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1. Introduction

Lithium-ion batteries (LIBs) have expe-
rienced expeditious progress in the past 
two decades, and successfully dominated 
power sources in portable electronics and 
electric vehicles.[1] However, the unsatis-
factory safety performance of LIBs owing 
to the utilization of toxic and flammable 
carbonated-based electrolytes limits their 
further applications in emerging grid-scale 
energy storage devices, which has also 
motivated extensive efforts seeking high-
safety, cost-effective, and environmentally 
friendly battery technologies.[2] Benefitting 
from the advantages of zinc metal such as 
low redox potential (−0.76  V, vs  standard 
hydrogen electrode (SHE)), high theoret-
ical specific capacity (820 mAh g−1), low 
cost, and good compatibility with aqueous 
electrolyte, aqueous zinc-metal batteries 
(AZMBs) with metallic Zn as anode are 
considered to be one of the most prom-
ising candidates.[3] However, the commer-
cialization of high-performance AZMBs 
are still hindered by dendrite growth, 
hydrogen evolution, and formation of by-
products on the surface of Zn metal.[4] Par-
ticularly, the continuous accumulation of 

by-products accompanied by hydrogen evolution side reaction 
will lead to tremendous insulating sites on the surface of Zn 
anode, which will dramatically exacerbate the rampant growth 
of dendrites or surface passivation, increasing the battery polar-
ization and then aggravate the hydrogen evolution reaction 
(HER) (Figure 1a).[5]

In order to alleviate the deterioration of Zn anode, 
researchers have addressed tremendous efforts, such as 
building conductive hosts,[6] surface modification,[7] and regu-
lating the electrolyte.[8] Among these strategies mentioned 
above, design of electrolytes by additives engineering has 
attracted extensive attention due to the outstanding merits of 
simpleness, efficiency, and cost-effectiveness.[9] Various func-
tional additives like 1,2-dimethoxyethane,[10] glucose,[11] and 
diethyl ether[12] have been reported to be capable of suppressing 
the dendrite growth and parasitic reactions through forming 

Aqueous zinc-metal batteries have attracted extensive attention due to 
their outstanding merits of high safety and low cost. However, the intrinsic 
thermodynamic instability of zinc in aqueous electrolyte inevitably results in 
hydrogen evolution, and the consequent generation of OH− at the interface 
will dramatically exacerbate the formation of dead zinc and dendrites. Herein, 
a dynamically interfacial pH-buffering strategy implemented by N-meth-
ylimidazole (NMI) additive is proposed to remove the detrimental OH− at 
zinc/electrolyte interface in real-time, thus eliminating the accumulation of 
by-products fundamentally. Electrochemical quartz crystal microbalance and 
molecular dynamics simulation results reveal the existence of an interfacial 
absorption layer assembled by NMI and protonated NMI (NMIH+), which 
acts as an ion pump for replenishing the interface with protons constantly. 
Moreover, an in situ interfacial pH detection method with micro-sized spatial 
resolution based on the ultra-microelectrode technology is developed to 
probe the pH evolution in diffusion layer, confirming the stabilized interfacial 
chemical environment in NMI-containing electrolyte. Accordingly, with the 
existence of NMI, an excellent cumulative plating capacity of 4.2 Ah cm−2 
and ultrahigh Coulombic efficiency of 99.74% are realized for zinc electrodes. 
Meanwhile, the NMI/NMIH+ buffer additive can accelerate the dissolution/
deposition process of MnO2/Mn2+ on the cathode, leading to enhanced 
cycling capacity.
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H-bonding, modulating solvation structure, and building elec-
trostatic shields.[9,13] From a thermodynamical view, however, 
the standard electrode potential of hydrogen evolution reaction 
is 0 V while the zinc reduction is much lower (−0.76 V vs SHE), 
which means that the occurrence of hydrogen evolution during 
Zn deposition process cannot be completely avoided.[10,14] 
Meanwhile, the inevitable hydrogen evolution especially under 
high-rate cycling conditions will trigger the local alkaline envi-
ronment at the electrode–electrolyte interface, resulting in the 
formation of irreversible by-products (Zn4SO4(OH)6·5H2O, 
ZSH).[7a,9] Therefore, some inspiring works have been con-
ducted to reduce the pH change of bulk electrolytes to extend 
the lifespan of Zn-metal anodes.[15] Nonetheless, the research of 
stabilizing pH at the localized Zn interface region is still at its 
fancy stage, and more in-depth mechanism and methodology 
validation are necessary.

In this work, a dynamically interfacial pH-buffering strategy 
enabled by an N-methylimidazole (NMI) additive is proposed 
to eliminate the formation of ZSH on the surface of Zn-
metal anodes. As shown in Figure  1b, the absorption buffer 
layer assembled by NMI and protonated N-methylimidazole 
(NMIH+), can not only release protons to clear up ZSH inten-
sively and immediately, but also restrict the 2D migration of 
Zn2+ to inhibit the dendrite growth, thus markedly improving 
the reversibility of Zn anode. Moreover, benefitting from the 
direct and rapid proton-transport kinetics between NMI and 
NMIH+ molecules, an uninterrupted and fast proton-transport 
network together with water molecules is established in elec-
trolytes. Therefore, NMI molecules can work as spontaneous 
ionic pumps to transport protons continuously from bulk 
phase to the interface region (Figure 1c), thereby stabilizing the 
interfacial pH dynamically. Furthermore, the pH evolution of 
interface region during Zn deposition process is also detected 
in situ by scanning electrochemical microscopy coupled with 

pH ultra-microelectrode, revealing the dramatic pH increase at 
interface region in conventional 2.0  m ZnSO4 electrolyte, and 
confirming the effective diminishment of interfacial pH change 
with the existence of NMI. In addition to the highly reversible 
Zn deposition behavior, the NMI/NMIH+ buffer additive is also 
unexpectedly found to accelerate the dissolution/deposition 
kinetics of MnO2/Mn2+ through releasing or capturing protons 
on the cathode during cycling, leading to the enhanced revers-
ible capacity and cycling stability. The proposed interfacial pH-
buffering strategy should provide a significant guideline for the 
further development of practical AZMBs.

2. Results and Discussion

Since the increased pH of electrolyte will lead to the formation 
of ZSH while the decreased pH will exacerbate the HER, main-
taining the stable pH value of electrolyte and reaction interface 
has a crucial impact on the performance of Zn anode.[16] As 
shown in Figure 2a, the buffer platform of NMI in 2.0 m ZnSO4 
is between 3.6 and 5.4, and ZSH dissolves when 20% NMI is 
neutralized. The realization of buffering effect depends on the 
reversible binding and releasing of H+ from 3-nitrogen atom at 
NMI molecule. With the pH of the solution decreasing from 
5.2 to 3.0, the intensities of Raman peaks located at 1235 cm−1, 
1350 cm−1, and 1422 cm−1 decrease while intensities of peaks 
located at 1288 cm−1 and 1457 cm−1 increase[17] (Figure S1a, Sup-
porting Information), demonstrating the transition from NMI 
to NMIH+. In addition, the decrease of absorbance at 290 nm 
in UV spectrum (Figure S1b, Supporting Information) also 
suggests the transition from NMI to NMIH+, revealing the 
concentration ratio of NMI to NMIH+ is correlated with the 
pH of solution. In the subsequent works, the pH of NMI + 
2.0  m ZnSO4 is adjusted to 4.0 to be consistent with the pH 
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Figure 1.  a–c) Schematic illustrations of the deterioration of Zn anode in pure ZnSO4 electrolyte (a), NMI additive improving the reversibility of Zn 
anode (b), and the proton-transfer process between NMI additive molecules (c).
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of pure 2.0  m ZnSO4. Therefore, for the 50  mL 0.2  m NMI + 
2.0  m ZnSO4 solution, the valid section for pH buffering cor-
responding to 2–9  mL 0.5  m H2SO4 from the titration curve, 
indicating a utilization rate of more than 70% while using NMI 
as a buffer additive. In situ differential electrochemical mass 
spectroscopy (DEMS, Figure S2, Supporting Information) with 
a homemade electrochemistry cell is performed to monitor the 
formation of hydrogen during the electrochemical deposition of 
Zn. As shown in Figure  2b, with the addition of 0.2  m NMI, 
the hydrogen evolution rate is slightly reduced. Besides, the 
addition of NMI slightly increases the hydrogen evolution over-
potential of the Zn electrode from the hydrogen evolution test 
(Figure S3, Supporting Information), suggesting the addition of 
NMI will not exacerbate the hydrogen evolution reaction. There-
fore, the improved performance of Zn anode can be attributed 

to the dynamically interfacial pH-buffering effect, revealing the 
significance of inhibiting the accumulation of ZSH.

Subsequently, 2.0  m ZnSO4 with different concentrations 
of NMI (0, 0.05, 0.1, 0.2, and 0.5 m) are employed as the elec-
trolytes of Zn//Zn symmetric cells (Figure S4, Supporting 
Information), and Zn//Cu half cells (Figure S5, Supporting 
Information) to determine the optimum additive concentra-
tion. Clearly, there are still some dendrites accumulated on 
the surface of cycled Zn foil with the low addition of NMI 
(Figure S6, Supporting Information) and the Zn//Zn sym-
metric cells fail due to the short circuit when employing elec-
trolytes with a low concentration of NMIH+ (0, 0.05 m, 0.1 m). 
However, the coulombic efficiency (CE) of Zn//Cu half cells 
will decrease as the concentration of NMIH+ increases owing 
to the increased electrode polarization. It can be speculated that 
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Figure 2.  a) Acid–base titration curve of 2.0 m ZnSO4 with the addition of 0.2 m NMI. b) In situ monitoring of hydrogen evolution and its corresponding 
time–voltage curve in Zn//Zn symmetric cells with different electrolytes. c,d) CE of Zn//Cu half cells (the insets show the galvanostatic voltage 
profiles) at 2.0 mA cm−2 (c) and 5.0 mA cm−2 (d) with the Zn plating capacity of 1.0 mAh cm−2. e) XRD patterns of pristine Zn foil and Zn foils cycled 
in different electrolytes at 1.0 mA cm−2 for 1.0 mAh cm−2. f) Contents of ZSH in Zn foils tested by ion chromatography. g,h) S 2p XPS spectra depth 
profile of the Zn foil cycled in ZS (g) and NZ (h).
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the concentration of NMI in bulk phase will affect the cyclic 
performance by changing the proton reserve in bulk phase and 
amount of NMIH+ adsorbed on the rapidly changing surface. 
Based on the above test results, 2.0 m ZnSO4 with 0.2 m NMI 
(named as NZ) was chosen as the target electrolyte component.

Zn//Cu half cells are assembled to evaluate the revers-
ibility of Zn anode. With a plating/stripping capacity of 
1.0 mAh cm−2, half cells employing NZ electrolyte deliver an 
ultrahigh average CE of 99.51% during 3000 cycles at a current 
density of 2.0 mA cm−2 (Figure 2c) and 99.74% at 5.0 mA cm−2 
(Figure  2d), while the half cells with mild acidic pure ZnSO4 
electrolyte (named as ZS) failed rapidly and shown fluctuating 
CE in less than 100 cycles due to the accumulation of dead zinc 
and ZSH. Besides, when the thickness of Zn foils is reduced 
to 10  µm and 20  µm, Zn//Cu half cells with NZ electrolyte 
can also exhibit higher CE in more stable cycles (Figure S7, 
Supporting Information). Therefore, X-ray diffraction (XRD) 
is employed to identify the existence of ZSH, the root of dead 
zinc accumulation, and poor Zn plating/stripping reversibility. 
As shown in Figure 2e, compared with pure Zn metal, several 
obvious peaks which are indexed to ZSH appear at ≈ 8.1°, 16.2°, 
and 24.4° 2θ (JCPDS: 78-0246) after 20 and 50 cycles of Zn foil 
in ZS. In contrast, there are no obvious peaks in XRD pattern 
of the Zn foil in NZ over 100 cycles. Moreover, the content of 
ZSH is determined by quantifying sulfate ions in Zn foils with 
ion chromatography. As revealed in Figure 2f, after 20, 50, and 
100 cycles, the contents of ZSH in Zn foils cycling with pure 
ZS are 2.06‰, 3.03‰, and 5.78‰, respectively. By contrast, 
the contents of ZSH are significantly reduced (0.44‰, 0.61‰, 
and 0.96‰, respectively) with the existence of NMI, indicating 
the interfacial pH-buffering strategy can improve the revers-
ibility of zinc anode by eliminating the formation of ZSH. In 
addition, with the increase of NMI addition, the content of 
ZSH on Zn electrode decreases significantly (Figure S8, Sup-
porting Information), revealing that the buffer effect is related 
to the concertation of NMI in bulk phase due to the proton 
reserve and absorption in the changing interface. Furthermore, 
the chemical composition of deposited Zn is evaluated by XPS 
(X-ray photoelectron spectroscopy). As shown in Figure 2g, the 
obvious peak at 168.2 eV in S 2p spectrum implies the existence 
of ZSH on Zn electrodes cycled in ZS. Moreover, S element can 
still be detected after etching by Ar+ sputtering for 80 s or 160 s, 
representing the intergrowth of loosely deposited Zn and ZSH. 
In sharp contrast, no obvious peak appears in S 2p spectrum of 
Zn electrodes cycled in NZ (Figure  2h), confirming that NMI 
additive can clear the newly generated OH− continuously at 
interface during charge–discharge process. According to above 
works, the evolution of OH− in ZS and NZ can be described as 
follows:

( )+ → +− −2H O 2e H 2OH HER2 2
� (1)

+ + + →+ − −4Zn SO 6OH 5H O Zn SO (OH) ·5H O (in ZS)2
4
2

2 4 4 6 2
� (2)

( )+ → +− +OH NMIH NMI H O in NZ2
� (3)

Considering that both the Zn deposition and the formation of 
ZSH take place at the electrode–electrolyte interface region, the 
stable dynamic adsorption layer at interface is a prerequisite 

for the realization of local buffer strategy and limiting 2D dif-
fusion of zinc ions. Therefore, (Electrochemical) quartz crystal 
microbalance ((E) QCM), which can sensitively reflect the 
mass change of electrode by the change in frequency of quartz 
crystal,[18] is carried out to assess the absorption behavior of 
additive on electrode interface. As shown in Figure 3a, inert Au 
quartz electrodes are used in EQCM to detect the mass changes 
at different potentials and Au@Zn electrodes (Figure S9, Sup-
porting Information) with Zn deposited by atomic layer depo-
sition are used in QCM to evaluate the specific adsorption of 
additive. In the QCM tests (Figure 3b), as the baseline has gone 
flat, 0.2  m Na2SO4 is added to the electrolyte. It is observed 
that the vibration frequency changes sharply after an external 
liquid shock and then remains constant quickly, suggesting 
that the system can quickly recover from a disturbance. When 
0.2  m (NMIH)2SO4 under the same conditions is added, after 
a drastic change caused by shock, the vibration frequency con-
tinuously increases by 32 Hz. It means that the apparent mass 
of electrode is decreased by 44.8  ng, revealing the continuous 
migration of additive from the bulk phase to the interface.[19] 
Organic molecules like NMIH+ adsorbed on the interface will 
occupy a very large surface space on Zn anode, and replace sev-
eral layers of much smaller but well-oriented water molecules, 
thus decreasing the density of the interfacial electrolyte,[20] 
leading to the reduced apparent mass of Zn electrode. More-
over, the vibration frequency of Zn electrode remains constant 
even after more (NMIH)2SO4 is added to the electrolyte, con-
firming the saturated state of NMIH+ adsorption layer. Besides, 
influences like the density of electrolytes could be excluded 
due to the stable frequency in this step. In addition, a similar 
trend is obtained from QCM test under the same condition in 
0.2  m ZnSO4 (Figure  3c) and 2.0  m ZnSO4 (Figure S10, Sup-
porting Information), elucidating that additive can indeed affect 
the density of interfacial electrolyte on the Zn surface through 
specific adsorption of NMI and NMIH+ which is undisturbed 
by cation species either Na+ or Zn2+. Differential capacitance 
(DC) and electrochemical impedance spectroscopy (EIS) tests 
are also conducted to further confirm the adsorption species. 
With the increase of NMIH+ content in interface reflected by 
the decrease of pH, the right shift of capacitance peak in DC 
curve (Figure S11, Supporting Information)[21] and the increase 
of charge-transfer resistance (Rct) in EIS (Figure S12, Sup-
porting Information) is observed, directly indicating the exist-
ence of NMIH+ in the electric double layer. Since both NMIH+ 
and Zn2+ are cations, the Rct will also increase due to the repel-
lency between like-charged ions, which will make it more dif-
ficult for Zn2+ to cross the absorption layer, thus proving that 
NMIH+ is indeed involved in the adsorption at the interface.[22] 
Tafel curves in Figure 3d exhibit significantly increased corro-
sion potential and decreased corrosion current, which are in 
good consistent with the absorption of additive. Besides, the 
contact angle test (Figure S13, Supporting Information) shows 
that the addition of NMI in electrolyte can notably reduce the 
contact angle (from 53.99° to 38.35°) with the polished zinc foil 
due to the increased interfacial residual charge which is derived 
from the absorption of NMIH+.

Moreover, EQCM test of Au electrode is applied to mon-
itor the in situ mass change of electrode interface at different 
potentials in practical batteries, and 0.2  m Na2SO4 aqueous 

Adv. Mater. 2023, 35, 2208630
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solution was adopted as the supporting electrolyte to eliminate 
the disturbance of Zn deposition/dissolution in ZnSO4 elec-
trolyte. As depicted in Figure 3e, CV curves of two electrolytes 
with and without NMI added are basically similar, which are 
both contributed to the adsorption–desorption of hydrogen 
atoms.[23] However, there is a distinct difference in mass change 
between these two electrolytes (Figure  3f). In a pure 0.2  m 
Na2SO4 electrolyte, the tiny mass change at different potentials 
is contributed to the competitive adsorption of H atoms with 
H2O molecules on the interface and trace dissolution of surface 
Au.[22] By comparison, there is a significant mass change for Au 
electrode in 0.2  m Na2SO4  + NMI electrolyte when the poten-
tial changes, which is attributed to the adsorption of NMIH+ 
on the interface at low potential and the desorption of NMIH+ 

at high potential due to the electrostatic interaction. The EQCM 
results illustrate that the electric field can drive NMIH+ close to 
the interface and increase the interfacial concentration of addi-
tive, which will be beneficial to the migration of protons from 
NMIH+ in bulk phase to NMI at interface through the rapidly 
hopping process.[24]

To obtain deeper insight into the electrochemical interface, 
classical molecular dynamics (MD) simulation is carried out to 
investigate the distribution and adsorption behavior of species 
at the interface. Apparently, abundant H2O molecules and SO4

2− 
ions are adsorbed on the surface of Zn metal at zero charge 
potential (Figure S14, Supporting Information). The interfa-
cial H2O molecules are more easily to be split up to form H2 
and OH−, which will combine with Zn2+ and SO4

2− ions in the 

Adv. Mater. 2023, 35, 2208630

Figure 3.  a) Digital image of in situ QCM/EQCM equipment (left of insets is the Au-sputtered circular quartz substrate and the right is Zn QCM 
electrode). b,c) QCM tests in 0.2 m Na2SO4 solution (b) and 0.2 m ZnSO4 solution (c). d) Tafel plots of Zn electrode tested in NZ and ZS. e,f) EQCM 
test using Au QCM electrode as substrate in 0.2 m Na2SO4 with/without NMI additive. e) Cyclic voltammograms (CV) curves and f) corresponding 
mass change. g–i) Classical molecular dynamics simulation of species distribution of NZ in Zn electrode–electrolyte interface region. g) Side view and 
h) top view of species distribution. i) Concentration distribution of NMI in the interfacial region at different potentials.
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interface region, leading to the accumulation of by-products. 
Apparently, numerous NMI and NMIH+ ions are adsorbed at 
the interface after the addition of NMI additive (Figure  3g-h), 
which is consistent with the above experimental results. Simul-
taneously, a considerable amount of sulfate ions and H2O mole-
cules are excluded from the interface (Figure S15, Supporting 
Information), indicating a good agreement with the increase 
of hydrogen evolution overpotential. Moreover, the adsorption 
behavior of additives at different potentials is simulated by 
MD. As shown in Figure 3i, the adsorption amount of NMIH+ 
increases significantly with the decrease of electrode potential, 
indicating that there will be more NMIH+ ions absorbed on the 
interface due to the electrostatic effect during Zn deposition 
process.

The interfacial buffering strategy will inevitably be accompa-
nied by the loss of protons in NMIH+. Therefore, it is necessary 
for protons to be continuously transported to the interface layer 
thus maintaining the dynamic buffering effect. In order to reveal 
the concrete behavior of protons and NMI additive in the inter-
facial pH-buffering strategy, quantum chemistry calculation is 
performed to compare the activation Gibbs free energy (ΔG≠) 
of different proton-transport processes. As shown in Figure 4a, 
ΔG≠ of proton-transport process through “NMIH–NMI” transi-
tion state is close to 0  kJ mol−1, which is much smaller than 
ΔG≠ through “NMIH–H2O–NMI” or “NMIH–H2O-H2O-NMI”, 
indicating the rapid proton-transport kinetics between NMI 
molecules.[24] Furthermore, MD calculation shows the diffusion 
coefficient of NMIH+ at interface is only 0.031 × 10−5 cm2 s−1 
(Figure 4b), demonstrating the difficulty of subsequent adsorp-
tion–desorption process of NMIH+ or NMI at the interface. In 
the practical process of zinc deposition, the rate of hydrogen 
evolution is less than the rate of proton transfer in bulk phase. 
Therefore, the key to the dynamic buffering effect is the rapid 
proton conductive process at the interface. Although the dif-
fusion coefficient of H3O+ (9.34 × 10−5 cm2 s−1) is higher than 
that of NMIH+ (0.53 × 10−5 cm2 s−1), due to the much higher 
concentration of NMIH+ (0.18  m, 90% protonation of NMI) 
than H3O+ (1.0 × 10−4  m, pH = 4) and the absorption enrich-
ment effect, interfacial NMI prefers to acquire protons directly 
from the neighboring NMIH+ to renew the buffer adsorption 
layer once the proton of interfacial NMIH+ is consumed, in 
which the protons are described as “hopping” from NMIH+ to 
NMI directly. The calculation results in Figure  4a also reveal 
that there will be a higher ΔG≠ when protons diffuse along 
longer water molecules chain. In the bulk phase, considering 
the mechanism of Grotthuss diffusion[25] in water and the high 
concentration of NMIH+, it can be speculated the proton carrier 
NMIH+ can act as a node in aqueous hydrogen-bonded system, 
forming a fast proton transferring network together with water 
molecules, (Figure S16, Supporting Information) thus short-
ening the path of proton transport. Consequently, the NMI 
additive builds up a proton warehouse and transport network 
in electrolyte, in which the NMIH+ ions act as spontaneous 
proton pumps toward maintaining the dynamically interfacial 
pH-buffering effect.

In order to evaluate the pH evolution as well as the interfa-
cial pH-buffering effect, scanning electrochemical microscopy 
(SECM) equipped with ternary pH ultra-microelectrode (UME) 
is developed for the in situ pH determination in diffusion 

layer in our home-made electrochemical cell (Figure 4c; Figure S17,  
Supporting Information), which has barely been reported 
in previous studies. The pH ultra-microelectrode consists of 
50 µm diameter W/WO3

[26] and Ag/AgCl electrodes and a 20 µm 
diameter Pt electrode, which serves as a pH microsensor, ref-
erence electrode, and distance positioner, respectively, making 
the ultra-microelectrode can simultaneously realize distance 
control and pH detection.[27] Besides, the integrated strategy 
of Ag/AgCl reference electrode and W/WO3 pH-detecting elec-
trode can effectively reduce the interference of solution resist-
ance and electric field.[28] As a conductive metal substrate, Zn 
foil has a positive feedback effect on the oxidation of ferrocene 
methanol (FcMeOH) under diffusion-limited conditions.[29] As 
shown in Figure 4d, the closer the Pt UME approaches the sub-
strate, the higher the oxidation current is, which is attributed to 
the catalysis of substrate on the FcMeOH transformation from 
oxidation state to reduction state.[30] The distance between Pt 
electrode and Zn substrate is ≈0.8 times the electrode radius 
(8 µm) when the current reaches 1.5 times the steady-state cur-
rent in bulk phase.[31] And the distance is enough for the dep-
osition of Zn. As presented in Figure  4e, the vertical distance 
between Pt electrode and the W/WO3 electrode is ≈20 µm, thus 
the distance between pH UME and Zn substrate can control at 
30 µm, which is less than the thickness of the diffusion layer.[32]

Figure 4g shows the pH evolution in diffusion layer or bulk 
phase in NZ and ZS electrolytes during the electrodeposition 
process. Obviously, the pH of diffusion layer in ZS electrolyte 
increased rapidly to 5.1 in 800 s and remained constant during 
electrodeposition, indicating the accumulation of OH− at 
interface region and subsequent consumption due to the con-
tinued formation of ZSH. By comparison, the pH in the bulk 
phase of ZS shows a gradual increase to 4.6, which is not alka-
line enough for the formation of ZSH. The hysteresis of pH 
changes in bulk demonstrates that OH− associated with interfa-
cial hydrogen evolution will combine with Zn2+ at the interface 
to form ZSH rather than diffusing into the bulk phase due to 
the limited diffusion rate. This implies that it may be difficult 
to effectively suppress the interface parasitic side reactions for 
conventional pH buffer strategy only working in bulk electro-
lytes. Encouragingly, the rising rate and amplitude of pH are 
significantly reduced in both bulk phase and diffusion layer 
with the addition of NMI, suggesting the interfacial pH of elec-
trolyte can be effectively stabilized by the interfacial pH-buff-
ering strategy. In addition, the finite element method (FEM) is 
performed to simulate the pH distribution in diffusion layer 
during HER process. As shown in Figure 4f, constrained by the 
diffusion rate of OH−, the pH increases rapidly in the diffusion 
layer of ZS electrolyte, especially in the region near the inter-
face, implying the rapid accumulation of ZSH on the surface. 
On the contrary, the pH remains uniform and stable (≈4.0) with 
the existence of NMIH+, demonstrating the interfacial pH-buff-
ering strategy can significantly reduce the pH change of elec-
trolyte, which is consistent with our above experimental results.

Hence, the pH-buffer process of additive can be summarized 
as follows: the specific adsorption of NMI and NMIH+ leads to 
the formation of a buffer layer on the interface, and the electro-
static effect will also drive the migration of NMIH+ toward the 
interface. Particularly, the NMIH+ ions absorbed on the inter-
face will spontaneously release protons to obliterate ZSH and 

Adv. Mater. 2023, 35, 2208630
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convert themselves into NMI molecules when hydrogen evo-
lution occurs. Subsequently, protons will be transported from 
the NMIH+ adjacent to interface to interfacial NMI through the 
direct proton-hopping process, thus maintaining the balance of 
NMI and NMIH+ at interface, and the equilibrium state in bulk 
will be achieved through diffusion and electromigration. Con-
sequently, NMI molecules act as proton pumps to continuously 
transport protons from the bulk to the interface, thus main-
taining a stable pH on interface and impeding the generation 
of ZSH.

Zn//Zn symmetric cells are assembled to test the cycle 
stability of Zn anode with different electrolytes. As shown in 
Figure 5a, a symmetric cell cycled in NZ delivers a long lifespan 
of up to 2600 h at 1.0 mA cm−2 with a plating–stripping capacity 

of 1.0 mAh cm−2, while the cell cycle in ZS happens a short 
circuit within 200 h due to the growth of dendrite. Moreover, 
the NMI additive can extend the lifespan of symmetric cell to 
840 h under a harsh test condition (10 mA cm−2, 10 mAh cm−2) 
(Figure  5b), corresponding to the extremely high cumula-
tive plated capacity (CPC) of 4.2 Ah cm−2, which is superior 
to the published works about electrolyte additives (Figure  5c, 
Table S1, Supporting Information). In addition, the symmetric 
cells employing NZ can achieve an ultralong lifespan of 1800 h 
at 2.0 mA cm−2 for 2.0 mAh cm−2 and 1000 h at 5.0 mA cm−2 
for 5.0 mAh cm−2 (Figure S18, Supporting Information), dem-
onstrating that the addition of NMI can realize the uniform 
deposition of Zn2+ in a wide range of current density. Moreover, 
when the thickness of Zn foils is reduced to 10 µm and 20 µm, 

Adv. Mater. 2023, 35, 2208630

Figure 4.  a) Activation Gibbs free energy of different proton-transport processes obtained by quantum chemistry calculation. b) Diffusion coefficients of 
NMIH+ in bulk and interface simulated by MD. c) Photo of in situ interfacial pH testing equipment. d) Approach curve of Pt probe above Zn substrate 
(inset is a diagram of positive feedback). e) Diagram of UME detecting pH changes (inset is a microscopy image of pH UME). f) pH distribution of 
diffusion layer in different electrolytes simulated by COMSOL. g) pH–time curves for bulk phase and diffusion layer of ZS and NZ tested by pH UME 
at a current density of 10 mA cm−2.
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symmetric cells with NZ electrolyte can also achieve out-
standing performance (Figure S19, Supporting Information).

At the beginning of Zn electrodeposition, zinc clusters form 
on the surface of zinc anode first.[33] It is demonstrated that the 
higher nucleation overpotential will bring the finer but larger 
number of nucleus on the surface, which will be beneficial for 
the uniform Zn electrodeposition.[34] As shown in Figure  5d, 
both the nucleation overpotential and deposition overpotential 
on Zn electrode are increased by 20 mV with the existence of 

NMI, revealing the adsorbed NMIH+ can reduce the nuclea-
tion radius due to the strong electrostatic interaction and steric 
hindrance. For subsequent stages of nucleus growth, Zn tends 
to be deposited on the original nucleus to minimize the sur-
face energy.[35] The increase of deposition overpotential with 
the addition of NMI (Figure  5d) suggests NMIH+ is adsorbed 
on the tip of nucleus due to the lowest potential, decreasing 
the local current density and inhibiting its further vertical 
growth.[22b,36] Besides, the chronoamperometry (CA) curves 

Adv. Mater. 2023, 35, 2208630

Figure 5.  a,b) The voltage–time curves for Zn//Zn symmetric cells with different electrolytes at 1.0 mA cm−2 with a plating–stripping capacity of 
1.0 mAh cm−2 (a) and 10 mA cm−2 with a plating/stripping capacity of 10 mAh cm−2 (b). c) The CPC performance comparison of Zn//Zn symmetric 
cells in NZ with previous additive works. d) Chronopotentiometry curve of Zn electrode in different electrolytes. e) In situ optical microscopy images 
of Zn deposition morphologies on the Zn electrode in ZS at a current density of 10 mA cm−2. Scale bar: 100 µm. f) Scanning electron microscopy 
(SEM) images and g) AFM images (inset is the corresponding height profiles for the blue segments) of Zn foil after 50 cycles in ZS at 1.0 mA cm−2 
for 1.0 mAh cm−2. h) In situ optical microscopy images of Zn deposition morphologies on the Zn electrode in NZ at a current density of 10 mA cm−2. 
i) SEM images and j) AFM images of Zn foils after 50 cycles in NZ at 1.0 mA cm−2 for 1.0 mAh cm−2.
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(Figure S20, Supporting Information) were tested with a nega-
tive overpotential (150 mV) on Zn electrode to evaluate the dif-
fusion behavior of Zn2+. The current density in ZS electrolyte 
changes continuously for 10 s after the mutation of potential, 
suggesting a random 2D diffusion process of Zn2+.[37] By con-
trast, the current density turns to stable rapidly with the addi-
tion of NMI, indicating the 2D diffusion is hindered by the 
dynamic absorption layer, thus inhibiting the inhomogeneity 
of ion field and dendrite growth.[38] The in situ optical micro-
scope is employed to monitor the Zn plating process in dif-
ferent electrolytes. As presented in Figure  5e and Video S1, 
Supporting Information, the initial Zn nucleation exhibits high 
randomness in ZS, leading to a loose and uneven electroplated 
layer. Whereas, beneficial from the higher nucleation overpo-
tential and deposition overpotential, both the initial and subse-
quent deposition are significantly homogeneous and compact 
(Figure  5h, Video S2, Supporting Information), indicating the 
addition of NMI is beneficial for homogeneous deposition of 
Zn.

In fact, accumulation of insulated ZSH on the surface plays 
an unneglected role in the failure of cells.[39] Before the elec-
trodeposition, lots of ZSH are accumulated on the Zn foils 
after immersion in ZS (Figure S21a, Supporting Informa-
tion), which is harmful for the Zn electrodeposition.[40] In 
contrast, NZ electrolytes can remove the passivation layer on 
the surface, and the NZ-soaked Zn foils can achieve small 
overpotential and better cyclic stability up to 700 h even with 
ZS electrolyte (Figure S21b, Supporting Information). In addi-
tion, the insulated ZSH accumulated on the surface during 
cycling will prevent the Zn plating and stripping, leading to 
a weak combination between the newly deposited Zn and the 
Zn substrate.[41] Distinct Raman peaks at 1152, 1110, 1011, and 
967 cm−1 are observed on the surface of Zn foils cycled in ZS 
electrolyte, which is corresponding to the existence of ZSH.[42] 
(Figure S22a, Supporting Information) The Raman mapping is 
performed based on the peak intensity at 967 cm−1. As presented 
in Figure S22b-e, Supporting Information, large amounts of 
ZSH distributes unevenly in the rough Zn cycled in ZS. And 
distinct S and O elements can be found on the surface of the 
Zn electrode by energy-dispersive spectrometry (EDS) analysis 
(Figure S23, Supporting Information). Due to the uneven ini-
tial deposition as well as the continuous accumulation of ZSH, 
lots of irregular flake deposits are observed on the surface of Zn 
electrode after 50 cycles in ZS (Figure 5f), and the atomic force 
microscopy (AFM) test (Figure 5g) reveals the surface altitude 
varies by several micrometers. As a result, the unconsolidated 
deposits will evolve into larger dendrites and pierce the sepa-
rator in subsequent cycles, which is responsible for the short 
circuits of cells.[43] Fortunately, as demonstrated in the Raman 
mapping and EDS tests, the introduction of NMI can signifi-
cantly prevent the formation of ZSH. Consequently, the surface 
of Zn electrode is kept fresh during plating and stripping in 
NZ, thus ensuring a good combination between newly depos-
ited Zn and the substrate. Finally, an ultradense morphology is 
formed on Zn electrode surface (Figure 5i), with a height vari-
ation of <200 nm (Figure 5j). Even after 100 cycles, the surface 
of Zn is still smooth with no dendrites appearing (Figure S24, 
Supporting Information). And the digital photos show that Zn 
foil after 50 cycles in NZ is silvery white with metallic luster 

(Figure S25, Supporting Information), while the Zn foil cycled 
in ZS looks cinereous and rough.

Among the cathode materials of AZMBs, manganese oxides 
have been receiving extensive attention due to their environ-
mental friendliness, abundant reserves, and high discharge 
voltage.[44] To evaluate the availability of buffer strategy from 
NMI additive as well as the effect of anode improvement for 
practical application, polyaniline-intercalated manganese 
dioxide (MnO2–PANI, Figure S26, Supporting Information, 
reported by Xia’s group[45]) is employed as cathode material 
to fabricate full cells. It is worth noting that besides the Zn2+ 
insertion and proton insertion which are generally accepted 
as the discharge mechanisms of manganese oxide, recently 
many works have begun to focus on the conversion reaction 
between Mn2+ and MnO2.[46] The two-electron redox reaction 
of MnO2/Mn2+ can provide an ultrahigh theoretical capacity 
of 616 mAh g−1.[47] Since the dissolution of MnO2 is asso-
ciated with the consumption of protons, ZSH will appear 
inevitably in weakly acidic ZnSO4 aqueous electrolytes. How-
ever, the accumulation of ZSH is commonly regarded as the 
reason for capacity fading of both cathode and Zn anode, while 
strongly acidic electrolytes will aggravate the challenges of 
Zn anode.[4b,47a] According to the specialty of NMI additive in 
reversibly releasing and capturing protons, it is predictably ben-
eficial to accelerating the dissolution/deposition process.

All the full cells  were  tested with the addition of 0.2  m 
MnSO4 in electrolyte. The linear sweep voltammetry (LSV) test 
(Figure S27, Supporting Information) indicates the window of 
2.0 M ZnSO4 + 0.2 M NMI + 0.2 M MnSO4 (NZM) electrolyte 
is ≈2.3 V (vs Zn/Zn2+), which is sufficient for full cells. As pre-
sented in Figure 6a,b, Figure S32b, Supporting Information, full 
cell employing NZM electrolyte exhibits an average discharge 
capacity of 234.7 mAh g−1 at 1.0 A g−1 in 200 cycles, which is 
nearly twice than the cell with 2.0 M ZnSO4  + 0.2 M MnSO4 
(ZSM) electrolyte (119.9 mAh g−1). Besides, the discharge capac-
ities of full cells increase when more NMI is added (Figure S28, 
and Figure S32b, Supporting Information). Considering both 
the capacity and cyclic stability, 0.2 m NMI is also an appropriate 
concentration for the cathode. In addition, the average discharge 
capacity of a full cell with NZM electrolyte is 130.2 mAh g−1 
at 2.0 A g−1 in 600 cycles (Figure S29, and Figure S32c, Sup-
porting Information), while the cell with ZSM electrolyte has 
only an average discharge capacity of 91.5 mAh g−1. At the cur-
rent density of 0.5 A g−1, full cell with NZM electrolyte exhibits 
an average discharge capacity of 288.5 mAh g−1 in 100 cycles, 
while that with ZSM electrolyte is 210.8 mAh g−1 (Figure S30 
and Figure S32a, Supporting Information). Rate performance 
of full cells employing different electrolytes are presented in 
Figure  6c, Figure S31, and Figure S32d, Supporting Informa-
tion. Full cell with NZM electrolyte exhibits an average dis-
charge capacity of 365.7 mAh g−1 at 0.3 A g−1, and it can still 
deliver an average discharge capacity of 112.2 mAh g−1 at a 
quite high current density (3.0 A g−1). By contrast, the average 
discharge capacities of full cell with ZSM electrolyte are only 
194.5 mAh g−1 and 83.7 mAh g−1 respectively under the same 
condition. Significantly, the discharge capacity of full cell with 
NZM electrolyte increases to 460.7 mAh g−1 when the cur-
rent reduces to 0.3 A g−1, which is higher than the theoretical 
capacity of one-electron redox reaction (308 mAh g−1), verifying 
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there is a dissolution/deposition process between MnO2 and 
Mn2+ in electrolyte.[47b]

Furthermore, cyclic voltammetry tests for MnO2–PANI 
cathode employing both electrolytes are performed to evaluate 
the role of NMI additive playing in the dissolution/deposition 
process. As shown in Figure  6d, the areas of both cathodic 

peaks and anodic peaks performed in NZM electrolyte are 
nearly twice than the ZSM, indicating a significant improve-
ment in discharge capacity. Interestingly, only one peak in CV 
test and one platform in the galvanostatic charge/discharge 
profile (Figure  6b) are observed in the first discharge process 
when tested in both electrolytes. Besides, the discharge capacity 

Figure 6.  a) Cyclic performance of Zn//MnO2–PANI full cells with different electrolytes at a current density of 1.0 A g−1 and b) corresponding galvano-
static charge/discharge profiles. c) Rate performance of full cells with different tested current densities varying from 0.3 A g−1 to 3.0 A g−1. d) CV curves 
of MnO2–PANI cathode in different electrolytes at 0.1 mV s−1. e) The mass change–potential curves of Au quartz electrode during CV test at 1 mV s−1 
and (f) corresponding CV curves. g,h,j,k) Ex situ XRD patterns of cathode during the second charge/discharge process in ZSM electrolyte (g,h) and 
NZM (j,k) electrolyte. i) XRD patterns of MnO2–PANI cathode after 50 cycles at 1.0 A g−1 in different electrolyte. l) The diagram of dissolution/deposi-
tion process between MnO2 and Mn2+ with the addition of NMI.
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of first cycle is much smaller than the subsequent cycle, veri-
fying the discharge capacity in first cycle is meanly provided 
by the insertion of Zn2+/H+.[46c] Since the conversion of MnO2/
Mn2+ is ruled by the Nernst equation, potentials of dissolution 
or deposition process are determined by the concentration of 
protons.[48] Besides, benefitting from the inhibited accumu-
lation of ZSH on Zn anode toward the reduced Zn platting/
stripping overpotential, the two cathodic peaks shift positively 
(1.24 V to 1.28 V and 1.37 V to 1.38 V) with the addition of NMI, 
and the anodic peak located at 1.57 V shifts negatively to 1.55 V, 
suggesting the full cell with NZM electrolyte has a higher dis-
charge voltage and smaller polarization. As demonstrated in 
Figure S33a, Supporting Information, cathodic peak at 1.28  V 
disappears when ZnSO4 is removed from the NZM electrolyte, 
indicating that there is only the dissolution/deposition process 
in MnSO4 + NMI electrolyte. Besides, areas of cathodic peaks 
and anodic peaks for MnSO4 + NMI electrolyte reach nearly half 
of that in NZM electrolyte, while the current in pure ZnSO4 is 
quite weak, illustrating NMI can accelerate the dissolution/
deposition process of MnO2/Mn2+ and thus providing half 
of extra capacity. Furthermore, the mass change of Au quartz 
electrode during charging and discharging process is tested 
in both electrolytes by EQCM within the potential window of 
−0.184 – 0.886 V (vs Ag/AgCl, 1.0–1.8 V corresponding to Zn/
Zn2+). As can be seen from Figure 6e, a rapid increase of mass 
is observed at 0.757  V (vs Ag/AgCl) and the maximum mass 
change reaches to 7.6  µg in NZM electrolyte. By comparison, 
the mass changes at 0.862 V and the maximum mass change is 
only 0.85 µg in ZSM electrolyte, suggesting NMI additive can 
improve the kinetics of dissolution/deposition process. Besides, 
the mass of electrode can return to the pristine state, demon-
strating the NMI additive can also enhance the reversibility of 
the dissolution/deposition process. Specifically, by integrating 
the CV curve of NZM in Figure 6f, it can be obtained that the 
quantity of electric charge consumed is 0.00762 C when the 
mass of electrode reaches the maximum for the first time, cor-
responding to 0.342 µg MnO2 or 0.935 µg ZnMn2O4. However, 
the actual test result is 0.76  µg, indicating the formation of 
ZnMn2O4 intermedium during the dissolution/deposition pro-
cess, which is consistent with the previous reports.[46a,b]

In weakly acidic ZSM electrolytes, the proton-transport 
process is associated with the deposition and dissolution 
of ZSH.[45] As shown in the ex situ XRD patterns of cathode 
during the second charge/discharge process in ZSM electrolyte 
(Figure 6g,h; Figure S34b, Supporting Information), very strong 
peaks indexed to ZSH appear at 8.1°, 16.2°, and 24.4° 2θ in the 
late stage of discharge and the early stage of charge, proving the 
formation of ZSH which is accompanied with the consumption 
of protons. However, the accumulation of ZSH on the surface 
of cathode is harmful to the kinetics of charge and discharge 
process. In contrast, with the existence of NMI additive, no 
obvious peaks indexed to ZSH appear in the XRD patterns 
(Figure  6j,k; Figure S34a, Supporting Information), declaring 
that NMIH+ can neutralize the OH− during the discharging 
process and thus avoiding the formation of ZSH. Even though 
the ZSH will dissolve during the charging process, XRD pat-
tern in Figure  6i shows the obvious existence of ZSH on the 
surface of cathode after 50 cycles in ZSM electrolyte. By con-
trast, no ZSH peaks appearing suggests that the accumulation 

of ZSH is distinctly inhibited by NMI additive, which is ben-
eficial for the reversibility of discharging and charging pro-
cess. According to above results, the evolution of NMI additive 
during the dissolution/deposition process can be described as 
follows (Figure 6l): During the discharge process, NMIH+ will 
move toward the cathode interface and provide protons for the 
dissolution of MnO2, thus inhibiting the formation of ZSH and 
reducing the overpotential of full cells; During the charging 
process, the later-generated NMI will recycle the protons, hence 
decreasing the charging voltage and accelerating the oxida-
tion of Mn2+. The NMI additive participates in the proton cycle 
instead of solid by-product ZSH, thus significantly improving 
the kinetics and reversibility of dissolution/deposition process 
between MnO2 and Mn2+. As a result, NMI additive simultane-
ously realizes the improvement of the reversible Zn anode and 
MnO2–PANI cathode, and finally, a stable full battery with high 
specific capacity is obtained.

3. Conclusions

The endurable dynamically interfacial pH-buffering effect, 
which is realized through introducing NMI multifunctional 
additive as spontaneous proton pumps, is demonstrated by 
the characterizations of in situ pH UME technology, MD, and 
FEM simulations successfully. The buffer absorption layer con-
structed by NMI and NMIH+ can not only prevent the accu-
mulation of ZSH but also inhibit the growth of dendrite, thus 
improving the reversibility of Zn anode. Therefore, with the 
addition of 0.2  m NMI, the lifespan of Zn//Zn symmetric 
cells reaches up to 2600 h and Zn//Cu half cells deliver an 
ultrahigh average CE of 99.51%. In addition, due to the rapid 
kinetic of MnO2/Mn2+ deposition and dissolution process, Zn//
MnO2–PANI full cell delivers an ultrahigh specific capacity of 
234.7 mAh g−1 at 1.0 A g−1. From a perspective of eliminating 
notorious by-products, strategy of interfacial pH-buffering 
solves one of the most stubborn aspects of zinc anode deteri-
oration, which provides a new option for highly reversible Zn 
anode in practical application of AZMBs.
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