
Anti-passivation of commercial Zn anodes by self-deprotonation additives 
for aqueous Zn metal batteries

Zhibin Xu a,b, Bo Liu c,*, Xuanwei Yin a,b, Xin Lei a,b, Ya Zhou a,b, Hongge Pan d,  
Daping He c,*, Gongming Wang a,b,*

a Key Laboratory of Precision and Intelligent Chemistry, University of Science and Technology of China, Hefei 230026, China
b Department of Chemistry, University of Science and Technology of China, Hefei 230026, China
c Hubei Engineering Research Center of RF-Microwave Technology and Application, School of Physics and Mechanics, Wuhan University of Technology, Wuhan 430070, 
China
d Institute of Science and Technology for New Energy, Xi’an Technological University, Xi’an 710021, China

A R T I C L E  I N F O

Keywords:
Commercial Zn foils
Passivation
Self-deprotonation
Electrolyte additives
Aqueous Zn metal batteries

A B S T R A C T

Aqueous Zn metal batteries (AZBs) hold significant promise for grid-level energy storage, yet their commercial 
viability is hindered by surface passivation of Zn anodes in humid air and aqueous electrolytes. Aiming at this 
issue, we present a novel self-deprotonation electrolyte additive, pyridinium (PyH+), which resolves passivation 
issues through gradually releasing protons and creating a H₂O-lean microenvironment through adsorption. With 
the PyH+ additive, commercial Zn anodes without pretreatment achieve lifespans exceeding 4600 h in Zn//Zn 
coin cells and 800 h in 25 cm² Zn//Zn pouch cells at 1 mA cm− 2, compared to only 360 h and 100 h in PyH+-free 
electrolyte, respectively. Attractively, we demonstrate that such self-deprotonation strategy can be extended to 
other protonated N-containing heterocyclic compounds, which display universial anti-passivation effects as 
electrolyte additives. This work provides a promising approach for the anti-passivation of commercial Zn anodes 
to achieve long-lasting and large-scale AZBs.

1. Introduction

In the pursuit of global net-zero emission targets, the extensive 
adoption of renewable energy sources, such as solar and wind, un-
derscores the necessity for grid-scale energy storage solutions to 
accommodate the variable nature of energy supply[1-3]. Aqueous Zn 
metal batteries (AZBs) have gained traction as a viable candidate for 
large-scale energy storage, leveraging the inherent advantages of Zn 
metal anodes[4-8]. Nevertheless, the commercial potential of AZBs is 
constrained by the restricted cyclic stability, primarily due to detri-
mental interfacial side reactions at the Zn anode, including the surface 
passivation, dendrite formation, and sustained corrosion[9-12]. Among 
these, surface passivation, formed when Zn metal anodes are exposed to 
humid air or aqueous electrolytes, significantly exacerbates 
non-uniform Zn deposition and dendrite growth, undermining battery 
performance [13,14]. Despite considerable progress in enhancing Zn 
anode durability over the past decade, [15,16] the issue of passivation in 
commercial Zn anodes remains unresolved. A deeper understanding of 
the passivation behavior is critical for the development of 

high-performance and anti-passivation AZBs.
Fig. 1a provides a schematic depiction of the challenges encountered 

with commercial Zn anodes for anti-passivation AZBs. Primarily, a dense 
oxide layer composed of zinc hydroxycarbonate (Zn5(CO3)2(OH)6, ZHC) 
naturally forms on the surface of commercial Zn foil during storage and 
transportation (passivation 1 in Fig. 1a), severely impeding uniform Zn 
deposition [17,18]. Although the ZHC passivation layer can be cleaned 
through artificial pretreatment methods such as acid cleaning and me-
chanical polishing, [19–21] these approaches leave the Zn surface 
roughened, creating pits or scratches that lead to severe dendrite growth 
and by-product formation during battery cycling (passivation 2 in 
Fig. 1a)[18]. Additionally, the spontaneous reaction of Zn metal and 
H2O leads to severe hydrogen evolution reactions and the undesired 
formation of insoluble zinc hydroxide sulfate (Zn4SO4(OH)6⋅xH2O, ZHS) 
by-products, disrupting the electric field distribution and causing un-
even Zn deposition [22-24]. Efforts to mitigate these issues through 
electrolyte engineering, including the use of additives to displace water 
molecules or alter the solvation structure of Zn2+, have shown some 
promise[20,25–29]. However, these strategies fail to address the 
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passivation issue caused by the native ZHC oxide layer.
To overcome these limitations, it is imperative to explore a strategy 

that simultaneously removes the native or deposited alkaline passiv-
ation layer, enabling anti-passivation AZBs. Introducing acidic species 
into the electrolyte could be a straightforward and potent method, since 
protons can react with the ZHC layer to facilitate its removal[30]. 
However, directly adding acid to the electrolyte can exacerbate 
hydrogen evolution reactions, leading to low Zn utilization and safety 
risks such as battery swelling and exploding[31,32]. Therefore, novel 
strategies beyond acidic species are required to effectively address 
passivation issues of commercial Zn anodes.

In this work, we present a novel strategy for overcoming the 
passivation issues in AZBs by introducing a self-deprotonation pyr-
idinium (PyH⁺) additive into the conventional ZnSO₄ electrolyte 
(Fig. 1b). This additive effectively removes the native passivation layer 
via a neutralization reaction, where protons released from PyH⁺ mole-
cules promote surface cleaning. Additionally, as revealed by operando 
synchrotron radiation Fourier transform infrared (SR-FTIR) spectros-
copy, the adsorbed pyridine species block free water from the electrode 
surface, thereby suppressing by-product formation and passivation. 
With the PyH+ additive, commercial Zn anodes without pretreatment 
harvest prolonged longevity, with lifespans of over 4600 h in a Zn//Zn 
coin cell and 800 h in a 25 cm2 Zn//Zn pouch cell at 1 mA cm− 2, 
compared to only 360 h and 100 h in PyH+-free electrolyte. Full cells 
paired with various cathodes show excellent performance in the modi-
fied electrolyte. More attractively, the class of protonated organic mol-
ecules with N-containing functional groups has been validated as self- 
deprotonation electrolyte additives, facilitating the achievement of 
anti-passivation AZBs. Our results underscore the potential of self- 
deprotonating additives to effectively mitigate passivation of commer-
cial Zn anodes, providing a viable pathway for scalable, long-lifetime 
and anti-passivation AZBs.

2. Results and discussion

2.1. Anti-passivation effect and mechanism of self-deprotonation additive

To facilitate the deployment of commercial Zn anodes in anti- 
passivation aqueous Zn metal batteries (AZBs), it is imperative for the 
electrolyte additive to possess the ability to self-clean the native ZHC 
passivation layer on the surface of commercial Zn anodes. Although the 
ZHC oxide layer can be removed by acid cleaning, the direct introducing 
of acids into electrolytes is not viable due to the concerns about dele-
terious hydrogen evolution reactions. Given that N atoms possess lone 
pair electrons and exhibit basic properties, electron-deficient N-con-
taining heterocycles (e.g., pyridine) are anticipated to undergo proton-
ation and function as self-deprotonation additives, thereby enabling the 
self-cleaning of the native ZHC passivation layer. Besides, due to the 
high electronegativity of N atoms, N-containing heterocycles are ex-
pected to preferentially adsorb onto the Zn anode surface, facilitating 
the construction of a stable electrode-electrolyte interface and effec-
tively suppressing the ZHS by-products formation. Consequently, pyr-
idinium (PyH+) have been identified as promising candidates for 
electrolyte additives, owing to their capacity for self-deprotonation. This 
attribute ensures a steady release of protons capable of cleaning the ZHC 
passivation layer, as illustrated in Fig. 2a. The hypothesis of the self- 
deprotonation mechanism was substantiated by a combination of titra-
tion experiments and on-line pH measurements. In detail, 0.1 M NaOH 
was used to titrate electrolytes with and without the PyH+ additive. As 
shown in Fig. 2b, the pH of both the ZnSO4 and the acid-modified ZnSO4 
(pH=3.0) electrolytes spikes abruptly, leading to precipitation, which is 
indicative of a finite proton supply. In stark contrast, the PyH+-ZnSO4 
electrolyte exhibits a gradual increase in pH, which can be ascribed to 
the sustained release of protons from the nitrogen atoms at the PyH+

molecules. The deprotonated H+ from PyH+ reacts with the ZHC 
passivation layer, thereby enabling the self-cleaning process (Fig. S1). In 
essence, PyH+ and pyridine (Py) can be regarded as a conjugate acid- 
base pair; upon the addition of OH− to the electrolyte, PyH+ actively 
donates H+ to neutralize the incoming OH− (Fig. 2a). This proposed 
mechanism was further corroborated by Raman spectroscopy (Fig. S2) 
and nuclear magnetic resonance (NMR) spectroscopy (Fig. S3)[33,34]. 
In addition, in situ pH tests using Zn//Zn symmetric cells with 1 mL 
electrolyte were conducted. As shown in Fig. S4, the rapid increase of pH 
in the ZnSO4 electrolyte demonstrates the formation of ZHS by-products. 
In contrast, pH of the PyH+-ZnSO4 electrolyte maintains stable during 
the whole testing process, indicating that PyH+ additive can continu-
ously release H+ and construct a stable pH environment at the 
electrode-electrolyte interface.

To validate the self-cleaning ability of the PyH+ additive, passivated 
Zn electrodes were prepared by soaking commercial Zn anodes in 
ZnSO4. Subsequently, these passivated Zn electrodes were immersed in 
PyH+-ZnSO4 for varying durations, accompanied by infrared and Raman 
spectroscopic analysis. Fig. 2c presents the results of ex situ attenuated 
total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. It is 
evident that the passivated Zn electrode displays pronounced absorption 
peaks associated with ZHC and ZHS, [18] which progressively diminish 
with increasing immersion time. Within a mere few minutes, the ab-
sorption peak corresponding to ZHC, derived from the CO3 antisym-
metric stretching vibration, [18] entirely dissipates, indicating the 
effective self-cleaning of the ZHC layer by the PyH+ additive. Further, in 
situ Raman analysis corroborates similar findings (Fig. 2d). The peaks at 
approximately 467 cm− 1 are assigned to the Zn-OH coordination 
structure[35]. The fingerprints of ZHC disappear after a brief period, 
underscoring the remarkable self-cleaning capability of the PyH+ addi-
tive on the ZHC passivation layer. Moreover, electrochemical impedance 
spectroscopy (EIS) was conducted to confirm the self-cleaning effect of 
the PyH+ additive (Fig. S5). After the battery assembly and a brief rest 
period, the commercial Zn symmetric cell in ZnSO4 delivers an ultrahigh 
charge transfer resistance (Rct) compared to that in PyH+-ZnSO4, which 

Fig. 1. Schematic illustration of (a) the challenges encountered with com-
mercial Zn anodes for anti-passivation AZBs and (b) self-deprotonation elec-
trolyte additive strategy.
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can be ascribed to the cleaning of the native ZHC passivation layer by 
PyH+. The elimination of the ZHC passivation layer is also evidenced by 
the decreased contact angle toward commercial Zn foil from 88.8◦ for 

ZnSO4 to 46.7◦ for PyH+-ZnSO4 (Fig. S6).
Beyond the native passivation of commercial Zn anodes prior to 

battery assembly, passivation takes place during the Zn plating/ 

Fig. 2. Self-cleaning native ZHC passivation layer. (a) Schematic illustration of PyH+ self-cleaning the native ZHC passivation layer. (b) The pH changes of the 
ZnSO4 and PyH+-ZnSO4 electrolytes with titration by NaOH. (c) Ex situ ATR-FTIR spectra of the passivated Zn electrodes soaked in the PyH+-ZnSO4 electrolyte. (d) In 
situ Raman spectra of the passivated Zn electrodes soaked in the PyH+-ZnSO4 electrolyte.

Fig. 3. Suppressing the passivation caused by the ZHS formation. (a) Ex situ XRD 2D contour maps of soaked Zn in ZnSO4 and PyH+-ZnSO4. (b) SEM images of 
the soaked Zn surface in ZnSO4 and PyH+-ZnSO4. (c) Operando SR-FTIR spectra of Zn deposition on an Au plate in ZnSO4 and PyH+-ZnSO4 at 4 mA cm− 2 and 2 mAh 
cm− 2. (d) The adsorption energies of H2O and pyridine species on the Zn (002) plane. (e) Schematic illustration of PyH+ suppressing the passivation by the ZHS by- 
products during the battery cycling process.

Z. Xu et al.                                                                                                                                                                                                                                       Energy Storage Materials 77 (2025) 104189 

3 



stripping process due to the formation of ZHS by-products. The PyH+

additive was elucidated to effectively suppress the passivation during 
battery operation through soaking experiments, complemented with ex 
situ X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
analyses. Zn electrodes were immersed in ZnSO4 and PyH+-ZnSO4 
electrolytes for various days before XRD characterization. Notably, the 
appearance of the characteristic peaks corresponding to ZHS with 
drastically increased peak intensities is observed on the 2D contour map 
for the ZnSO4 electrolyte as the soaking time prolongs (Fig. 3a). 
Conversely, the 2D contour map for the PyH+-ZnSO4 electrolyte exhibits 
no such distinct peaks, suggesting the absence of passivation. In align-
ment with this, the rapid elevation in pH observed in the ZnSO4 elec-
trolyte after Zn electrode immersion signalled the prolific formation of 
ZHS by-products (Fig. S7). The surface morphologies (Fig. 3b and 
Fig. S8) and corresponding elements composition (Fig. S9) of the Zn 
electrodes corroborate these findings. The entire surface of the Zn 
electrode soaked in ZnSO4 is covered by hexagonal, microscale ZHS 
flakes, a feature absent on the Zn electrode soaked in PyH+-ZnSO4. 
Furthermore, the reduced Rct of the Zn symmetric cell in PyH+-ZnSO4 
confirms the suppression of ZHS-induced passivation (Fig. S10). In 
summary, the PyH+ electrolyte additive is demonstrated to effectively 
alleviate the passivation by ZHS by-products during the battery cycling, 
thereby enhancing the performance and stability of the AZBs.

To ascertain the mechanism by which the PyH+ additive suppresses 
ZHS-induced passivation during the Zn deposition process, an in-depth 
analysis was performed using operando SR-FTIR spectroscopy. SR-FTIR 
spectra were collected during Zn plating in both ZnSO4 and PyH+- 
ZnSO4 electrolytes at 4 mA cm− 2 (Fig. S11). The assignments of spectral 
peaks are detailed in Table S1. As shown in Fig. 3c, in the ZnSO4 elec-
trolyte, Zn2+ ions coordinate with free SO4

2− at the electrode-electrolyte 
interface, leading to decreased free SO4

2− (band b) and increased ZnSO4 
species (band c). A marked increase in the intensity of the OH stretching 
vibration peak (band a) is observed as Zn deposition progresses, indi-
cating an increase of adsorbed interfacial water. This local H2O-rich 
environment at the interface fosters severe side reactions, culminating in 
detrimental passivation by ZHS. The strong Zn(OH)2 vibration (band d) 
serves as direct evidence of passivation on the Zn surface. In stark 
contrast, in the PyH+-ZnSO4 electrolyte, the intensity of the interfacial 
water adsorption peak (band a) remains constant throughout the plating 
process, indicating a minimal presence of water at the electrode- 
electrolyte interface. Concurrently, the peaks assigned to anions (band 
b, band e, band g, and band h) and pyridine species (band f and band i) 
exhibit rapidly increasing intensities, suggesting their swift occupation 
of the adsorption sites. The preferential and fast adsorption of pyridine 
species pushes the free water aside, thereby creating a H2O-lean 
microenvironment at the electrode-electrolyte interface. This dynami-
cally stabilized microenvironment is conducive to inhibiting water- 
related side reactions (Figs. S12 and S13) and passivation. The allevia-
tion of passivation is likewise corroborated by the disappearance of the 
Zn(OH)2 vibration throughout the entire plating process. Additional 
tests, such as zeta potential (Fig. S14) and open-circuit potential 
(Fig. S15), also confirm the specific adsorption of pyridine species. To 
theoretically reinforce the proposed mechanism, density functional 
theory (DFT) computations were performed, as shown in Fig. 3d. 
Compared with the adsorption energy of H2O on the Zn surface, that of 
pyridine species is greater, demonstrating the preferential adsorption of 
pyridine species on the Zn surface, which effectively blocks water from 
the Zn electrode and mitigates the formation of ZHS by-products. Based 
on these systematic analyses, the swift adsorption of pyridine species 
and the establishment of a H2O-lean microenvironment at the electrode 
surface in the PyH+-ZnSO4 electrolyte are pivotal to effectively sup-
pressing side reactions and passivation during battery operation, as 
schematically represented in Fig. 3e.

The addition of PyH+ to the ZnSO4 electrolyte not only addresses the 
issue of Zn surface passivation but also plays a crucial role in achieving 
uniform Zn deposition, another significant challenge in the 

advancement of AZBs. A series of tests were conducted to systematically 
explore the dendrite-free effect of the PyH+ additive. The introducing of 
PyH+ elicits several beneficial outcomes on Zn deposition, including 
increased nucleation sites, a 3D diffusion growth mode, and an elec-
trodeposited (002) texture[36]. In detail, as shown in cyclic voltam-
metry (CV) curves of Zn//Cu asymmetric cells (Fig. S16), the initial 
potential of Zn plating on Cu foil in PyH+-ZnSO4 (B’ point) is more 
negative than that in ZnSO4 (B point) with a potential difference of 49 
mV (|BB’|), indicating the increased nucleation overpotential, which 
contributes to uniform Zn deposition with more and smaller nuclei[37,
38]. Chronoamperometry (CA) curves (Fig. S17) demonstrate a 2D 
diffusion growing process for the cell in ZnSO4, whereas a 3D diffusion 
process in PyH+-ZnSO4. In the 2D diffusion process, Zn2+ ions tend to 
diffuse to the most energetically favorable sites for nucleation, leading 
to localized nucleation and dendritic growth[39]. In the 3D diffusion 
process, the strong absorption of the pyrdine species provides an extra 
energy barrier for Zn2+ lateral diffusion. Therefore, Zn deposition takes 
place close to the initial adsorbed sites, promoting uniform Zn deposi-
tion[40]. As shown in Fig. S18, XRD patterns of Zn deposition on Cu foil 
show enhanced electrodeposited (002)-texture in PyH+-ZnSO4, which is 
beneficial to uniform Zn deposition due to the HCP structure of Zn (the 
inner of Fig. S18)[41,42].

Flattened and uniform Zn deposition in the PyH+-ZnSO4 electrolyte 
was visually examined by various microscopy techniques, such as SEM 
(Fig. S19 and Fig. S20), atomic force microscopy (AFM) (Fig. S21), and 
in situ optical microscopy (OM) (Fig. S22). SEM and AFM images of the 
deposited Zn on Cu foil in ZnSO4 show a bumpy and uneven surface 
composed of dendrites and by-products. In stark contrast, in PyH+- 
ZnSO4, the deposited Zn on Cu foil exhibits a uniform, dense and flat-
tened surface without obvious dendrites and by-products. Besides, as the 
digital photographs show, Zn only deposits on partial region of Cu foil in 
ZnSO4 due to the less nucleation sites and the inhomogeneous electric 
field strength distribution, consistent with the conclusions of CV and CA 
tests. In contrast, in PyH+-ZnSO4, Zn deposited throughout the entire 
surface, attributed to the more nucleation sites and the uniform electric 
field strength distribution. Furthermore, in situ OM was performed to 
directly observe the Zn deposition process. In ZnSO4, severe dendrite 
growth can be obviously observed, posing a risk of short circuits and 
battery failure. In contrast, in PyH+-ZnSO4, Zn anode maintains a dense 
and flattened surface with no dendrites throughout the whole plating 
process, visually verifying the dendrite-free effect of the PyH+ additive. 
By integrating the results from these diverse analytical methods, the 
PyH+ additive not only suppresses water-induced surface passivation 
but also gives rise to homogeneous Zn deposition and dendrite-free 
stable Zn anodes. Consequently, the PyH+ additive emerges as a prom-
ising strategy for enhancing the performance and reliability of AZBs.

2.2. Electrochemical performance of commercial Zn anodes with self- 
deprotonation additive

With the suppression of passivation and the promotion of uniform Zn 
deposition, Zn electrodes are anticipated to deliver exceptional elec-
trochemical performance in the PyH+-ZnSO4 electrolyte. Notably, 
commercial Zn foils were used directly as anodes without any pre-
treatment in the subsequent electrochemical tests. To determine the 
optimal concentration of the PyH+ additive, Aurbach’s coulombic effi-
ciency (ACE) method was applied using Cu//Zn asymmetric cells[43]. 
As shown in Fig. 4a and Fig. S23, the ACE for electrolytes containing 
PyH+ significantly exceeds that for bare ZSO electrolyte (87.2%), 
reaching a peak value of 97.1% at a concentration of 0.05 M. This 
concentration was thus identified as the ideal for the PyH+ additive. The 
corresponding potential-time profiles (Fig. 4b) reveal that the Zn anode 
in PyH+-ZnSO4 possesses a better electrochemical reversibility thanks to 
the effective alleviation of passivation phenomena. Similarly, for an 
assessment of the long-term cycling stability of the commercial Zn an-
odes, Zn//Zn symmetric cells were subjected to testing in ZnSO4-based 

Z. Xu et al.                                                                                                                                                                                                                                       Energy Storage Materials 77 (2025) 104189 

4 



electrolytes. As shown in Figs. 4a, 4c, S24 and S25, the symmetric cells 
exhibit an extended lifespan of up to 4600 h (over 6 months) in the 
presence of 0.05 M PyH+ additive at 1 mA cm− 2 and 1 mA h cm− 2. In 
contrast, the symmetric cell in bare ZnSO4 fails swiftly due to the 
microenvironmental inhomogeneities induced by passivation layers, 
culminating in severe dendrite formation and eventual short-circuiting, 
with a lifespan of less than 360 h. To further validate the efficacy and 
viability of the PyH+ additive in practical applications, Zn//Zn sym-
metric prototype pouch cells were fabricated with Zn electrodes span-
ning 25 cm2 (inset of Fig. 4d). As illustrated in Fig. 4d, the Zn//Zn pouch 
cell in PyH+-ZnSO4 sustainably runs for 800 h under the identical testing 
conditions as the coin cells (1 mA cm− 2 and 1 mA h cm− 2), whereas the 
pouch cell in bare ZnSO4 survives for only 100 h. Most importantly, the 
long-term cyclic performance of the Zn//Zn symmetric cell with the 
PyH+ additive outperform that of other reported state-of-the-art cells 
employing electrolyte additives (Fig. 4e and Table S2)[20,28,37,38,42,
44–54]. Furthermore, at a high current density of 10 mAh cm− 2, the 
Zn//Zn symmetric cell in PyH+-ZnSO4 sustained remarkable cyclic 
stability for 360 h under 42% depth of discharge (DOD) of the Zn 
electrode (areal capacity: 5 mA h cm− 2, 20 μm Zn), highlighting its 
potential for practical applications requiring thin Zn foils and a high 
DOD (Fig. 4f). In addition to the aforementioned findings, additional 
tests using symmetric and asymmetric cells, as shown in Figs. S26 and 
S27, also confirm the enhanced reversibility of Zn plating and stripping 

in the modified PyH+-ZnSO4 electrolyte.
To evaluate the potential and feasibility for practical applications, 

Zn//MnO2 full cells were assembled and tested utilizing β-MnO2 nano-
rods (Fig. S28) as the cathode material[54]. Notably, the Zn//MnO2 full 
cell in PyH+-ZnSO4 exhibits an improvement in long-term cyclic sta-
bility at 1 A g− 1, as shown in Fig. 4g. The full cell in PyH+-ZnSO4 pre-
serves an impressive capacity retention of 83% after 2000 cycles (a 
negligible capacity decay of 0.009% per cycle), whereas the cell in 
ZnSO4 experiences a precipitous capacity decay (0.053% per cycle) and 
a sudden failure after only 900 cycles. Benefiting from the suppression of 
passivation on the Zn anode, the full cell in PyH+-ZnSO4 shows a higher 
discharge voltage plateau and a smaller polarization, as confirmed by 
the CV results (Fig. S29) and corresponding galvanostatic charge/di-
scharge profiles (Fig. S30)[55]. To delineate the impact of the PyH+

additive on the Zn//MnO2 full cells, quasi-in situ XRD measurements of 
the cathode were conducted during a single charge/discharge cycle 
(Fig. S31). The PyH+ additive prevents the formation of ZHS on the 
cathode, which is reported to deleteriously affect the reversibility of the 
electrochemical process and the cyclic stability of the cell[56]. Besides, 
ex situ EIS measurements were performed at different cycle numbers 
(Fig. 4h). Compared to the full cell in PyH+-ZnSO4, the cell in ZnSO4 
owns a larger initial Rct before cycling and a rapidly increased Rct as the 
cell cycles, which can be attributed to the native ZHC oxide layer on 
commercial Zn anodes and the subsequent formation of ZHS 

Fig. 4. The electrochemical performances of symmetric, asymmetric, and full cells. (a) The Aurbach coulombic efficiency of the Cu//Zn asymmetric cells and 
lifespan of the Zn//Zn symmetric cells varied with the concentration of PyH+ additive. (b) Potential-time profiles of the Cu//Zn asymmetric cells in ZnSO4 and PyH+- 
ZnSO4. (c) Cyclic stability of the Zn//Zn symmetric coin cells in ZnSO4 and PyH+-ZnSO4 at 1 mA cm− 2 and 1 mA h cm− 2. (d) Cyclic stability of the Zn//Zn symmetric 
pouch cells in ZnSO4 and PyH+-ZnSO4 at 1 mA cm− 2 and 1 mA h cm− 2. The area of the Zn foil is 5×5 cm− 2 (inner). (e) Comparison of the long-term cyclic stability 
with the reported works for the Zn//Zn symmetric cells. (f) Cyclic stability of the Zn//Zn symmetric cells in ZnSO4 and PyH+-ZnSO4 at 10 mA cm− 2 and 5 mA h cm− 2. 
(g) Cyclic performance of the Zn//MnO2 full cells in ZnSO4 and PyH+-ZnSO4 at 1 A g− 1. (h) The charge-transfer resistance (Rct) of the Zn//MnO2 full cells at different 
cycle numbers. (i) SEM images of Zn anodes after cycling in the Zn//MnO2 full cells.
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by-products, respectively. As shown in the SEM images of the cycled Zn 
anodes (Figs. 4i and S32), irregular bulges and hexagonal flakes is 
distinctly observed from the bumpy surface of the Zn anode cycled in 
ZnSO4, indicative of uncontrolled dendrite growth and ZHS by-products. 
In contrast, the Zn anode cycled in PyH+-ZnSO4 maintains a smooth 
surface without ZHS formation, revealing the anti-passivation effect of 
the PyH+ additive. Moreover, self-discharge tests were conducted to 
verify the superiority of the PyH+ additive in eliminating passivation 
and ensuring interface stability (Fig. S33)[49]. Expanding the scope of 
the PyH+ additive’s utility, its potential was further demonstrated in the 
construction of Zn-based hybrid supercapacitors and Zn-organic batte-
ries, utilizing activated carbon (AC) and polyaniline (PANI) as cathode 
materials, respectively[57,58]. Both the Zn//AC supercapacitors and 
Zn//PANI cells exhibited enhanced cyclic performance in PyH+-ZnSO4 
(Fig. S34), indicating the broad application potential of the PyH+-ZnSO4 
electrolyte across a variety of Zn-based electrochemical devices.

2.3. The universality of self-deprotonation additives

To broaden the utility of self-deprotonation additives in constructing 
anti-passivation AZBs, additional protonated organic molecules bearing 
distinctive N-containing functional groups were meticulously selected 
and introduced into the ZnSO4 electrolyte, including 1-methylimidazo-
lium (MImH+) and imidazolium (ImH+). Fig. 5a delineates the molec-
ular structures of these additives, along with the proposed self- 
deprotonation mechanism. To confirm the effectiveness of these addi-
tives in preventing passivation, chemical components of the Zn surfaces 
were investigated by ATR-FTIR spectra, as shown in Fig. 5b. The Zn 
anode cycled in ZnSO4 shows absorption peaks corresponding to both 
ZHC and ZHS (the highlighted area in Fig. 5b), confirming severe 
passivation[18]. In comparison, no discernible absorption peaks are 
observed for the Zn electrodes cycled in both MImH+-ZnSO4 and 
ImH+-ZnSO4, similar to the fresh Zn (Fig. S1), indicating the achieve-
ment of anti-passivation AZBs with the additives. Linear polarization 
(LP) (Fig. S35) and linear sweep voltammetry (LSV) (Fig. S36) tests 
indirectly prove the anti-passivation effect of self-deprotonation addi-
tives. The inhibition of passivation is anticipated to bolster the electro-
chemical performance of commercial Zn anodes without pretreatment. 
Specifically, as shown in Fig. 5c, the ACEs of the Cu//Zn asymmetric 
cells in both MImH+-ZnSO4 (94.3%) and ImH+-ZnSO4 (94.4%) surpasses 
that in blank ZnSO4 (87.2%). Furthermore, as presented in Fig. 5d, the 
lifespans of the Zn//Zn symmetric cells with self-deprotonation addi-
tives are much longer than that without additives. The notable is that 
among the self-deprotonation additives, the PyH+ additive is optimal 
and shows the best electrochemical performance, due to the faintest risk 
of HER and corrosion, confirmed by pH values (Table S4), Tafel corro-
sion current and HER onset potential. Overall, these results indicate that 
the strategy of introducing protonated N-containing heterocyclic com-
pounds as self-deprotonation additives is a universally effective 
approach for enabling anti-passivation and stable AZBs.

3. Conclusion

In conclusion, the strategic introducing of the self-deprotonation 
electrolyte additive, PyH+, represents an innovative solution to the 
passivation challenges faced by AZBs. The PyH+ molecules deprotonate 
and react with the native passivation layer, thereby achieving a self- 
cleaning effect. Operando SR-FTIR spectroscopy confirms that the 
rapid adsorption of pyridine species at the electrode-electrolyte inter-
face creates a local H2O-lean microenvironment, which inhibits the 
formation of by-products and subsequent passivation. Remarkably, the 
commercial Zn anodes without pretreatment exhibit excellent long-term 
cyclic performances in PyH+-ZnSO4 with lifespans of over 4600 h in 
Zn//Zn coin cell and 800 h in 25 cm2 Zn//Zn pouch cell at 1 mA cm− 2. 
Moreover, the cyclic stability of full cells using MnO2 and other cathode 
materials is notably ameliorated in the PyH+-ZnSO4 electrolyte. More 

importantly, this study verifies that analogous protonated N-containing 
heterocyclic organic molecules can serve as self-deprotonation electro-
lyte additives for anti-passivation AZBs. This work uncovers a promising 
pathway for mitigating the passivation of Zn anodes through electrolyte 
additive strategy, which holds great potential for advancing the devel-
opment of metal anodes beset by passivation challenges.
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