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A B S T R A C T

Aqueous zinc-ion batteries (AZIBs), owing to their safety and low cost, are one of the most promising energy 
storage systems. But the uncontrollable dendrite growth and side reactions limit their practical application. Using 
electrolyte additives is a simple and effective method to optimize the battery performance. This paper presents a 
strategy of using carbon dots (CDs) to construct electrode protective layer in situ. A new kind of nitrogen and 
sulfur co-doped carbon dots (NSCDs) was designed for this aim, which help AZIBs achieve excellent performance 
by trace amounts (0.2 mg mL− 1) of addition. The interfacial protective layer formed by the adsorption of NSCDs 
on the Zn electrode surface enhances the stability of the electrode during deposition/stripping processes through 
the improved ion transport kinetics and the effective buffering of interfacial pH values. As a result, the Zn||Zn 
symmetric cell achieves a stable cycle of more than 4000 h, and the Zn||NH4V4O10 full cell shows excellent 
specific capacity and capacity retention under a rapid charge/discharge condition of 3 A g− 1.

1. Introduction

In the past decade, aqueous zinc-ion batteries (AZIBs) have attracted 
intensive attention due to the abundant reserves of Zn, the safety of 
aqueous electrolytes, the high volumetric energy density (5855 mAh 
cm− 3), and the low reduction potential (0.762 V vs. standard hydrogen 
electrode) [1–4]. Among the numerous reports on AZIBs research, the 
greatest challenge arises from the instability of the zinc anode, involving 
the dendrite growth, the hydrogen evolution reaction (HER) and the by- 
product accumulation, which heavily reduce the cycle life and Coulomb 
efficiency of AZIBs [5]. To overcome the above problems, various 
methods have been tried, such as electrode surface coating [6], elec
trolyte modification [7,8], anode structure design [9], controlled 
growth of specific crystal faces [10], etc. It is adopted that introducing 
electrolyte additives is the simplest and most effective method [11,12]. 
Many electrolyte additives have been developed recently, which can be 
divided into two major categories: ionic additives (like Na+ [13], Mg2+

[14], Pb2+ [15], Co2+ [16], etc.) and organic additives (like ethanol 
[17], PEG [18], tartaric acid [19], urea [20], etc.). Ionic additives are 
able to inhibit the dendrite growth by regulating the interfacial electric 
field, homogenizing the deposition kinetics, and promoting the homo
geneous nucleation. Organic additives can adjust the Zn2+ solvation 

structure or the anode reaction kinetics through binding to zinc, so the 
corrosion and the dendrite growth on Zn anodes are suppressed. In 
addition, some organic additives can form hydrogen bonding network 
with water to hinder HER and improve the decomposition voltage of the 
aqueous electrolyte. Both HER and H+/Zn2+ co-embedding phenomena 
are universal in AZIBs, which cause the pH value increase in the elec
trolytes and produce by-products. Some organic molecules possess both 
acidic groups and basic groups, and thus play as pH buffers to prevent 
the side reactions. Although there are plenty of additives for AZIBs in 
literature, it is difficult to find one that meets all requirements for sta
bilizing AZIBs.

Carbon dots (CDs) are a new family of organic-inorganic hybrid 
nanomaterials with excellent photoluminescence [21], whose electro
chemical properties have been discovered recently and developed in 
many energy storage devices [22–25]. Among various nanoparticles 
applied in batteries, CDs have special advantages naturally. Their 
composition and structure can be easily adjusted to meet various re
quirements in batteries, their small size (1–10 nm) and rich surface 
groups allows their homogeneous dispersion in all kinds of electrolytes, 
and their nontoxicity, environmental friendship and sustainability 
match with the development of renewable energy [26–28]. Distin
guished from those ionic additives and organic additives, CDs are 
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nanoparticles with carbon cores and various surface groups, which 
means CDs will show multi-functions as a new type of additives in AZIBs.

Graphene quantum dots (GQDs) are one kind of CDs, which was first 
added in the electrolyte to suppress the reactivity of water and stabilize 
Zn anode successfully [29]. Another kind of CDs, C3N4 QDs was also 
employed to stabilize Zn anode through constructing a self-repairing 
interphase, where the periodic graphitic N sites guided the uniform 
deposition of zinc ions [30]. Subsequent researchers found that the 
doped CDs have more defects and active sites, and thus are more 
effective as AZIBs additives [31]. For example, our research group 
synthesized N, S-codoped CDs with rich polar surface groups, which 
could reduce anode corrosion by adjusting the solvation structure of zinc 
ions, and accelerate Zn2+ transfer from the electrolyte to Zn surface by 
the sulfonic groups on CDs surfaces [32]. Later, we found a kind of S- 
doped CDs could induce the formation of dense (002) crystal planes 
during the Zn deposition, further enhancing the stability of Zn anode for 
AZIBs [33]. Furthermore, carbonized polymer dots, as a subset of carbon 
dots, can also be used as electrolyte additives [34]. These functionalized 
CDs primarily focus on regulating Zn2+ transport behaviors at the 

electrode interfaces, yet overlook the detrimental effects of pH change 
induced by HER and H+ insertion/extraction. The pH elevation of the 
electrolyte will produce irreversible byproducts, accelerate electrode 
passivation and ultimately compromise the cycling stability of AZIBs. It 
is necessary to find some multi-functional CDs to control zinc deposition 
homogenously and stabilize the pH values of the electrolyte 
simultaneously.

In this work, we synthesized a new kind of nitrogen‑sulfur co-doped 
carbon dots (NSCDs) as multifunctional additives to construct an inter
facial protective layer on Zn anode in situ. Through the modular mo
lecular design, the NSCDs possess strong affinity to Zn electrodes and 
selective binding capability to Zn2+ ions. Trace amounts of NSCDs ad
ditives can effectively adhere onto the Zn electrode surface, and in the 
meantime, regulate the distribution and chemical environment of both 
Zn2+ ions and H2O molecules within the Helmholtz layer, thereby sup
pressing Zn dendrite growth and the electrode corrosion synergistically. 
Furthermore, the NSCDs serve as efficient pH buffers to stabilize the 
interfacial pH fluctuations and mitigate the byproduct accumulation on 
the electrode surface. A trace amount of NSCDs (0.2 mg mL− 1) in the 

Fig. 1. (a) The method of NSCDs synthesis and NSCDs solution in sunlight and ultraviolet light; characterization of as-prepared NSCDs. (b) TEM image of NSCDs. (c) 
FTIR spectra of NSCDs. (d) The XPS full survey of NSCDs and deconvoluted high- resolution XPS of (e) C 1 s, (f) N 1 s, and (g) S 2p spectra of NSCDs, respectively.
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typical 2 M ZnSO4 electrolyte can significantly enhance the battery 
cycling stability. The Zn||Zn symmetric cells demonstrated exceptional 
cyclability, maintaining the stable operation for over 4000 h at a current 
density of 1 mA cm− 2 and a capacity density of 0.5 mAh cm− 2. After the 
prolonged plating/stripping, the cells exhibited the remarkable inter
facial stability and the dendrite-free morphology. When the above 
NSCDs incorporated electrolyte was tested in the Zn||NH4V4O10 full 
cells, the cells could work stably for more than 1000 cycles under the 
current density of 3 A g− 1 (NH4V4O10 in coin cells).

2. Results and discussion

Experimentally, N and S co-doped CD (NSCDs) were synthesized by a 
simple hydrothermal reaction using citric acid and sulfonamide and 
then purified by dialysis, which resulted in aqueous solution with bright 
blue fluorescence under UV light (Fig. 1a). The transmission electron 
microscopy (TEM) image shows that such NSCDs are uniformly 
dispersed with an average diameter of about 7 nm (Fig. 1b). Their lattice 
structures are obvious with the interplanar spacing of 0.21 nm, corre
sponding to the (100) crystal plane of graphite [35]. NSCDs exhibit a low 
zeta potential of − 18.6 mV (Fig. S1), indicating that their negatively 
charged surfaces are conducive to adsorb Zn2+ ions. FTIR measurement 
was performed to study the surface groups of NSCDs, and the obtained 
spectra (Fig. 1c) exhibit peaks at 1190 cm− 1 and 621 cm− 1 corre
sponding to the stretching vibrations of O=S=O and C–S, respectively 
[36,37]. The strong absorption FTIR peaks at 1720 and 1400 cm− 1 are 
ascribed to C––O and C–N, respectively, indicating that NSCDs have 
plenty of amide structures. In addition, the peak at 1652 cm− 1 corre
sponds to the C––C bonds, while the broad absorption band at 
3600–3000 cm− 1 is the typical signal of the electronegative -OH, 
-COOH, and -NH2 groups [38–40]. X-ray photoelectron spectroscopy 
(XPS) was used to study the surface structures of NSCDs (Fig. 2d), and 

both N and S element peaks are observed in the full spectrum. In the 
high-resolution spectrum, the C 1 s spectrum can be divided into C–C, 
C-O/C-N, C––O, and C-S/Caromatic (Fig. 1e) [41], while the N1s spectrum 
can be fitted into pyrrole N, amino N, pyridine N, and graphite N, 
respectively (Fig. 1f) [42]. Moreover, the S 2p spectrum have two peaks 
at 166.4 eV and 168.1 eV, corresponding to C–S and S––O, respectively 
(Fig. 1g) [43]. The above characterization results prove that our NSCDs 
are doped with N and S successfully, with negatively charged surfaces 
and rich functional groups that will exhibit strong interactions with Zn.

The conduction band of zinc metal partially overlaps with the 
valence band, and the electrons in the valence band can easily transfer to 
the conduction band, thus forming unoccupied states in the valence 
band [44]. When the unoccupied states accept electrons from molecules 
or groups, chemical adsorption occurs on the surface of Zn. Structures 
with the higher HOMO (highest occupied molecular orbital) energy 
possess the stronger electron-donating capabilities, therefore, the 
HOMO energies of carbon dot structures are evaluated through the 
density functional theory (DFT) calculation, including amino N, 
graphite N, pyrrole N, pyridine N, carboxyl, carbonyl, sulfonamide 
group, and sulfonic group (Fig. 2a). Among them, the graphite N 
structure exhibits the highest HOMO energy (− 5.170 eV), suggesting 
that NSCDs prefer to adsorb on the zinc metal surface through the 
graphite N structure. The binding energies of the above-mentioned 
structures with Zn2+ are calculated to assess the ability of NSCDs to 
guide the uniform deposition of Zn2+. The results (Fig. 2b) indicate that 
both the graphite N and sulfonamide sites in NSCDs have good affinity 
for Zn2+, and the carboxyl, hydroxyl, and amino groups on the surface of 
NSCDs also have relatively strong binding energies, much stronger than 
that of H2O (− 3.837 eV), which demonstrates that NSCDs can effectively 
regulate the solvation structure of Zn2+. Subsequently, the adsorption 
behavior of NSCDs on the (002) crystal plane of zinc metal is evaluated 
by calculations, and the results (Fig. 2c) show that when NSCDs adsorb 

Fig. 2. Screening of functional groups and the influence of carbon dots on the zinc surface. (a) HOMO energy of carbon dots structure with different functional 
groups. (b) Binding energy between the zinc ion and different functional groups. (c) Adsorption energy of H2O, NSCD on Zn (002) plane. (d)Schematic illustrations of 
the zinc plate in ZS-NSCD electrolyte.
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on the (002) crystal plane through the graphite N sites, the adsorption 
energy reaches − 0.786 eV, which is much higher than the adsorption 
energy of H2O molecules (− 0.299 eV). This indicates that NSCDs can 
adsorb on the zinc metal surface preferentially compared to water 
molecules, thereby reducing the corrosion of the electrode by the active 
water [45]. Based on these findings, we propose a strategy to reconstruct 
the electrical double layer at the zinc electrode interface by NSCDs. The 
strong adsorption capability of graphitic nitrogen sites towards zinc 
metal enables NSCDs to replace water molecules in the Helmholtz layer, 
forming a new NSCD-dominated interfacial structure. Through the 
preferential coordination with Zn2+, NSCDs effectively modify the Zn2+

solvation structure and guide zinc deposition in the more uniform 
manner.

To evaluate the performance of NSCDs as electrolyte additives, 2 M 
ZnSO4 aqueous solutions with different concentrations of NSCDs were 
used as the electrolytes for Zn||Zn symmetric cells, and named as ZS- 
NSCDx (x = 0.1, 0.2, 0.4, 1 mg mL− 1) (Fig. S2). As shown in Fig. 3a 
and S3, at different current densities from 1 mA cm− 2 to 10 mA cm− 2, 
ZS-NSCD0.2 exhibit the lowest polarization voltage, while ZS-NSCD0.1 
had the higher polarization voltage. In the constant current cycle tests 
at 1 mA cm− 2 and 0.5 mAh cm− 2 (Fig. 3b, S4), all samples show good 
cycle stability, demonstrating the excellent performance of NSCDs as the 
electrolyte additive. ZS-NSCD0.1 and ZS-NSCD1 had relatively short 
lifetimes of 1865 h and 2083 h, respectively, while ZS-NSCD0.2 
completed more than 4000 h of cycling with a stationary voltage 
curve, which is significantly better than those data in recent reports 

Fig. 3. (a) Rate performance of Zn||Zn cells in ZS-NSCD0.2 electrolyte. (b) Long-term galvanostatic charging/discharging of Zn||ZS-NSCD0.2||Zn cells under current 
density and areal capacity of 1 mA cm− 2,0.5 mAh cm− 2. (c) Comparison of cycle time between this work and the literature. (d) SEM image and EDS analyzing of Zn 
plate after 50 cycles in Zn-NSCD0.2 electrolyte. (e)(f) In-situ optical microscopy images of Zn anode during Zn plating in ZS and ZS-NSCD0.2 electrolyte.
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(Fig. 3c, Table S1). The shorter lifetime of the high-concentration group 
is due to the increased viscosity of the electrolyte and the decrease of ion 
conductivity (Fig. S5), Furthermore, the aggregation of NSCDs at high 
concentrations is also a contributing factor to performance degradation. 
Although NSCDs exhibit good solubility in deionized water, their solu
bility is significantly impaired in the high ionic strength environment of 
the 2 M ZnSO₄ electrolyte. At elevated concentrations, NSCDs cannot 
dissolve effectively and tend to aggregate. These aggregated NSCD 
particles can lead to the formation of an uneven interface on the elec
trode surfaces, thereby adversely affecting battery performance. In 
contrast, the control cell using 2 M ZnSO4 electrolyte can only maintain 
60 cycles of cycling before a rapidly short-circuiting. Based on the above 
tests, the optimal NSCDs concentration was determined to be 0.2 mg 
mL− 1, and the subsequent tests and cell assemblies will use the ZS- 
NSCD0.2 sample. For the sake of brevity, ZS-NSCD0.2 is abbreviated 
as ZS-NSCD in the following text.

Subsequently, the stability of ZS-NSCD assembled cells were tested at 
different current densities respectively, and ZS-NSCD maintained stable 
cycling and a small polarization voltage from 1 mA cm− 2 to 10 mA cm− 2 

(Fig. S6). In the subsequent deep discharge test, the ZS-NSCD group 
symmetric cell remained stable for more than 200 h at 10 mA cm− 2 and 
10 mAh cm− 2 (Fig. S7). The shortened lifespan under higher depth of 
discharge (DOD) is primarily due to the excessive amount of zinc 
deposition/stripping under those conditions, which exceeds the capa
bility of NSCDs to regulate uniform deposition. This leads to a significant 
reduction in electrode surface flatness. The SEM images (Fig. S8) shows 
that the surface of the failed electrode exhibits numerous pits and 
grooves, and substantial dendrite growth piercing the separator leads to 
short circuits. These various tests demonstrate the stable cycling ability 
of symmetric cells after using NSCD as an electrolyte additive. In addi
tion, the surface conditions of the electrodes during the symmetric cell 
cycling process were characterized. Fig. 3d shows the SEM and EDS 
images of the zinc plate after 50 cycles of symmetric cell cycling in ZS- 
NSCD, with a smooth and flat surface and only a few oxygen-containing 

by-products. In contrast, the zinc plate after cycling in ZS have lots of 
plate-like species on the surface, and the EDS results confirm that the 
surface oxygen content is very high, indicating the generation of by- 
products. The surface morphology of the zinc plate during the deposi
tion process was observed using in-situ optical microscopy (Fig. 3e, f). 
During the one-hour deposition process, large dendrites appear on the 
surface of zinc plate in ZS due to uneven deposition, while the zinc plate 
in ZS-NSCD maintain a flat surface morphology owing to the positive 
effects of NSCDs.

In the XRD patterns of the zinc plates after cycling in different 
electrolytes (Fig. 4a), the samples from the ZS-NSCD electrolyte show 
the typical zinc diffraction with almost no impurities, while the samples 
from the ZS electrolyte exhibit the peaks of Zn4SO4(OH)6⋅4H2O that is 
the common by-product in literature. These by-products are derived 
from the side reactions between Zn and the active H2O in the Helmholtz 
layer, especially under the increased pH values. The pH enhancement is 
a common phenomenon when the HER and the H+ insertion take place 
in AZIBs. Hence, maintaining a relatively stable pH value of the elec
trolyte is very important to the stability of AZIBs. To investigate the 
mechanism of NSCDs in suppressing side reactions, their pH-stabilizing 
capability are examined in aqueous solutions (Fig. 4b). When 0.1 M KOH 
solution (pH = 12.82) is gradually added into 10 mL of NSCDs solution 
with HCl (initial pH = 3.09), the pH value of the mixture keeps below 6 
even after the added KOH solution reaches 500 μL, demonstrating 
excellent pH buffer effects of NSCDs. In contrast, a control HCl aqueous 
solution (pH = 3.10) shows quite different behavior, that only 100 μL of 
KOH addition can increases the pH value from 3.10 to 10.30. Such a pH 
buffering performance of NSCDs are owing to the abundant surface 
carboxyl and amine groups, for amine groups consume excess H+ under 
low pH conditions, while carboxyl groups release H+ to neutralize OH−

under high pH conditions. During the cycling of AZIBs, the electrode 
surface is prone to the following side reactions: 

2H2O+2e− →2OH− +H2 

Fig. 4. (a) Comparison of XRD patterns of zinc anodes after 50 and 100 cycles at 1 mA cm− 2 and 0.5 mAh cm− 2. (b) Titration 10 mL of NSCD and HCl solution with 
0.1 mol NaOH as the titrant. (c) The pH of the electrolyte after 0, 5, 10, 20, 30 cycles. (d)Tafel plots representing corrosion behaviors. (e) CA curves indicating Zn2+

diffusion process of Zn electrode in ZS and ZS-NSCD electrolytes, respectively.
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3Zn2+ +6OH− +ZnSO4 + xH2O→Zn4SO4(OH)6⋅xH2O 

The HER-induced pH elevation facilitates the formation of electro
chemically inert byproducts. However, the NSCDs additives are able to 
maintain a lower pH environment effectively near the electrode, thereby 
significantly suppressing byproduct generation [46]. In fact, due to their 
strong adsorption on the zinc electrode surface, NSCDs will have the 
higher local concentration at the electrode/electrolyte interface than 
that in the bulk electrolyte. Therefore, only a small addition of NSCDs 
can contribute a great buffering capacity and stabilize the pH values on 
the electrode/electrolyte interfaces.

The pH evolution of the electrolyte in Zn||Zn symmetric cells is 
monitored during plating/stripping cycles at 1 mA cm− 2 and 0.5 mAh 
cm− 2 to evaluate the pH-buffering effect of NSCDs under operational 
conditions (Fig. 4c). The initial pH value of 2 M ZnSO4 electrolyte in
creases from 3.52 to 5.06 after 30 cycles due to the severe HER. Notably, 
the interfacial pH at the electrode surface is typically much higher than 
the bulk electrolyte value, which would accelerate side reactions and 
byproduct formation, ultimately compromising the electrode stability 
[47]. In contrast, the 2 M ZnSO4 electrolyte containing 0.2 mg mL− 1 of 
NSCDs shows different behavior. Although its initial pH is slightly lower 
(3.05, attributed to H+ release from NSCDs), it demonstrates signifi
cantly improved pH stability during cycles, maintaining a relatively low 
pH of 3.80 even after 30 cycles. These results confirm that NSCDs 
effectively function as pH buffers in 2 M ZnSO4 electrolyte, maintaining 
a relatively acidic environment that suppresses excessive byproduct 

formation and preserves electrode integrity during prolonged cycling.
The Zn||Zn symmetric cell using the basic 2 M ZnSO4 electrolyte 

exhibited a large nucleation overpotential (Fig. S9), which caused Zn2+

to deposit at a few easily nucleated sites, leading to Zn dendrites. After 
adding NSCDs, the graphitic N and sulfamine groups in NSCDs will co
ordinate with Zn to increase the nucleation sites effectively [48], and 
reduce the nucleation overpotential to 52.39 mV. A lower nucleation 
overpotential means a lower nucleation barrier, which is conducive to 
the uniform Zn deposition [49,50]. Tafel curves of the symmetric cells 
are shown in Fig. 4d, and the cell using ZS-NSCD exhibits the lower 
corrosion current than the control (0.15 vs 2.15 mA cm− 2), indicating 
that the addition of CDs enhances the corrosion resistance of the elec
trode. The linear sweep voltammetry (LSV) curve in Fig. S10 shows that 
the ZS-NSCD cell has a larger overpotential (38 mV), which means that 
the hydrogen evolution reaction during cycling is better suppressed. In 
addition, at the other end of the curve, the evolution of O2 is also 
inhibited. This protective effect arises from the NSCDs adsorption layer 
on the electrode interface which significantly reduces the content of 
reactive water molecules in the Helmholtz layer, thereby enhancing the 
electrode's resistance to the aqueous corrosion. The above experimental 
results demonstrate that the NSCDs protective layers on the zinc elec
trodes are able to enhance the electrode's electrochemical stability 
effectively.

Chronoamperometry (CA) measurements are employed to investi
gate Zn2+ diffusion behaviors during zinc deposition, for the current 
transients can reflect the morphological evolution of the electrode. In 

Fig. 5. (a) ATR-FTIR spectra of bare Zn, NSCD and Zn&NSCD; (b) EDL capacitance at zinc electrode in ZS and ZS-NSCD; (c) EIS profiles of Zn||Zn cells with ZS and 
ZS-NSCD electrolyte before cycling; Confocal luminescence image of Zn plate in Zn||Zn cells with (d) ZS and (e) ZS-NSCD after 30 cycles; The XPS depth spectra for S 
2p of Zn anode tested in (f) ZS and (g)ZS-NSCD electrolyte for 30 cycles.
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Fig. 4e, the ZS sample exhibits a continuous current increase over 200 s, 
indicating the prolonged 2D diffusion of Zn2+ ions as they search for 
low-surface-energy sites, leading to the localized deposition and the 
dendrite formation. In contrast, the ZS-NSCD sample changes from the 
initial 2D diffusion (~50 s) to a stable 3D diffusion, evidenced by the 
steady current profile corresponding to the uniform Zn deposition. These 
results demonstrate that the in situ-formed CDs interlayer can confine 
Zn2+ 2D diffusion, where the strong coordination interactions between 
Zn2+ and oxygen-containing functional groups of CDs restrict the 
deposition to the proximal sites of the initial adsorption, and in the 
meantime, promote the formation of numerous small nucleation sites. 
This mechanism significantly enhances the homogeneity of zinc depo
sition, as evidenced by the observations under an optical microscopy 
[51,52].

The adsorption effects of NSCDs on the Zn metal surface are evalu
ated by various tests. Firstly, the zinc plate is soaked in an aqueous so
lution containing 0.2 mg mL− 1 of NSCDs for 24 h, and then analyzed by 
ATR-FTIR. As shown in the Fig. 5a, the bare zinc shows no obvious 
characteristic peaks, but after NSCDs soaking, multiple peaks corre
sponding to NSCDs appear. It is noticed that the peak positions of C––C 
(1650 cm− 1) and O=S=O (1100 cm− 1) exhibit some redshift, which can 
be attributed to the strong interactions between these groups and Zn 
surface [53]. Secondly, the electrochemical double layer capacitance 
(EDLC) of the Zn||Zn symmetric cells using ZS and ZS-NSCD was 
measured respectively (Fig. S11). In Fig. 5b, the EDLC using ZS is 366.6 
μF cm− 1, while that using ZS-NSCD is only 157.4 μF cm− 1. This indicates 
that the strong adsorption of NSCDs on the zinc surface drives away the 
original H2O molecules in the inner Helmholtz planes, resulting in a 
decrease in EDLC [54–56]. Thirdly, in the electrochemical impedance 
spectroscopy (EIS) test (Fig. 5 c), compared to the control group, the ZS- 
NSCD cell exhibits a significantly reduced charge transfer resistance 

(Rct), indicating that the in-situ formed interfacial layer structure by CDs 
facilitates the desolvation and ion transport processes. Further tests are 
conducted to examine the impedance changes of symmetric cells during 
long-term cycling (Fig. S12). Due to those uncontrolled side reactions 
within the cell, a large amount of non-conductive byproducts accumu
lated on the electrode surface, causing the impedance of the ZS sym
metric cell to increase rapidly during cycles. In contrast, the ZS-NSCD 
symmetric cell maintain the lower impedance after 100 cycles. The 
impedance decrease at the 5th cycle compared to the initial state is 
usually attributed to the further formation of the interfacial layer. This 
phenomenon demonstrates that the ZS-NSCD electrolyte can effectively 
mitigate side reactions within the cell, suppress the formation of 
passivation layers on the electrode surface, thereby ensuring rapid 
charge transfer processes and reducing the charge transfer impedance of 
the cell. Finally, the confocal microscopy images (Fig. 5 d and e) also 
confirm the existence of the interface layer. After 50 cycles working, the 
electrode slices are washed by ethanol and deionized water, and then the 
dried samples are observed by a confocal microscope. It is clear the Zn 
plate soaked in the ZS-NSCD electrolyte exhibits the blue fluorescence of 
CDs, while the control shows no fluorescence signal.

The XPS with Ar+ sputtering depth profile is used to analyze the 
composition distribution of the interface layer on the Zn plate (Fig. S13). 
The C 1 s spectra reveal that the electrode surface consists of ZnCO3 
(289 eV) and characteristic carbonaceous components C-H/C-C (284.8 
eV). With increasing depth, the ZnCO3 signal weakens while the C––O 
(287 eV) signal gradually intensifies (Fig. S14). Furthermore, the S 2p 
spectra confirm the depth-dependent compositional distribution within 
the interfacial layer (Fig. 5 f and g). A distinct SO4

2− peak (168.9 eV) is 
observed at the surface [57], originating from both the ZnSO4 electro
lyte and accumulated Zn4SO4(OH)6 byproducts. This signal significantly 
diminishes in the inner interfacial layer, where the organic C–S (162.4 

Fig. 6. (a) CE of Zn||Cu half cells with ZS and ZS-NSCD electrolyte at 1 mA cm− 2 and 0.5 mAh cm− 2. (b) the corresponding voltage profiles at different cycles. (c) 
digital images and (d) XRD patterns of Cu plate in Zn||Cu half cells after deposition of 5mAh cm− 2 zinc.
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eV) component from carbon dots becomes dominant [58]. In contrast, 
zinc electrodes cycled in ZS electrolyte show markedly different 
behavior, with no significant spectral changes observed as a function of 
sputtering depth. These results demonstrate that ZS-CD forms a unique 
interfacial layer on the electrode surface: an outer region composed of 
ZnSO4, ZnCO3, and byproducts, and an inner organic-inorganic com
posite layer primarily consisting of NSCDs. This structure effectively 
enhances the electrode's corrosion resistance and stability.

After disassembling a Zn||ZS-NSCD0.2||Zn symmetric cell cycled for 
50 cycles, the electrode was taken out, washed with deionized water 
thoroughly, and then reassembled into a new symmetric cell using 2 M 
ZnSO4 electrolyte. The cycling performance under the same conditions 
(1 mA cm− 2, 0.5 mAh cm− 2) is shown in Fig. S15. The symmetric cell 
achieved stable cycling for over 700 h, representing a significant in
crease compared to the control cell's lifespan of less than 100 h. This 
experiment demonstrates that after initial cycles NSCDs have formed 
interfacial protective layers on the Zn electrode surfaces.

To further evaluate the ability of NSCDs to achieve uniform zinc flux 

and inhibit Zn dendrite growth, the reversibility of Zn deposition and 
stripping was measured using a Zn||Cu half cells assembly. As shown in 
Fig. 6a and b, in the first few cycles, due to the process of reshaping the 
zinc coordination, the coulombic efficiency (CE) is low. In the subse
quent 200 cycles, both groups of cells maintain stable CE. However, due 
to the dendrite growth and the by-product formation, the ZS half-cell 
exhibits severe fluctuations and soon short-circuits. In contrast, the 
ZS-NSCD half-cell, which presents a clear contrast, could cycle steadily 
for over 1000 times and maintain a high CE. After depositing Zn at 5 
mAh cm− 2 on the copper foil, the half-cells are disassembled to observe 
the morphologies of the electrode foils (Fig. 6c). In the ZS group the 
copper foil is covered by zinc on a few positions, while in the ZS-NSCD 
group the copper foil is uniformly covered by zinc on almost all the 
surface. This strongly demonstrates the ability of NSCD additive to 
promote uniform deposition of Zn2+. The SEM images of the sample of 
the ZS group (Fig. S16) show that a large amount of loose and disorder 
zinc accumulated on the copper foil surface, accompanied by many flaky 
by-products. In contrast, the zinc deposition in the ZS-NSCD group is 

Fig. 7. Electrochemical performance of Zn||NVO cells using ZS and ZS-NSCD electrolytes, respectively. (a) CV curves at a scan rate of 0.5 mV s− 1; (b) rate per
formance of Zn||NVO cells; (c) charge-discharge profiles under different current density conditions; (d) cycling performance and CE of Zn||NVO cells with mass 
loading 1.19 mg cm− 2; self-discharge analyses of Zn||NVO cells using (e) ZS and (f) ZS-NSCD electrolytes.
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more uniform and compact, only with fewer by-products. The XRD 
patterns in Fig. 4i shows that the zinc deposited in the ZS-NSCD group 
has a relatively high I002/I101 value. Those previous reports point out 
that the (101) planes of zinc are aligned with the substrate at large de
grees, which are prone to the growth of dendrites. However, the (002) 
planes of zinc are aligned with the substrate at 0 ~ 30o, resulting in the 
denser and more uniform zinc deposition to suppress corrosion and 
dendrites [59]. The above results confirm the ability of NSCDs to achieve 
uniform zinc flux and inhibit dendrite growth reasonably.

ZS-NSCD and ZS are assembled into Zn||NH4V4O10 (NVO) full cells 
to study their performance respectively, in which NVO is synthesized 
according to the previous literature (Fig. S17, S18) [60]. The initial 
cyclic voltammetry (CV) tests (Fig. 7a) reveal that both cells exhibit 
similar electrochemical behavior, confirming that the introduction of 
NSCDs does not alter the redox reactions [61]. As shown in Fig. 7 b and 
c, the full cell employing the ZS-NSCD electrolyte demonstrates superior 
rate capability across various current densities (0.1, 0.2, 1, 3, and 5 A 
g− 1). Notably, even at high current densities, the NSCDs additive facil
itates rapid redox kinetics and stable interfacial charge transfer [62]. A 
comparison of the cycling performance at 3 A g− 1 (Fig. 7d) shows that 
the cell with ZS-NSCD electrolyte delivers an initial capacity of 306.9 
mAh g− 1 after activation and retains 260.5 mAh g− 1 after 500 charge/ 
discharge cycles, significantly outperforming the cell with ZS electrolyte 
(84.9 % vs. 69.3 % of the capacity retention). Furthermore, Fig. 7 e and f 
present the self-discharge behavior of the two cells after a 48-h rest 
period following charging, as evaluated by CE. The ZS-NSCD cell 
maintains a CE of 87.25 % after resting, whereas the ZS cell only ach
ieves 80.88 %. These results demonstrate that the NSCDs additive 
effectively suppresses side reactions and dendrite formation during cy
cles, thereby enhancing the overall electrochemical performance of the 
full cells.

3. Conclusion

This study suggests a novel strategy of constructing an interfacial 
protective layer in situ on Zn anode by adding multifunctional NSCDs of 
only 0.2 mg mL− 1 into the common ZnSO4 electrolyte. Various experi
mental characterizations and theoretical calculations demonstrate that 
such an inorganic-organic hybrid layer can protect Zn electrodes and 
stabilize the AZIBs through three aspects. Firstly, NSCDs replace some 
active water molecules in the Helmholtz layer to reduce the electrode 
corrosion significantly. Secondly, NSCDs facilitate the desolvation pro
cess of the hydrated Zn2+ ions, and serve as additional nucleation sites to 
guide uniform zinc deposition. Finally, NSCDs act as pH buffers to 
effectively mitigate the interfacial pH increase caused by HER, conse
quently reducing the formation of byproducts. As a result, the dendrite 
growth on the zinc electrode is effectively inhibited, and the cycling life 
of the AZIBs is significantly prolonged. In comparison with those reports 
about the electrolyte additives for AZIBs, our NSCDs modified batteries 
exhibit remarkable performance. The assembled Zn||Zn symmetric cell 
achieves stable cycling for over 4000 h at 1 mA cm− 2 and 0.5 mAh cm− 2, 
and the Zn||NVO full cell demonstrates a high specific capacity with a 
long-time cycling stability. Our present work provides new insights on 
the design and application of CDs as electrolyte additives for AZIBs from 
the perspective of interfacial engineering.
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