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Abstract: A highly stable zinc metal anode modified with a fluorinated graphite nanosheets (FGNSs) coating was 
designed. The porous structure of the coating layer effectively hinders lateral mass transfer of Zn ions and suppresses 
dendrite growth. Moreover, the high electronegativity exhibited by fluorine atoms creates an almost superhydrophobic 
solid−liquid interface, thereby reducing the interaction between solvent water and the zinc substrate. Consequently, this 
leads to a significant inhibition of hydrogen evolution corrosion and other side reactions. The modified anode 
demonstrates exceptional cycling stability, as symmetric cells exhibit sustained cycling for over 1400 h at a current 
density of 5 mA/cm2. Moreover, the full cells with NH4V4O10 cathode exhibit an impressive capacity retention rate of 
92.2% after undergoing 1000 cycles. 
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1 Introduction 
 

Due to their high cost, lithium-ion batteries are 
not suitable for implementation in grid energy 
storage systems. As an alternative, recent reports 
have focused on enhancing the affordability of 
secondary batteries such as sodium-ion batteries 
[1−4], potassium-ion batteries [5,6], and zinc-ion 
batteries [7]. Aqueous zinc-ion batteries (AZIBs) 
exhibit ideal characteristics for large-scale 
deployment in electrochemical energy storage 
systems due to their safety profile and low toxicity. 
Moreover, these batteries offer a significant cost 
advantage. The utilization of a zinc metal anode, 
which is a fundamental component of AZIBs, 
enables a high theoretical capacity of 820 mA·h/g 
and exhibits a low redox potential of −0.76 V vs. 
the standard hydrogen electrode (SHE) [8−11]. A 

prominent issue associated with zinc metal anodes 
is the growth of dendrites, which can result in 
uneven current distribution, capacity degradation, 
and the potential risk of internal short circuits [10]. 
In addition to the problem of zinc dendrites, the 
zinc plating/stripping process is accompanied by 
parasitic reactions involving water or oxygen that 
can reduce cycling performance of AZIBs [12,13]. 
Aqueous electrolytes exhibit higher H+ activity, 
leading to intense hydrogen evolution reactions 
(HER). The consumption of H+ creates a localized 
alkaline environment on the zinc metal anode that 
produces inert corrosion products [14,15], which 
cannot act as a passivation layer to slow down 
further corrosion of zinc [16]. During battery 
operation, electrons are also consumed by HER and 
the generated H2 cannot be oxidized to contribute  
to capacity, resulting in a decrease in battery 
coulombic efficiency [17].  
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To address the challenges, a variety of 
strategies have been introduced to enhance the 
performance and stability of zinc metal anodes in 
AZIBs. These strategies encompass electrolyte 
optimization [18−20], separator functionalization 
[21], electrode design [22,23], and surface 
modification [24−29]. Among these approaches, 
surface coating has emerged as the most extensively 
investigated method due to its ease of application 
and consistent performance. Various materials have 
been employed for coating purposes, with carbon 
materials attracting significant attention owing to 
their high specific surface area, cost-effectiveness, 
tunable structure, and excellent stability [30]. The 
utilization of carbon material coatings effectively 
prevents direct contact between the zinc anode  
and the electrolyte, thereby inhibiting interfacial 
corrosion and parasitic reactions. Moreover, carbon 
materials with diverse three-dimensional structures 
facilitate rapid transport pathways for Zn ions, 
reducing polarization on the plating surface while 
promoting uniform Zn ions deposition. Currently, 
reduced graphene oxide [31,32], activated carbon 
[33], carbon nanotubes [34], and functional carbon 
blacks [35] are being used as modifying coating 
materials for zinc anode surfaces. 

In this work, a fluorinated graphite nanosheet 
(FGNSs) was synthesized and firstly employed as a 
surface coating for zinc metal anodes. The FGNSs 
effectively retain the layered structure characteristic 
of graphite, thereby facilitating rapid transport 
pathways for Zn ions while simultaneously 
impeding lateral diffusion to prevent dendrite 
formation. Moreover, the exceptional hydrophobic 
properties resulting from the C—F covalent bond 
serve to isolate the highly reactive water solvent, 
consequently significantly suppressing hydrogen 
evolution corrosion and associated parasitic 
reactions. Consequently, zinc anodes coated with 
fluorinated graphite nanosheets (Zn@FGNSs) 
exhibit prolonged cycling lifespan and reduced 
polarization. This approach enables the creation of  
a stable Zn metal anode, ultimately enhancing   
the cycling stability of AZIBs. 
 
2 Experimental 
 
2.1 Preparation of FGNSs 

The fluorinated graphene nanosheets were 
prepared from commercially available expanded 

graphite using freeze-drying and gas fluorination 
methods. Expanded graphite was mixed with 
deionized water at a mass ratio of 1:9 and stirred at 
2000 r/min to create a suspension. A high-pressure 
homogenizer was used to process the suspension at 
1000 MPa for 1 h. The homogenized suspension 
was freeze-dried for 12 h to obtain nano-graphene 
sheets. Finally, the obtained nano-graphene sheets 
were subjected to high-temperature fluorination 
under a mixed F2/N2 atmosphere for 9 h at 400 °C, 
yielding fluorinated graphene nanosheets (FGNSs). 
 
2.2 Fabrication of Zn@FGNSs 

To prepare the functional coating slurry, 
fluorinated graphite nanosheets (FGNSs) were 
mixed with polyvinylidene fluoride (PVDF) at a 
mass ratio of 9꞉1 in a sealed mixing tank using 
N-methyl-2-pyrrolidone (NMP) as the solvent, 
ensuring a dry environment. The mixture was then 
sealed and stirred for 12 h to achieve a uniformly 
dispersed coating slurry. Subsequently, commercial 
zinc foil with a thickness of 100 μm was polished 
using 2000-grit sandpaper as the substrate. The 
coating slurry was applied onto the zinc foil using a 
scraper and transferred to a vacuum oven for drying 
over 12 h, resulting in obtaining coated zinc foil 
(Zn@FGNSs). Furthermore, copper foil was also 
coated with the same slurry to create Cu@FGNSs 
specifically for copper-zinc half-cell testing. 
 
2.3 Preparation of NH4V4O10 

Initially, 1.170 g of NH4VO3 (AR grade) was 
dissolved in deionized water at 80 °C, with 
continuous stirring until it completely dissolved. 
Subsequently, 1.891 g of oxalic acid dihydrate 
(H2C2O4·2H2O, AR grade) was introduced to the 
solution and stirred for an additional 20 min. The 
resulting solution was then transferred to a 
Teflon-lined autoclave with a capacity of 50 mL 
and maintained at 140 °C for 48 h. Following this, 
the obtained product underwent thorough rinsing 
with deionized water and ethanol, and each was 
performed three times consecutively. Finally, the 
material was dried in a vacuum oven at 80 °C for a 
period of 12 h to yield NH4V4O10. 
 
2.4 Materials characterization 

The phase structure was investigated by X-  
ray diffraction (XRD, Rigaku Mini Flex 600 
diffractometer) using Cu Kα radiation (λ=1.5418 Å). 
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Fourier transform infrared spectroscope (FTIR) 
measurements were conducted using a Nicolet  
6700 FTIR spectrometer (Thermo Fisher). X-ray 
photoelectron spectroscopy (XPS) measurements 
were performed on a Nexsa X-ray photoelectron 
spectrometer (Thermo Fisher). The microstructural 
morphology was collected on an optical microscope 
(LW750LJT), a scanning electron microscope 
(SEM, MIRA3, TESCAN), and a transmission 
electron microscope (TEM, F200X, Talos). The 
content of fluorine and F/C ratio were determined 
by a chemical method of oxygen flask combustion 
technique (Shanghai Institute of Organic Chemistry, 
China). The electrical conductivity of the samples 
was measured six times with the ultra-high 
resistance test module of four-probe workstation 
(Mitsubishi Chemical) to obtain the average value. 
 
2.5 Electrode fabrication and electrochemical 

measurement 
The modified zinc and bare zinc were punched 

into discs with a diameter of 15 mm to serve as 
anodes. Cathodes were fabricated using cathode 
active materials (NH4V4O10), conductive carbon 
black (Super P), and polyvinylidene difluoride 
(PVDF) in a mass ratio of 7꞉2꞉1. N-methyl-2- 

pyrrolidone (NMP) was utilized as the solvent, 
while a stainless-steel mesh with 12 mm in 
diameter acted as the current collector. The cathode 
loading was 1.0−1.4 mg/cm2. A glass fiber separator 
was employed, along with 2 mol/L ZnSO4 aqueous 
solution as the electrolyte. The coin cells used in 
this study were all of the 2016-type and assembled 
under ambient conditions. Galvanostatic charge/ 
discharge cycling measurements were performed 
using a NEWARE CT−4008 battery test system, 
while electrochemical impedance spectroscopy (EIS) 
and cyclic voltammetry (CV) tests were conducted 
using a CH-Instruments CHI604E electrochemical 
workstation. 
 
3 Results and discussion 
 
3.1 Characterization of FGNSs and Zn@FGNSs 

electrodes 
The fluorinated graphene nanosheets (FGNSs) 

were characterized using SEM (Figs. 1(a, b)). 
FGNSs are composed of nanoscale sheets of a 
distinctive accordion-like structure. The corresponding 
energy-dispersive X-ray spectroscopy (EDS) image 
(Fig. 1(c)) demonstrates even distribution of fluorine 
atoms throughout the sheet material, contributing to 

 

 
Fig. 1 Morphological characterization of FGNSs: (a, b) SEM images; (c) EDS mapping of F; (d, e) TEM images;     
(f) HRTEM image 
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the uniformity of the functional coating. Further 
characterization was performed using TEM, as 
depicted in Figs. 1(d, e), enabling a more detailed 
observation of the layered structure of FGNSs    
at a microscopic scale. The high-resolution TEM 
(HRTEM) image (Fig. 1(f)) does not reveal grain 
boundaries and exhibits a crystal structure like 
graphite. Additionally, the elemental composition 
and electrical conductivity of FGNSs are presented 
in Table 1. Notably, compared to graphite, FGNSs 
exhibit insulating properties, which facilitate direct 
deposition of Zn2+ onto the zinc substrate beneath 
the coating rather than on its surface. 

The XRD pattern of the FGNSs sample is 
shown in Fig. 2(a). The diffraction peak at 2θ=  
26.5° corresponds to the (002) lattice plane, which  
aligns with the characteristic pattern of graphite. In  
 
Table 1 Chemical compositions and conductivity of 
FGNSs 

Fluorine content/wt.% F/C ratio Conductivity/(S·m−1) 

48.5 0.6 2.5×10−7 

 
contrast, the fluorinated FGNSs exhibit additional 
diffraction peaks around 14° and 41°, indicating   
a more intricate crystal structure and expanded 
interplanar spacing compared to graphite. This 
structural modification is expected to enhance  
Zn2+ kinetics within the coating material, thereby 
mitigating polarization during electroplating. The 
FTIR of FGNSs is shown in Fig. 2(b). The chemical 
structure of C—F covalent bond was determined 
via FTIR analysis. After fluorination, the FTIR 
spectrum of FGNSs exhibits a prominent peak at 
1215 cm−1, indicating the characteristic signature of 
covalent C—F bonds (Cov. C—F) [36]. Additionally, 
the peak at 1163 cm−1 corresponds to the semi-ionic 
C—F bond structure (S.I. C—F), while another 
peak at 1335 cm−1 represents the distinctive band 
associated with C—F2 bond [36,37]. In addition to 
these F-related characteristic bands, strong peaks 
are observed at 1628 and 3430 cm−1, which can be 
attributed to the vibrations of C=O and —OH 
bonds, respectively [38]. These findings suggest 
that fluorinated graphite retains certain bonding 
characteristics reminiscent of graphene oxide. 

 

 
Fig. 2 XRD pattern of FGNSs (a); FTIR spectrum of FGNSs (b); high-resolution C 1s (c) and F 1s (d) XPS spectra of 
FGNSs 
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The chemical bonding properties of FGNSs 
were further analyzed using XPS, and the 
characterized chemical bond structures are 
consistent with those obtained from FTIR. In C 1s 
fine spectrum (Fig. 2(c)), photoelectron peaks can 
be fitted at 288.7, 285.9, 290.7, and 283.7 eV, 
corresponding to characteristic photoelectrons of 
covalent C—F bonds (Cov. C—F), semi-ionic C—F 
bonds (S.I. C—F), C—F2 bonds, and C=C bonds, 
respectively [39]. In F 1s fine spectrum (Fig. 2(d)), 
clear characteristic photoelectron peaks of the     
F atoms in C—F bonds also appear [39]. The   
XPS characterization further proves that the F 
atoms in FGNSs are not simply adsorbed on the 
surface or intercalated between layers of carbon 
material but form stable compounds through fully 
bonded covalent interactions with carbon atoms. 
The bond energy of the covalent C—F bond reaches 
546 kJ/mol [40], indicating that when exposed to 
aqueous electrolytes, dissolution of F atoms into  
the electrolyte is prevented, thereby mitigating 
corrosion of electrodes and current collectors for 
long-term stable cycling performance of zinc 
anodes in aqueous electrochemical systems. 
Furthermore, since F atoms have the highest 
electronegativity among all elements, FGNSs as 
coating materials are expected to impart good 
hydrophobicity to zinc anodes. 

The morphology of the coated zinc metal 
anode is shown in Fig. 3. Thanks to the nanosheet 
structure resembling graphite, the fully stirred 
coating slurry exhibits a remarkably fine texture, 
enabling effortless and uniform coverage of the 
commercial zinc foil surface using a spatula. The 
dried coated anode presents a smooth surface 
without any indication of bulging or cracking. 
Under optical microscope (Fig. 3(a)), the coating 
surface displays excellent uniformity. Further 
examination through SEM reveals intricate porous 
and granular microstructure with numerous pore 
structures (Fig. 3(b)). The cross-sectional SEM 
image (Fig. 3(c)) shows that the coating thickness is 
approximately 14 μm, which is comparable to other 
reported coating materials. Moreover, the entire 
coating unveils interconnected pore structures, 
extending into contact with the zinc metal substrate. 
These pore structures are expected to enhance 
dispersed mass transfer of Zn2+ during electro- 
plating by providing multiple evenly distributed 
nucleation sites while simultaneously restricting 
lateral mass transfer and preventing dendrite growth 
resulting from aggregated electrodeposition. 

The contact angle between the electrolyte and 
the anode surface serves as a direct indicator of the 
wettability of the electrolyte on the anode surface. 
As depicted in Figs. 3(d, e), the contact angles of 

 

 
Fig. 3 Photo and optical microscope image of Zn@FGNSs (a); SEM surface (b) and cross-sectional (c) morphology 
images of Zn@FGNSs; Contact angles of 2 mol/L ZnSO4 aqueous solution on Zn@FGNSs (d), and bare Zn (e) 
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2 mol/L ZnSO4 aqueous electrolyte on Zn@FGNSs 
and bare zinc are presented. The untreated 
commercial zinc foil exhibits an approximate 
contact angle of 90°, whereas Zn@FGNSs 
demonstrate significantly higher contact angles, 
reaching approximately 144°, which closely 
approaches the standard for superhydrophobic 
materials. This observation suggests that this 
coating possesses robust hydrophobic properties. 
Due to the highest electronegativity of F atoms, the 
covalent C—F bond exhibits a significant electron 
pair bias towards the F atom, resulting in a 
pronounced negative electrical polarity of F atoms. 
The repulsion among these negatively charged F 
atoms leads to their exposure on the material 
surface, forming a protective shell with negative 
charge. This electrostatic repulsion effectively 
hinders nucleophilic H2O from adhering to the 
coating surface. Such characteristics are advantageous 
for achieving long-term stable plating/stripping of 
zinc metal anodes. Considering the corrosion 
mechanism of zinc anodes in aqueous electrolytes, 
the majority of corrosion and side reactions are 
closely associated with H2O. The hydrophobic 
interface can effectively mitigate these adverse 
effects by minimizing the competitive reduction 
between H+ (resulting from water ionization) and 
Zn2+, thereby alleviating hydrogen corrosion and 
related other side reactions, while simultaneously 
creating a favorable environment for uniform 
plating. Moreover, this negatively charged 
protective layer can exert electrostatic attraction on 
Zn2+, reducing lateral mass transfer and preventing 
excessive localized deposition of Zn2+, thus 
inhibiting uncontrolled dendrite growth. 
 
3.2 Electrochemical performance of Cu@FGNSs 

symmetrical cells 
The coulombic efficiency, which indicates the 

reversibility of zinc plating/stripping, is defined  
as the ratio of the amount of zinc that dissolves  
and deposits during each cycle. A half-cell was 
assembled using a copper foil coated with FGNSs 
as the working electrode, while a commercial zinc 
foil served as the counter electrode. Discharge was 
conducted at a current density of 5 mA/cm to 
deposit zinc onto the copper foil, with a deposition 
capacity of 1 mA·h/cm. Subsequently, the cell was 
charged to 0.5 V to ensure complete stripping of 

deposited zinc from the copper foil. The test results 
are shown in Fig. 4. The Cu||Bare Zn half-cell with 
FGNSs coating demonstrates exceptional stability, 
maintaining a nearly constant coulombic efficiency 
close to 100% for over 1400 cycles (Fig. 4(a)). In 
contrast, the Cu||Bare Zn half-cell exhibits an 
unstable coulombic efficiency significantly   
below 100%, with pronounced oscillations after 
approximately 250 cycles, indicating a substantial 
decline in the reversibility of plating/stripping. 
Consequently, this results in a short circuit   
within 400 cycles. The voltage−capacity curves 
corresponding to different cycle counts are 
presented in Figs. 4(b, c). The Cu@FGNSs||Bare Zn 
cell consistently displays highly reproducible 
voltage−capacity curves across various cycle counts. 
However, the control cell exhibits fluctuations in 
stripping capacity due to the formation of 
irreversible “dead zinc” resulting from corrosion 
and side reactions. Furthermore, the overpotential 
between the deposition and stripping curves can 
partially reflect the kinetic performance of Zn2+ at 
the interface. Notably, Cu@FGNSs||Bare Zn cell 
demonstrates a significantly lower overpotential 
(~59.2 mV) compared to that of the untreated 
Cu||Bare Zn cell (~104.8 mV), indicating excellent 
ion transport kinetics and reduced plating/stripping 
overpotential under the FGNSs coating. 

Galvanostatic cycling tests of Zn@FGNSs|| 
Zn@FGNSs and Bare Zn||Bare Zn symmetrical 
cells are shown in Fig. 5. Initially, the rate 
performance of the symmetrical cells was evaluated 
to assess the overall kinetic performance by 
comparing the deposition overpotential at different 
current densities, as shown in Fig. 5(a). The 
Zn@FGNSs||Zn@FGNSs cell consistently exhibits 
a lower deposition overpotential than the Bare 
Zn||Bare Zn cell, indicating improved Zn2+ transport 
kinetics with the FGNSs coating. To assess the 
long-term stability of the Zn@FGNSs electrodes 
during repeated plating/stripping, galvanostatic 
cycling tests were conducted at various current 
densities. The results demonstrate that with 
protection and regulation provided by the FGNSs 
coating, reversibility of zinc metal anode is 
significantly enhanced. Under a current density of 
1 mA/cm with a deposition capacity of 1 mA·h/cm2, 
the Zn@FGNSs||Zn@FGNSs symmetrical cell can 
maintain a fairly consistent overpotential for over 
1000 h of reversible plating/stripping (Fig. 5(b)). 



Hong CHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3358−3371 3364 

 

 
Fig. 4 Coulombic efficiency of Cu@FGNSs||Bare Zn and Cu||Bare Zn cells (a); Voltage−capacity plots of Cu@FGNSs|| 
Bare Zn (b) and Cu||Bare Zn cells (c) 
 
This represents a significant improvement 
compared to the Bare Zn||Bare Zn symmetrical cell, 
which encounters a short circuit after approximately 
190 h due to a sharp drop in deposition potential, 
indicating penetration of dendrites through the 
separator and causing the short circuit. In further 
experiments, the long-cycle performance of both 
cells at 5 mA/cm2, 1 mA·h/cm2 and 10 mA/cm2, 
2 mA·h/cm2 was tested. The Zn@FGNSs||Zn@ 
FGNSs symmetrical cells consistently exhibit 
notable advantages under these more demanding 
test conditions, achieving stable cycling for 
durations of 1400 and 400 h, respectively, both 
outperforming the Bare Zn||Bare Zn symmetrical 
cell (Figs. 5(c, d)). The latter experiences short- 
circuit failure after approximately 530 and 150 h 
during plating/stripping cycles along with a 
continuous increase in deposition overpotential. 
This observation suggests that internal dendrite 
growth and accumulation of byproducts creat an 
escalating barrier for Zn2+ deposition, leading to 
deteriorating plating conditions. 

3.3 Effect of FGNSs coating 
To more intuitively compare the effect of 

FGNSs on suppressing dendrite growth, electrodes 
from symmetrical cells after plating/stripping    
for 50 cycles at 5 mA/cm2, 1 mA·h/cm2 were 
disassembled and their surface and cross-sectional 
morphologies were examined using SEM, as shown 
in Figs. 6(a−d). After plating/stripping cycles, the 
FGNSs coating on Zn@FGNSs anode (Fig. 6(a)) 
largely retains its original appearance, maintaining 
a porous granular morphology without cracks or 
detachment. The deposited zinc metal grows 
beneath the coating without any observable 
dendrites piercing through it. In contrast, the bare 
zinc surface (Fig. 6(b)) is covered with dendrites 
and protrusions resulting from uneven zinc 
deposition. The cross-sectional analysis further 
accentuates these differences. The cross-section 
image of Zn@FGNSs electrode (Fig. 6(c)) clearly 
displays an intact FGNSs coating along with a 
uniform and smooth layer of deposited zinc 
underneath it. Conversely, in the cross-section image 
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Fig. 5 Rate performance of symmetric cells with Zn@FGNSs and bare Zn from 0.5 to 10 mA/cm2 (a); Galvanostatic 
voltage profiles for Zn@FGNSs||Zn@FGNSs and Bare Zn||Bare Zn symmetric cells at 1 mA/cm2, 1 mA∙h/cm2 (b), 
5 mA/cm2, 1 mA∙h/cm2 (c) and 10 mA/cm2, 2 mA·h/cm2 (d) 
 
of the bare zinc electrode (Fig. 6(d)), chaos prevail 
with noticeable sharp dendrites and granular 
by-products present. Additionally, many glass fibers 
are entangled with dendrites, making it difficult to 

remove them cleanly. These findings suggest that 
the porous structure provided by FGNSs restricts 
Zn2+ from forming non-uniform flux on the anode 
surface while promoting nucleation at multiple 
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points to maintain a consistent and smooth layer 
during zinc plating process. Additionally, due to its 
hydrophobic nature, this coating effectively isolates 
a significant number of H2O molecules from direct 
interaction with the metal substrate, thereby 
reducing hydrogen evolution corrosion as well as 

side reactions. 
The chronoamperometry (CA) curves for 

Zn@FGNSs and bare zinc anode were tested by 
applying a potential of −200 mV, as shown in 
Fig. 7(a). When the potential is applied to the   
bare zinc electrode, the current density continues to  

 

 
Fig. 6 Surface SEM images of Zn@FGNSs (a), and bare Zn (b) electrodes after 50 plating/stripping cycles; Cross- 
sectional SEM images of Zn@FGNSs (c), and bare Zn (d) electrodes after 50 plating/stripping cycles in symmetric cells 
 

 
Fig. 7 Chronoamperometry (CA) curves of Zn@FGNSs and bare Zn at constant potential of −200 mV (a); Linear 
polarization curves generated for Zn@FGNSs and bare Zn (b) 
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increase even after 200 s, indicating a sustained and 
widespread 2D diffusion process at the interface 
between the electrolyte and the anode, resulting in 
rough deposition growth. To minimize surface 
energy and exposed area, Zn2+ tends to deposit at 
sites with smaller radii of curvature. If lateral 
diffusion is not limited, Zn2+ adsorbed on the 
electrode surface can continue to diffuse laterally, 
seeking energetically favorable locations for charge 
transfer, eventually leading to aggregation and the 
formation of dendritic structures. In contrast, the 
initial nucleation and 2D diffusion process for zinc 
on Zn@FGNSs electrode basically end within 50 s, 
after which the current density tends to stabilize, 
indicating the start of a stable and continuous 3D 
diffusion process, which suggests that the 2D 
diffusion of adsorbed Zn2+ is limited. The FGNSs 
coating adhering to the zinc metal substrate 
provides an additional energy barrier for adsorbed 
Zn2+, impeding lateral diffusion. Consequently, 
these Zn2+ are compelled to deposit near their initial 
adsorption points. The dense pore structure of the 
coating ensures an even distribution of nucleation 
sites, and with smaller nucleation seeds and higher 
density, the plating process eventually evolves into 
a uniform and compact metal layer. 

The hydrogen evolution corrosion and 
accumulation of byproducts on zinc metal anodes 
during operation significantly impact the cycling 
stability of battery systems. Since the by-products 
primarily consist of insoluble basic zinc sulfate  
salts, their deposition on the metal anode surface 
reduces the number of available nucleation sites, 
resulting in increased polarization and dendrite 
growth. To assess the protective effect of the 
coating, linear polarization curves were measured 
for Zn@FGNSs and bare zinc electrodes (Fig. 7(b)), 
with corrosion current and corrosion potential 
calculated based on the Tafel equation. Although 
there is a slight positive shift in corrosion potential 
for Zn@FGNSs compared to bare zinc, it is 
negligible. However, the corrosion current for 
Zn@FGNSs (0.939 mA/cm2) is significantly lower 
than that for the bare zinc electrode (3.371 mA/cm2). 
Given the same corrosion potential, the reduction in 
corrosion current indicates that under the protection 
of the FGNSs coating, the rate of hydrogen 
evolution corrosion and side reactions on the zinc 
metal anode is reduced, demonstrating an 
improvement in corrosion resistance. 

3.4 Electrochemical performance of Zn@FGNSs 
in combination with NH4V4O10 electrodes 

To evaluate the electrochemical performance 
of Zn@FGNSs anode in full cells, NH4V4O10 was 
used as the cathode material and paired with metal 
anodes. Galvanostatic cycling tests were conducted 
for both and NH4V4O10||Bare Zn full cells at 
different current densities (Figs. 8(a, b)). The cell 
 

 
Fig. 8 Electrochemical performance of NH4V4O10|| 
Zn@FGNSs and NH4V4O10||Bare Zn full cells: (a, b) 
Galvanostatic charge−discharge profiles at various 
current densities; (c) Corresponding overpotential− 
current density comparison 
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exhibits higher specific capacities across various 
current densities due to the high reactivity and low 
polarization of the Zn@FGNSs electrode. At a 
current density of 0.2 A/g, the cell delivers a 
specific capacity of 389.5 mA·h/g. Additionally, 
Fig. 8(c) shows that the voltage hysteresis for both 
cells at different current densities is lower in the 
NH4V4O10||Zn@FGNSs cell compared to bare Zn 
cell, particularly at higher current densities, 
indicating stable and rapid transport kinetics of  
Zn2+ deposition on Zn@FGNSs anode. 

The rate cycling performance of full cells is 
shown in Fig. 9(a), where NH4V4O10||Zn@FGNSs 
cell exhibits superior rate performance, achieving a 
specific capacity of 191.2 mA·h/g at 10 A/g, 
surpassing that of NH4V4O10||Bare Zn cell. The 
long-cycle performance at constant current is 
shown in Fig. 9(b), where a current density of 5 A/g, 
appropriate for NH4V4O10 cathode, was chosen   
to evaluate the long-term cycling stability of  
metal anode. The NH4V4O10||Zn@FGNSs cell 
demonstrates an initial specific capacity of 
230.6 mA·h/g, and maintains a specific capacity of 
212.5 mA·h/g after undergoing 1000 cycles with a 
remarkable capacity retention rate of 92.2%.     
In contrast, NH4V4O10||Bare Zn cell exhibits inferior 

cycling stability significantly as its specific capacity 
declines from 215.3 to only 134.2 mA·h/g resulting 
in a mere capacity retention rate of 62.3%. The CV 
curves for NH4V4O10||Zn@FGNSs and NH4V4O10|| 
Bare Zn cells are shown in Fig. 10(a). The 
NH4V4O10||Zn@FGNSs cell exhibits a higher 
current density compared to the control group, 
indicating superior electrochemical reactivity of 
Zn@FGNSs anode over bare zinc. Furthermore,  
the EIS spectra for both full cells are depicted in 
Fig. 10(b). Notably, Zn@FGNSs demonstrates 
lower charge transfer resistance than bare zinc, 
which remains consistent even after undergoing  
50 cycles at a current density of 5 A/g. 

 
4 Conclusions 
 

(1) The coating exhibits a compact porous 
structure that effectively promotes uniform 
electrolyte flux at the interface during electro- 
chemical reactions. This physical constraint restricts 
lateral mass transfer of Zn2+ while providing 
numerous evenly distributed nucleation sites for 
zinc plating. 

(2) Due to the high electronegativity of 
fluorine atoms, a negatively charged protective layer  

 

 
Fig. 9 Rate performance (a), cycling performance and coulombic efficiency (b) of NH4V4O10||Zn@FGNSs and 
NH4V4O10||Bare Zn full cells 
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Fig. 10 CV plots (a) and Nyquist plots (b) of NH4V4O10||Zn@FGNSs and NH4V4O10||Bare Zn full cells 
 
is formed on the surface of the material, leading to 
the development of a nearly super- hydrophobic 
surface that repels solvent H2O. Consequently, this 
suppresses hydrogen evolution corrosion and 
related side reactions. 

(3) Remarkable stability is observed in 
symmetric cells, maintaining reversible charge− 
discharge processes for over 1400 h at a current 
density of 5 mA/cm2. Furthermore, excellent 
electrochemical performance is demonstrated in  
full cells. Specifically, the NH4V4O10||Zn@FGNSs 
cell achieves an impressive specific capacity of 
212.5 mA·h/g with a capacity retention rate of  
92.2% after undergoing 1000 cycles. 
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稳定可逆的氟化石墨纳米片涂层锌金属负极 
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2. 湘潭大学 材料科学与工程学院，湘潭 411105 

 
摘  要：设计了一种采用氟化石墨纳米片涂层改性的高稳定锌金属负极。涂层具有多孔结构，阻止锌离子横向传

质，并抑制枝晶生长；氟原子的高电负性形成近乎超疏水的固液界面，减少溶剂水与锌基体之间的相互作用，抑

制析氢腐蚀和其他副反应。涂层负极表现出优异的循环稳定性，对称电池在电流密度 5 mA/cm²条件下稳定循环超

过 1400 h；使用 NH4V4O10 正极的全电池在循环 1000 次后容量保持率为 92.2%。 

关键词：氟化石墨；疏水涂层；抗腐蚀；枝晶抑制；锌金属负极 
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