of electrochemical stripping/plating cycling (1 mA cm− 2 

and 1 mAh cm− 2, 25 cycles) and resting (50 h), and looping. As a result, 
the npZn electrode exhibited stable electrochemical cycling for 750 h 
with a low overpotential of 25 mV. As a contrast, the pristine Zn elec
trode showed a short cycle life of ~30 h with a much larger over
potential of 60 mV (Fig. 3a). We noted that the npZn electrode exhibited 
advancement in overpotential when comparing with most of the Zn 
metal electrodes in recent publications (Table S2). With the increasing 
current density and areal capacity (2 mA cm− 2 and 2 mAh cm− 2, 
Fig. S9), the npZn electrode also showed excellent cycling stability with 
a low overpotential of 36 mV for 150 h, outperforming the pristine Zn 
(200 mV, 16 h). The excellent electrochemical performance of the npZn 
electrode was also verified in cells paired with NaVO3 cathode. The as- 
prepared NaVO3 cathode material showed a nanobelt morphology with 
size of ~2 μm in length and ~150 nm in width (Fig. S10). Cycled at a 
current density of 600 mA g− 1 (corresponding to an areal capacity of 
0.35 mAh cm− 2), both the pristine Zn||NaVO3 and npZn||NaVO3 cells 
showed a high initial capacity of 200 mAh g− 1. The pristine Zn||NaVO3 
cell failed after 602 cycles due to short-circuit, while the npZn||NaVO3 
cell displayed a much more stable cycling performance, which delivered 

Fig. 3. (a) Voltage profiles of the pristine Zn and 
npZn electrode under dynamic measurement with a 
combination of electrochemical cycling (1 mA cm− 2 

and 1 mAh cm− 2, 25 cycles) and resting (50 h), and 
looping. Galvanostatic charge/discharge curves of 
(b) pristine Zn||NaVO3 and (c) npZn||NaVO3 cells at 
the 1st cycle and the 602nd cycle. (d) Cycling per
formance of pristine Zn||NaVO3 and npZn||NaVO3 
cells at a current density of 1 mA cm− 2. (e) Top-view 
SEM image of the pristine Zn electrode after 100 
cycles at 1 mA cm− 2 and 1 mAh cm− 2. (f) Top-view 
and (g) cross-section SEM images of the npZn elec
trode after 100 cycles at 1 mA cm− 2 and 1 mAh 
cm− 2.   
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~80% of its initial discharge capacity at the 602nd cycle (Fig. 3b and 3c). 
Moreover, the npZn||NaVO3 cell achieved a long lifespan (>1500 cy
cles) with considerable capacity retention (76%), and high reversibility 
(Coulombic efficiency of 99.8%). The improved electrochemical 
reversibility of the npZn electrode was contributed to the pomoted 
uniform plating and suppressed chemical corrosion of metallic Zn. As 
shown in Fig. S11, non-uniform Zn deposits were observed for the 
pristine Zn electrode after plating 1 mAh cm− 2 of Zn at 1 mA cm− 2. For 
the npZn electrode, the plated Zn was relatively uniform after the same 
Zn plating process. Moreover, after 100 cycles at 1 mA cm− 2 and 1 mAh 
cm− 2, a large number of randomly stacked Zn deposits were observed for 
the pristine Zn electrode (Fig. 3e, S12), which would further cause 
metallic dendrites and eventually battery failure. The overall structure 
and morphology of the npZn electrode was well maintained after 100 
plating/stripping cycles (Fig. 3f, 3 g), demonstrating a stable electrode 
structure during cycling. As to the chemical corrosion, the pristine Zn 
electrode exhibited a low corrosion potential of − 0.983 V with a large 
corrosion current density of 6.9 mA cm− 2. The npZn electrode showed a 
high corrosion potential of − 0.975 V and a low corrosion current density 
of 4.0 mA cm− 2 (Fig. S13), suggesting markedly suppressed side re
actions. The differernt corrosion behaviors of the pristine Zn and npZn 
electrode in ZnSO4 electrolyte were also verified by XRD and SEM. The 
pristine Zn electrode produced a large amount of corrosion products 
after resting in aqueous ZnSO4 electrolyte for 7 d, as evidenced by the 
significant diffraction of layered zinc hydroxide sulfate (ZHS) in XRD 
(Fig. S14) and sheet-like products in SEM (Fig. S15a, S15c). As a 
contrast, the npZn electrode showed much weaker diffraction signals of 
ZHS corrosion products (Fig. S14) and much less sheet-like ZHS corro
sion products under the same test conditions (Fig. S15b, S15d). More
over, we noted that no new phase such as ZHS was formed for the npZn 
electrode after 100 cycles at 1 mA cm− 2 and 1 mAh cm− 2 (Fig. S16). 
These results were well consistent with the improved electrochemical 
reversibility of the npZn electrode and provided a new option in 
achieving advanced Zn metal anodes for practical RAZMBs with long 
lifespan. 

3. Conclusion 

In this work, we reported a Zn metal anode with well-tailored 
nanopore structure enabling locally concentrated electrolyte for highly 
reversible RAZMBs. The interface-localized concentrated electrolyte 
formed via the space charge effect within the precisely regulated 
nanopore structure, which simultaneously promoted the uniform 
plating of Zn and suppressed the side reactions of chemical corrosion. 
The as-achieved npZn electrode exhibited a high electrochemical 
reversibility for 750 h under dynamic measurement with a combination 
of electrochemically Zn stripping/plating cycling at (1 mA cm− 2 and 1 
mAh cm− 2, 25 cycles) and resting (50 h), and looping. The highly 
reversible npZn electrode also enabled an essentially stable npZn|| 
NaVO3 cells. The design of nanoporous electrode with locally concen
trated electrolyte demonstrated in this study provides a new strategy for 
developing highly reversible Zn metal anodes for RAZMBs towards 
sustainable energy storage. 
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