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ARTICLE INFO ABSTRACT
Keywords: Aqueous zinc-ion batteries (AZIBs) have gained considerable attention as next-generation energy storage devices
Carbon dot due to their inherent safety, environmental friendliness, and cost-effectiveness. However, their widespread
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application is severely hampered by uncontrolled zinc dendrite growth and detrimental side reactions (e.g.,
hydrogen evolution, corrosion, and passivation), which lead to reduced Coulombic efficiency and shortened
cycle life. Current strategies to improve zinc anode stability mainly focus on artificial interface coatings, elec-
trode structure design, and electrolyte optimization. Among these approaches, electrolyte additive engineering is
considered the most promising for practical applications due to its simplicity, low cost, and excellent scalability.
Nevertheless, conventional additives (including metal ions, polymers, and surfactants) typically address only
single issues (either dendrite suppression or side reaction mitigation), failing to achieve synergistic effects. In this
work, we developed sulfur-doped carbon dots (S-CDs) as a novel bifunctional electrolyte additive to significantly
enhance AZIB performance. The carbon dot additive was synthesized via a facile calcination method, followed by
systematic characterization of its structure and properties using methods such as fourier transform infrared
spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and density functional
theory (DFT) calculations. Comprehensive electrochemical evaluations were conducted to investigate the in-
fluence of S-CDs on zinc deposition behavior and overall battery performance. Experimental results demonstrate
the successful synthesis of sulfur-doped carbon dots with abundant surface functional groups. During battery
operation, the strong binding affinity between S-CDs and Zn** effectively reconstructs the Zn?* solvation shell,
reducing water molecule content and thereby minimizing electrode corrosion and side reactions caused by
interfacial active water molecules. Moreover, the S-CDs induce the formation of stable (002) crystallographic
planes that continuously renew during plating/stripping cycles, with particularly pronounced effects under high
current densities, significantly enhancing the structural stability of the electrode. The synergistic effect of these
dual functions leads to remarkable improvement in zinc electrode performance and ultimately endows the
battery with ultra-long cycling life. Benefiting from the positive effects of the carbon dot additive, the symmetric
cell achieves exceptional stability for nearly 2000 h at a high current density of 10 mA cm ™2, far outperforming
conventional electrolyte systems. Furthermore, both Zn||NH4V4010 and Zn||MnO, full cells exhibit superior
electrochemical performance and significantly enhanced cycling stability, confirming the excellent compatibility
of the carbon dot additive with various cathode materials. This study provides novel insights and fundamental
theoretical guidance for developing high-performance AZIBs, representing a significant advancement in sus-
tainable energy storage technologies.

1. Introduction renewable energy sources. Among these, renewable energies such as
wind and solar power are characterized by intermittency and instability,

The global energy crisis and environmental issues have compelled making the development of new large-scale energy storage technologies
countries worldwide to gradually transition towards clean and crucial for their utilization [1,2]. Aqueous zinc-ion batteries have
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garnered widespread attention due to their safety, environmental
friendliness, and low cost. The zinc electrode boasts an exceptionally
high volumetric capacity density (5822 mAhecm %) and a low price
(approximately 1 % of that of lithium electrodes), which is highly ad-
vantageous for constructing large-scale energy storage devices [3].
However, current aqueous zinc batteries face challenges such as
dendrite growth and various harmful side reactions, which severely
impact the cycling stability of the batteries and hinder their commer-
cialization process [4,5].

Constructing a stable zinc anode is a core challenge in the field of
aqueous zinc batteries. In previous studies, artificial coatings have been
widely used for anode protection, but the external coatings are prone to
detachment and failure during cycling. Recent findings indicate that the
crystal plane orientation during electrodeposition significantly in-
fluences the morphology of zinc deposition [6,7]. In the hexagonal
close-packed structure of zinc metal, the (101) plane forms an angle of
30°-70° with the substrate, while the (100) plane forms an angle of
70°-90°. These large-angle arrangements are prone to dendrite growth.
In contrast, the (002) plane tends to align at small angles of 0°-30°,
which helps form a uniform and dense deposition layer, thereby con-
structing a stable electrode interface. Adjusting the crystal plane
orientation of zinc electrodes has evolved into an effective strategy for
stabilizing zinc electrodes, with specific methods including acid etching,
alloying, plasma sputtering, etc. [8-10]. However, these processes are
overly complex and difficult to scale up for mass production. In com-
parison, introducing electrolyte additives demonstrates significant ad-
vantages in feasibility and practicality [11]. Research shows that certain
organic or inorganic additives can effectively regulate the directional
growth of zinc crystal planes [12-14]. Among them, organic additives
typically require high dosages, which not only reduce the energy density
of the battery but may also pose safety risks due to the carcinogenicity of
certain organic compounds (such as pyridine, 2-methylimidazole, etc.).
Inorganic additives (such as indium sulfate, europium chloride, etc.) are
often expensive, making cost control challenging.

Carbon dots (CDs) have garnered attention in the field of electro-
chemistry due to their abundant surface groups and structural tunability
[15-17]. Environmentally friendly, low-toxicity, and low-cost carbon
dots are considered ideal materials for green energy storage systems,
and their application in aqueous zinc batteries has been preliminarily
explored [18,19]. Zhang et al. [20] introduced graphene quantum dots
(GQDs) as additives into the electrolyte, where GQDs adsorbed on the
high-potential tips of the zinc anode reduced the nucleation over-
potential through strong binding with Zn?>. GQDs also weakened the
reactivity of water molecules by forming hydrogen bonds with them,
thereby enhancing the battery’s cycling performance. The Li research
group [21] developed an additive system based on graphitic carbon
nitride dots, which serves as an efficient colloidal ion carrier and par-
ticipates in constructing a zinc anode protection interface with dynamic
self-healing properties. This unique interface structure not only exhibits
excellent zinc ion conductivity and transference number but also effec-
tively regulates the zinc ion flux distribution, enabling uniform zinc
deposition. Song et al. [22] designed a nitrogen-sulfur co-doped carbon
dot additive, where the abundant polar groups on the carbon dot surface
can modulate the solvation structure of zinc ions by reducing coordi-
nated active water molecules, thereby guiding uniform zinc deposition
and avoiding side reactions. In summary, previously reported carbon dot
electrolyte additives primarily focus on adjusting the Zn?* solvation
structure or forming an adsorption layer on the electrode surface,
thereby reducing the corrosion of active water and providing additional
nucleation sites for Zn?* deposition. If a carbon dot-based electrolyte
additive could be developed to combine these functions—both regu-
lating the Zn2* solvation structure to reduce the corrosion of the zinc
electrode by active water and inducing the formation of a zinc electrode
interface dominated by the (002) crystal plane to avoid dendrite for-
mation—it would be a work of profound significance, comprehensively
improving the working conditions of the zinc anode.
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In this work, to address the instability of aqueous zinc anodes and the
severe corrosion of electrodes by active water molecules, sodium p-
styrenesulfonate was used as a carbon and sulfur source to synthesize
sulfur-doped carbon dots through a simple calcination method. These
carbon dots were then employed as an electrolyte additive for aqueous
zinc batteries. Systematic electrochemical tests were conducted to
investigate the influence mechanism of carbon dots on the zinc depo-
sition process and the overall battery performance.

2. Experimental section
2.1. Synthesis of carbon dots

Place 1 g of sodium p-styrenesulfonate (90 %, Sinopharm Chemical
Reagent) in a tube furnace, and heat it to 400 °C at a heating rate of 5 °C
min~}, followed by calcination for 1.5 h. Dissolve the obtained black
powder in 50 mL of deionized water, filter it through a 0.22 pm mem-
brane, and then transfer it into a dialysis bag with a molecular weight
cutoff of 3500 D. After dialysis for 24 h, remove the solution and freeze-
dry it to obtain brown powdery carbon dots [23].

2.2. Synthesis of cathode materials

Dissolve 0.32 g of NH4VO3 (99 %, Macklin) in 40 mL of deionized
water and stir at 60 °C for 1 h. Subsequently, add 0.58 g of HyC204-2H50
(AR, Aladdin) and stir until completely dissolved. Transfer the resulting
emerald green solution to a 100 mL high-pressure reactor and react at
180 °C for 6 h. After the reaction, wash the resulting dark green solid
multiple times with deionized water, and then transfer it to a 60 °C oven
for thorough drying to obtain NH4V401.

Dissolve 2.5 g of MnSO,-H,0 (AR, Aladdin) and 2 mL of 0.5 mol L™}
H,SO4 (AR, Adamas) in 80 mL of deionized water with stirring until
completely dissolved. Subsequently, add 1.6 g of KMnO4 (AR, Adamas)
and stir for 2 h to form a brown suspension. Transfer the suspension to a
100 mL high-pressure reactor and react at 120 °C for 24 h. After the
reaction, filter and wash multiple times with deionized water, then
transfer to a 60 °C oven for thorough drying to obtain a-MnOs.

2.3. Cell assembly

Preparation of electrolyte: Carbon dots were added to a 2 mol L™}
ZnS0O4 aqueous solution to prepare electrolytes with different concen-
trations. According to the amount of carbon dots added (0, 0.2, 0.4, 1
mg mL™D), they were named as: ZS, ZS-CDO0.2, ZS-CDO0.4, ZS-CD1.

Preparation of electrodes: Clean zinc plates with a thickness of 0.05
mm were cut into 12 mm diameter discs to serve as zinc electrodes.
Clean copper plates with a thickness of 0.05 mm were cut into 12 mm
diameter discs to serve as copper electrodes. NH4V4019, conductive
carbon black, and PVDF were mixed in a mass ratio of 7 : 2: 1, and an
appropriate amount of NMP was added, followed by stirring for 4 h to
form a uniform slurry. The slurry was evenly coated onto titanium foil
(thickness of 0.02 mm) using a coater, dried overnight in an oven at
60 °C, and then cut into 12 mm diameter discs for use. MnO5, electrode
discs were prepared using the same method and ratio.

The CR2016 coin cell casing was used for cell assembly, with the
positive and negative electrodes separated by a Whatman GF/D glass
fiber separator. Depending on the test, 80 pL of the aforementioned
electrolyte was added. Unless otherwise specified, relevant tests were
conducted only after the cell assembly was completed and left to stand
for 4 h.

2.4. Characterization and electrochemical testing
The morphology of the materials was observed using transmission

electron microscopy (TEM) (JEM-2100F, JEOL, Japan) and scanning
electron microscopy (SEM) (Phenom Prox, Phenom, Netherlands). The
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functional groups and crystal structure of the materials were analyzed
using Fourier transform infrared spectroscopy (FT-IR) (Nicolet iS10,
ThermoFisher, USA), X-ray polycrystalline diffraction (XRD) (D2
PHASER, Bruker, Germany), and X-ray photoelectron spectroscopy
(XPS) (Scientific K-Alpha, Thermo, USA). The state of water molecules
was characterized using nuclear magnetic resonance spectroscopy
(NMR) (AVANCE III HD, Bruker, Switzerland). Cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), chronoamperometry
(CA), linear sweep voltammetry (LSV), and Tafel curve measurements
were performed on an electrochemical workstation (CHI 660E, Chenhua
Instruments, Shanghai). The constant current charge-discharge and rate
performance tests of Zn||Zn, Zn||Cu, Zn||NH4V4010 and Zn||MnO, were
conducted on a cell testing system (CT3002A, Land Electronics, Wuhan).
All measurements and assembly were carried out at room temperature.

2.5. Theoretical calculation methods

The binding energy can be calculated using the Materials Studio
2023 DMol3 model based on density functional theory (DFT). Spin-
polarized calculations were applied to all model systems, and van der

(@)

SO3Na
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ﬂ
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Waals corrections were considered using the Tkatchenko-Scheffler
method. The binding energy E}, is defined as: Ey, = Etotal — Esub — EZ,
where Eqq is the total energy, Egyp, is the energy of an empty substrate,
and EZ is the energy of a single Zn?".

3. Results and discussion

Using a simple one-step pyrolysis method, sodium p-styrenesulfonate
was converted into sulfur-doped carbon dots. Uniformly dispersed car-
bon dot particles with a diameter of about 5 nm were observed by TEM
(Fig. 1a and b). Higher resolution observation revealed the crystalline
carbon core of the carbon dots, with a lattice spacing of 0.21 nm, cor-
responding to the (100) plane of graphite [24]. Compared to traditional
hydrothermal and solvothermal methods, pyrolysis in air avoids the use
of hazardous high-pressure reactors, enhances the safety of the synthesis
process, and allows for scalable synthesis, which is beneficial for future
production. To investigate the surface state of the carbon dots,
Fourier-transform infrared spectroscopy (FT-IR) was used to determine
the surface functional groups. As shown in Fig. 1c-a broad absorption
peak at 3449 cm™! corresponds to the stretching vibration of the O-H
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Fig. 1. Synthesis and structural characterization of CDs
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(a) Schematic illustration of CDs synthesis. (b) TEM image, (c)FT-IR and (d) XRD spectra of CDs. (e) XPS survey spectra, and (f-h) high-resolution C 1s, O 1s, S 2p

spectra of CDs.
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bond. The peaks at 1638, 1388, and 1129 cm ' correspond to the
stretching vibrations of C=C, C-OH, and C-O-C, respectively, while the
absorption peak at 623 cm ™ is attributed to the C-S stretching vibration
formed by sulfur doping [25,26]. The XRD pattern of the carbon dots
shows a broad peak, indicating a core structure dominated by graphite
(Fig. 1d) [27]. XPS spectra confirmed the elemental composition of the
carbon dots, primarily consisting of C, O, and S (Fig. 1le). The fine
spectrum of O 1s can be divided into two peaks at 531.6 and 533.1 eV
(Fig. 1f), corresponding to C=0 and C-O, respectively [28,29]. The fine
spectrum of C 1s consists of three peaks at 288.9, 285.8, and 284.8 eV
(Fig. 1g), corresponding to C-S, C-O, and C-C structures, respectively.
The fine spectrum of S 2p consists of two peaks at 169.2 and 168.0 eV
(Fig. 1h), corresponding to -C-SO4 and -C-SO3 [23].

Elemental analysis of the carbon dots using energy-dispersive spec-
troscopy (EDS) (Fig. S1, Supporting Information) showed a strong S
element signal, indicating a high S content in the carbon dots, and the
mapping spectrum demonstrated the uniformity of S doping. These test
results indicate that we have successfully synthesized sulfur-doped
carbon dots with abundant surface functional groups. To study the
charge characteristics of the carbon dots, the Zeta potential of the car-
bon dot aqueous solution was tested, showing a low Zeta potential of
about —28 mV (Fig. S2), mainly due to the negative charge groups on the
surface of the carbon dots, which will facilitate the tight binding of
carbon dots with Zn?" [30]. The fluorescence properties of carbon dots
often attract researchers’ attention. The photoluminescence (PL) spec-
trum of the carbon dots (Fig. S3) shows that within the excitation
wavelength range of 310-370 nm, the carbon dots exhibit an emission
peak that shifts with the excitation wavelength. When excited at 340
nm, the emission peak is located at 409 nm. The fluorescence quantum
yield of the carbon dots, measured using an integrating sphere, is 19 %.

Subsequent tests were conducted using a 2 mol L™} ZnSOy electrolyte
with the addition of carbon dots at different concentrations. To
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characterize the state of water molecules in the zinc sulfate electrolyte,
the 2H NMR spectra of the zinc sulfate electrolyte was tested. The results
(Fig. 2a) showed that the 2H peak of pure DO was at 4.705, while in the
2 mol L™! ZnS04 solution, a broad peak with a maximum at 4.785 was
observed. This indicates that in the ZnSO,4 environment, due to the
strong coordination between Zn?" and D,0, the electron density around
D" decreases, leading to a reduction in the shielding effect on the pro-
ton, causing the peak signal to shift to a lower field. Additionally, the
varying degrees of binding between water molecules and Zn?* resultin a
broad peak. After adding 0.4 mg mL ™! of carbon dots, the peak shifted
back to 4.769, and the peak width significantly decreased, indicating
that some bound D>O molecules were released back into the environ-
ment. Furthermore, if only 0.4 mg mL™" of carbon dots were added to
D0, the peak position was at 4.720, showing that the addition of carbon
dots alone does not reduce the chemical shift of the peak. The afore-
mentioned peak shift back is due to the preferential binding of carbon
dots with Zn*. This indicates that carbon dots can effectively bind with
Zn?*, thereby weakening the interaction between Zn®?" and water
molecules, ultimately altering its solvation structure [31-33]. Consis-
tent conclusions were also drawn from the FT-IR spectra (Fig. 2b). After
adding 0.4 mg mL™! and 1 mg mL™! of carbon dots to the 2 mol L™}
ZnSO4 aqueous solution, the O-H stretching vibration peak gradually
shifted from 3218 em ™! to 3228 and 3233 ecm ™! with increasing con-
centration, further indicating that the addition of carbon dots weakens
the interaction between Zn** and water molecules [34].

To further elucidate the mechanism of interaction between carbon
dots and Zn%", we used DFT calculations to evaluate the binding ability
of surface groups on carbon dots with Zn>* (Fig. 2c). The results showed
that the binding energy of water molecules was —4.87 eV, hydroxyl
groups was —11.96 eV, carboxyl groups was —11.74 eV, and sulfonic
acid groups was —12.38 eV. It can be seen that, compared to the con-
ventional hydroxyl and carboxyl groups on the surface of carbon dots
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Fig. 2. Various spectra and electrochemical tests for the ZS-CD electrolyte system

(a) 2H NMR spectra of H,O from 2 mol L™! ZnSO4, 2 mol L™! ZnSO,4 with 0.4 mg mL ™' CDs and 0.4 mgemL~'CDs. (b) FTIR spectra for 2 mol L™! ZnSO,4, 2 mol L!
ZnSO, with 0.4 mg mL ™! CDs and 2 mol L ~! ZnSO,4 with 1 mg mL ™! CDs. (c) Binding energies of Zn?" absorbed on different function groups by DFT calculations; (d)
LSV curves at scan rate of 1 mV s~* reflecting HER and OER performance of the system; (e) Tafel plots representing corrosion behaviors; (f) CA curves indicating Zn**

diffusion process of Zn electrode in ZS and ZS-CDO0.4 electrolytes.
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and water molecules in the electrolyte, sulfonic acid groups have the
strongest binding ability. The abundant sulfonic acid groups introduced
by sulfur doping serve as effective binding sites, enhancing the inter-
action between carbon dots and Zn?*, thereby regulating the solvation
shell of Zn?*. In conventional zinc sulfate electrolytes, the solvated [Zn
(H20)6]2+ not only needs to overcome the energy barrier of the des-
olvation process (hindering deposition kinetics) but also causes severe
corrosion of the electrode by active water molecules. The reconstruction
of the Zn?* solvation shell by carbon dot additives will significantly
reduce these adverse effects, making the electrode more stable during
the deposition process.

We assembled Zn||Zn symmetric cells and conducted a series of
electrochemical tests. First, the stability of the zinc electrode was tested.
The nucleation overpotential plot (Fig. S4) shows that the nucleation
overpotential of the symmetric cell using 2 mol L™ ZnSO4 is 85 mV,
while the overpotential of the symmetric cell using ZS-CDO0.4 electrolyte
with 0.4 mg mL™! carbon dots decreases to 76 mV. This indicates that
the nucleation barrier of Zn?" is reduced due to the adjustment of the
Zn2*t solvation shell by carbon dots, which is beneficial for forming
uniform deposition and avoiding the issues of dead zinc and short cir-
cuits caused by dendrite growth [35]. From the LSV curve of the cell
(Fig. 2d), it can be seen that the onset potentials of hydrogen evolution
reactions (HER) and oxygen evolution reactions (OER) for the sym-
metric cell using ZS-CDO.4 electrolyte are higher than those for the cell
using ZS electrolyte, indicating that the carbon dot additive can suppress
the kinetics of HER and OER, thereby achieving a wider electrochemical
stability window [36]. Additionally, the Tafel curve of the symmetric
cell was obtained at a scan rate of 1 mV s~ (Fig. 2e). The corrosion
current of the symmetric cell using ZS electrolyte is 2.4 mA, while that of
the symmetric cell using ZS-CDO0.4 electrolyte is significantly reduced to
0.158 mA, meaning that the carbon dot additive reduces the occurrence
of corrosion side reactions, increasing the stability of the electrode
during cycling and making it less susceptible to corrosion and the gen-
eration of by-products [37].

(@) -s00 (b)
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The fluctuation of the current-time curve can reflect changes in the
electrode surface morphology during deposition. The CA test results
(Fig. 2f) show that when an overpotential of —150 mV is applied, the
current of the symmetric cell using ZS electrolyte continues to increase
during the 200 s test period, indicating a prolonged and unconstrained
2D diffusion process and rough deposition growth. Zn?* diffuses later-
ally along the electrode surface to find the most energetically favorable
charge transfer sites. To reduce surface energy and exposed area, Zn>*
tends to aggregate and form dendrites [37]. In contrast, the symmetric
cell using ZS-CDO0.4 electrolyte rapidly transitions from an initial
disordered 2D diffusion process lasting about 70 s to a uniform and
stable 3D diffusion process, indicating that Zn" is locally reduced to Zn
under constrained 2D surface diffusion [38]. This change is due to the
coordination interaction between the oxygen-containing functional
groups on the carbon dot surface and Zn%*, which constrains the 2D
diffusion of Zn?" on the electrode surface. Zn?" is forced to deposit very
close to the initial adsorption site, avoiding concentrated deposition at a
few low surface energy sites, thereby forming more small-sized nucle-
ation sites. Combined with the low nucleation barrier brought by the
carbon dot-adjusted solvation shell, the uniformity of subsequent
deposition is effectively enhanced [20,39]. Overall, these tests demon-
strate the ability of the carbon dot additive to suppress side reactions
and promote uniform zinc deposition, which will help maintain the
stability of the battery during long cycling and extend its working life.

The symmetric cells were subjected to EIS (Fig. 3a). The results from
equivalent circuit fitting revealed that the initial charge transfer resis-
tance (Rco) of the symmetric cell using ZS electrolyte reached 872 Q.
However, with the introduction of carbon dot additives, the R.; of the
Zn||Zn symmetric cell significantly decreased to 270 Q. The reduced
impedance indicates that the carbon dot additives facilitate desolvation
and efficient charge transfer processes, enabling faster deposition ki-
netics [40]. The cycling performance of symmetric cells with different
concentrations of carbon dot additives was tested at a current density of
1 mA cm~2 (Fig. 3b and Fig. S5). As a control, the symmetric cell using
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ZS electrolyte failed rapidly after only 96 h of cycling. In contrast, all
cells with carbon dot additives exhibited significantly improved cycling
lifetimes. The symmetric cell using ZS-CD0.4 electrolyte performed the
best, achieving a cycling lifetime of 1230 h with a polarization voltage of
only 34.7 mV, indicating better reversibility of zinc deposition and
stripping in the presence of carbon dots. The cycling behavior of the cells
was tested within a current density range of 1 mA cm ™2 to 10 mA cm 2
(Fig. 3c and Fig. S6). Even at a high current density of 10 mA cm™2, the
symmetric cell using ZS-CD0.4 electrolyte maintained a small
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polarization voltage, while the control group exhibited significant
voltage fluctuations due to side reactions and dendrite growth. Based on
the preceding tests, we found that the electrolyte with 0.4 mg mL™!
carbon dots provided the best cycling performance. Therefore, we
selected the ZS-CDO0.4 electrolyte for subsequent cell assembly and
testing.

Subsequently, long-term cycling tests at high current densities of 5
mA cm ™2 and 10 mA cm 2 were conducted. The symmetric cell using ZS-
CDO.4 electrolyte stably cycled for over 2000 h at 5 mA cm ™2 and 0.5
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(a) XRD patterns of Zn electrode after 50 and 100 cycles in ZS and ZS-CDO0.4 electrolyte, respectively. (b) XRD patterns of Zn electrode at different cycling stages (0,
10, 20, 50, and 100 cycles) in ZS-CDO0.4 electrolyte. SEM image and EDS mapping of Zn electrode after 50 cycles in (c) ZS and (d) ZS-CDO0.4 electrolyte. (e) Schematic

illustration of the bifunctional mechanism of CDs.
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mAhecm 2 (Fig. 3d). Moreover, when the current density was further
increased to 10 mA cm 2 (Fig. 3e), the cell still maintained excellent
cycling performance, achieving an ultra-long lifespan of 1961 h (nearly
20,000 cycles). From the enlarged detail graphs, it can be observed that
the cell exhibited smooth voltage curves during the initial stage (5th-
10th cycles), mid-term (10000th-10005th cycles), and final stage
(15000th-15005th cycles) of cycling, reflecting a stable internal working
state. This demonstrates strong competitiveness compared to other
anode protection strategies recently reported by researchers (Table S1),
proving that the carbon dot additive can effectively enhance the cycling
capability of the cell at high current densities.

The symmetric cells cycled in ZS and ZS-CDO0.4 electrolytes for 50
and 100 h, respectively, were disassembled, and the zinc electrode
surfaces were examined using XRD (Fig. 4a). The test results showed
that the signal of the byproduct ZnsSO4(OH)e-4H20 on the electrode
surface of the symmetric cell using ZS electrolyte continuously increased
with cycling time, while no related signal was observed on the electrode
of the symmetric cell using ZS-CDO0.4 electrolyte, proving the additive’s
ability to suppress side reactions. Additionally, we found that the zinc
metal in the symmetric cell using ZS electrolyte was dominated by the
(101) crystal plane, whereas the (002) crystal plane of zinc metal in the
symmetric cell using ZS-CD0.4 electrolyte had a high proportion and
continuously increased with cycling time. The (002) plane zinc, ar-
ranged at a small angle to the substrate, deposited more densely and
uniformly, exhibiting higher stability in the electrolyte and being less
susceptible to corrosion. This indicates that the carbon dot additive also
has the ability to induce the formation of specific crystal planes on the
electrode. To confirm this hypothesis, the electrodes of the cell using ZS-
CDO0.4 electrolyte after 10, 20, 50, and 100 cycles were examined using
XRD (Fig. 4b), and the results were consistent with the previous findings,
showing that the signal of the (002) crystal plane of the zinc electrode
continuously strengthened with the increase in cycle number. The zinc
deposition in the cell using ZS electrolyte did not show selectivity for the
(002) crystal plane (Fig. S7), but rather deposited randomly and disor-
derly, with the surface-deposited zinc mainly in the (101) plane, which
is prone to corrosion and dendrite growth, unfavorable for the cell’s
stability during long-term cycling. This also explains why the symmetric
cell is more stable at high current densities. When cycling at high current
densities, carbon dots can help the electrode quickly construct and
renew the (002) crystal plane, thereby maintaining the electrode’s sta-
bility, whereas at low currents, due to the slow deposition rate, the
electrode is more significantly affected by side reactions, leading to poor
cycling performance.

The electrode sheets of the symmetric cells cycled at 1 mA cm™2, 0.5
mAhecm 2 for 50 h were observed using SEM, yielding results consistent
with the aforementioned XRD tests. As seen in Fig. 4c and d, the elec-
trode sheet surface of the cell using ZS electrolyte had a large number of
flaky byproducts and loose, disordered zinc, while the electrode sheet
surface of the cell using ZS-CDO0.4 electrolyte was uniformly flat with few
byproducts. EDS elemental analysis showed that the oxygen element
content on the electrode surface of the cell using ZS electrolyte reached
35.28 %, and the sulfur element content was 0.95 %, indicating a high
content of byproducts on the surface, whereas the oxygen and sulfur
element contents on the electrode surface of the cell using ZS-CDO0.4
electrolyte were only 2.14 % and 0.12 %, respectively. The compari-
son of electrodes after 100 cycles was even more pronounced (Fig. S8),
with the electrode sheet surface in ZS electrolyte showing a large
number of vertically arranged byproducts, while the electrode sheet
surface in ZS-0.4 electrolyte remained flat and dense.

In addition, we continuously monitored the pH changes of the Zn||Zn
symmetric cell during 50 cycles at 1 mA cm ™2 and 0.5 mAhecm ™2
(Fig. S9). During the monitored 50 cycles, the pH of the electrolyte in the
symmetric cell system using ZS electrolyte rapidly increased from the
initial state of 3.13-5.23. Notably, the pH at the anode/electrolyte
interface was significantly higher than that of the bulk electrolyte [41],
indicating that severe HER occurred on the zinc anode surface, leading
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to the formation of a large amount of by-products [42]. In contrast, the
symmetric cell using ZS-CD0.4 electrolyte, due to the positive effect of
carbon dots, exhibited a slower increase in pH, rising only from the
initial state of 3.16-4.52, suggesting that the HER was suppressed, and
the formation of by-products was correspondingly reduced. These test
results indicate that after the addition of carbon dots, the side reactions
on the electrode surface were significantly reduced due to the formation
of the stable (002) crystal plane. Bravais’ law states that the ultimately
exposed crystal plane has the lowest growth rate (the growth direction
of a crystal plane is defined as the direction perpendicular to that plane)
[43]. The ability of carbon dots to induce the formation of the (002)
crystal plane on the zinc electrode surface stems from the preferential
adsorption of carbon dots on the zinc (002) crystal plane, which hinders
the rapid growth of zinc atoms on this plane. Consequently, the area
proportion of the faster-growing (100) and (101) crystal planes gradu-
ally decreases, while the area proportion of the slowest-growing (002)
crystal plane continuously increases. After a period of deposition, the
zinc electrode surface exhibits a structure dominated by the (002)
crystal plane.

The experimental results above reveal the mechanism of carbon dots
as a bifunctional electrolyte additive (Fig. 4e): on one hand, the solvated
[Zn(HZO)(,]2+ in conventional ZnSO4 electrolyte generates a large
number of active water molecules at the electrode-electrolyte interface
during deposition, which corrodes the electrode and produces insulating
by-products. Carbon dots, through their strong binding ability with
Zn?*, reconstruct the solvation shell of Zn?*, reducing the content of
water molecules, thereby avoiding electrode corrosion and side re-
actions caused by active water molecules at the interface during depo-
sition. On the other hand, zinc electrodes working in conventional
electrolytes tend to form unstable (101) and (001) crystal planes, which
are prone to dendrite growth and side reactions during cycling. Our
carbon dots can induce the formation of stable (002) crystal planes and
continuously renew them during the deposition-stripping cycle, which is
particularly effective under high current conditions, significantly
enhancing the structural stability of the electrode itself. Under the
combined effect of these two functions, the performance of the zinc
electrode is significantly improved, ultimately endowing the battery
with an ultra-long cycle life.

Zn||Cu half-cells were assembled to further investigate the influence
of carbon dot additives on the deposition/stripping processes at the
electrode surface. After the initial few cycles of reshaping zinc coordi-
nation, the half-cells entered a stable working state, and the Coulombic
efficiency (CE) also maintained a consistently high value. However, due
to dendrite growth and byproduct accumulation during cycling in the
half-cell using ZS electrolyte, it failed to function properly after 137
cycles, experiencing severe overcharging. In contrast, the half-cell using
7S-CDO0.4 electrolyte benefited from the positive effects of carbon dots,
maintaining a stable working state over 500 cycles and achieving an
average CE of 97.38 % (Fig. 5a). From the polarization voltage curves
(Fig. 5b and c), it can also be observed that the CE of the half-cell using
ZS electrolyte fluctuated significantly, indicating a disordered deposi-
tion process, while the half-cell using ZS-CDO0.4 electrolyte operated
smoothly, demonstrating the positive role of carbon dots in promoting
uniform zinc deposition.

We synthesized the NH4V40719 (NVO) cathode material according to
the method reported in the literature [44], and assembled Zn||ZS||NVO
full cells and Zn||ZS-CD0.4||NVO full cells. The full cells using the ZS
electrolyte and those using the ZS-CDO0.4 electrolyte exhibited similar
CV curves (Fig. 5d), indicating that the introduction of carbon dot ad-
ditives does not alter the redox reaction type of the full cells. After
cycling the full cells for 5 cycles at a current density of 0.2 A g%, EIS was
performed, and the results were fitted with an equivalent circuit
(Table S2 and Fig. S10). Firstly, the Nyquist plots of the full cells consist
of a semicircle in the high-frequency region and a straight line with a
slope close to 1 in the low-frequency region, indicating that the elec-
trode process is jointly controlled by charge transfer and diffusion
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Fig. 5. Electrochemical performances of Zn||Cu half cells, Zn||NVO full cells and Zn||MnO, full cells with different electrolytes

Comparison of (a) coulombic efficiency measurements and (b, ¢) the corresponding voltage profiles at selected cycles of Zn||Cu cells. Electrochemical performances
of Zn||NVO cells: (d) CV curves at a scan rate of 0.5 mV s’l; (e) rate capability under different current densities and (f) long-term cycling performance and cor-
responding CE at a current density of 3A-g™'. Electrochemical performances of Zn||MnO, cells: (g) CV curves at a scan rate of 0.5 mV s~; (h) rate capability under
different current densities and (i) long-term cycling performance and corresponding CE at a current density of 0.2 A g~ .

processes. The slopes of the straight lines in the low-frequency region for
full cells with and without carbon dot additives are similar, representing
comparable diffusion behaviors, and the addition of carbon dots does
not significantly affect the diffusion process. However, it is noteworthy
that the interfacial charge transfer resistance (R.) of the full cells shows
a significant difference after the addition of carbon dot additives. For
Zn||NVO using the ZS electrolyte, the R is 70.0 Q, which decreases
significantly to 45.0 Q when using the ZS-CD0.4 electrolyte. This phe-
nomenon indicates that the ZS-CDO0.4 electrolyte can effectively reduce
side reactions within the cells, suppress the formation of passivation
layers on the electrode surface, thereby ensuring rapid charge transfer
processes and reducing the R of the cells [45,46].

The rate performance of the full cells was tested at different
discharge rates of 0.2, 0.5, 1, 2, 3, and 5 A g’1 (Fig. 5e). The full cells
using the ZS-CDO0.4 electrolyte exhibit higher specific capacities than
those using the ZS electrolyte under all current conditions, and when the
current is returned to 0.2 A g~!, the specific capacity of the full cells
using the ZS-CDO0.4 electrolyte essentially recovers to the initial state.
This demonstrates the excellent performance of the carbon dot additives
under various current conditions, even at high currents, helping to
achieve rapid redox kinetics and stable interfacial charge transfer. We
tested the long-term operational capability of the full cell under fast
charge-discharge conditions at 3 A g~! (Fig. 5f). The full cell using ZS-

CDO.4 electrolyte achieved a specific capacity of 299.6 mAheg ™! after
5 cycles of activation, significantly higher than the 249.5 mAheg™!
specific capacity of the full cell using ZS electrolyte. Moreover, in sub-
sequent cycles, due to the suppression of side reactions and enhanced
electrode stability by the carbon dot additive, the latter exhibited
excellent capacity retention, maintaining 90.3 % after 500 cycles, while
the full cell using ZS electrolyte had a capacity retention of only 72.1 %.
The charge-discharge curves of the full cell during cycling also
confirmed this (Fig. S11). Compared to the full cell using ZS electrolyte,
the full cell using ZS-CD0.4 showed better cycling reversibility and
lower polarization. To verify the compatibility of the carbon dot additive
with different cathode materials, we also selected another commonly
used cathode material, MnOs, for corresponding tests. The Zn||MnO2
full cells using ZS electrolyte and ZS-CDO.4 electrolyte had similar cyclic
voltammetry curves (Fig. 5g). In subsequent impedance and cycling
tests, the introduction of the carbon dot additive also brought significant
performance improvements to the Zn||MnO; full cell, with relatively
smaller impedance (Fig. S12) and higher capacity retention after long-
term cycling at 0.2 A g7 (61.2 % vs. 17.8 %) (Fig. 5h,i and Fig. S13).
These results lead to the same conclusion as the aforementioned Zn||
NVO full cell, demonstrating the excellent compatibility of the carbon
dot additive. The full cell tests fully proved that the carbon dot additive
has the comprehensive ability to protect the zinc anode, be compatible
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with different cathode materials, and optimize battery performance.
4. Summary

This study investigated the synthesis of carbon dots using sodium p-
styrenesulfonate as a raw material through a simple one-step pyrolysis
method, and their application as an electrolyte additive in aqueous zinc-
ion batteries. Due to the strong binding ability of carbon dots with Zn?",
the interaction between Zn?' and water molecules was weakened,
leading to the reconstruction of the solvation shell of hydrated Zn?*.
This significantly reduced the corrosion of the electrode by active water
molecules and lowered the nucleation energy barrier of Zn?*, resulting
in more uniform deposition. Additionally, it was found that carbon dots
could induce the formation of dense (002) crystal planes during the
deposition of Zn?*, further enhancing the stability of the electrode.
Benefiting from the synergistic effects of carbon dot additives in
reconstructing the solvation shell and inducing stable crystal plane
growth, the Zn||ZS-CDO0.4||Zn symmetric cell achieved a stable cycle of
nearly 2000 h at 10 mA cm 2. The carbon dot additive also effectively
improved the performance of full cells and demonstrated good
compatibility with different cathode materials: the Zn||NVO full cell
exhibited a specific capacity of 299.6 mAheg ™! and a capacity retention
rate of 90.3 % over 500 cycles; the Zn||MnO- full cell showed a specific
capacity of 170.3 mAheg ™! and a capacity retention rate of 61.2 % over
500 cycles. This work demonstrates the positive role of sulfur-doped
carbon dot additives in the electrolyte of aqueous zinc-ion batteries,
providing an efficient solution for anode protection in aqueous zinc
batteries.
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