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Perfluoro-1-butanesulfonic acid (PFBS) was used to etch on the surface of a zinc anode to introduce a 3D
C4F903S—-2Zn interface layer with unique fluorine groups (Zn@PFBS) to inhibit the formation of dendrites.
The C—F chains in the Zn@PFBS coating enhance the anode hydrophobicity of the zinc metal, which not
only suppresses the HER of the surface of the zinc metal, but also strengthens the corrosion resistance
of the zinc metal. Meanwhile, —SOs~ in the coating enhanced the binding energy with Zn?*, which acted
as a nucleation site on the surface of the zinc anode to induce the uniform deposition of Zn?* and
inhibited the disordered growth of zinc dendrites. As a result, the symmetric battery assembled with the
Zn@PFBS anode achieved a stable cycling of 6200 cycles at 5 mA cm™ to 1 mA h cm™2. Meanwhile, the
Zn@PFBS anode exhibited a higher cycling performance with a capacity retention rate of 78.6% after
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Introduction

The rapid expansion of renewable energy sources like wind and
solar energy, which are characterized by intermittency and
widespread distribution, necessitate an electrochemical energy
storage system that ensures high safety and low cost to guar-
antee their sustainable development irrespective of factors like
climate and geographical location.”® Presently, due to the
ongoing advancements in lithium-ion battery technology, they
have become the primary energy storage devices owing to their
high energy density and efficient charging and discharging
capabilities.”** However, limited by the scarce natural reserves
of lithium metal and its high prices, lithium-ion batteries incur
relatively high costs and pose additional safety hazards,
including toxic organic electrolytes.””* Overcharging, over-
discharging, or short-circuiting may result in battery thermal
runaway and subsequent spontaneous combustion, along with
other safety concerns, thereby limiting the large-scale
commercialization of lithium batteries for energy storage.'>"”
To address these challenges effectively, an urgent necessity
exists to discover alternative battery technologies to replace the
current lithium-ion battery-based energy storage systems.**°
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1000 cycles in a Zn@PFBS//NasV1,03, (NVO) full cell.

In this context, researchers highly favor aqueous zinc metal
batteries (AZMBs) due to their low redox potential (—0.76 V vs.
SHE), high theoretical and volumetric capacities (820 mA h g~*
and 5855 mA h cm™®), non-toxicity, high safety, and
affordability.*** However, AZMBs also encounter a series of
challenges, including disordered dendrite growth, corrosion,
and hydrogen precipitation, which finally reduce the revers-
ibility of zinc anodes, diminish their rechargeability, and
thereby impair the cycle life, hindering their large-scale
commercial application.**?® To mitigate issues arising from
zinc dendrites, several strategies have been proposed aiming to
achieve high reversibility and prolonged cycling of zinc anodes,
such as the construction of an interfacial coating, zinc alloying,
the utilization of highly concentrated/gel electrolytes, and the
employment of electrolyte additives.””** Among these strate-
gies, constructing a suitable protective interface proves to be
a simple and efficient method to modulate the interaction
between the zinc anode and the electrolyte, probably due to its
ease of preparation and affordability. This interface layer could
prevent the direct contact between the electrolyte and the zinc
anode, reduces the hydrogen evolution reaction (HER), and
inhibit short circuits caused by zinc dendrites spiking the
separator.®*-*

However, conventional artificial interface layers exhibit
several issues: instability during battery charging and dis-
charging, the occurrence of interface layer rupture and reorga-
nization, thereby increasing internal resistance and impacting
cycle life; inadequate electrolyte penetration leading to uneven
Zn*" transmission and deposition, exacerbating zinc dendrite
growth; high interfacial impedance, affecting Zn>" transmission
efficiency and battery charging efficiency.?**® This impacts Zn>*
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transmission efficiency and reduces battery charging and dis-
charging efficiency.*’*° In contrast to conventional artificial
interface layers, in situ generated layers offer remarkable
advantages in AZMBs.* Firstly, in situ generated interfaces offer
stability during long-term battery cycling, minimizing interface
layer rupture and dendrite growth. Additionally, the battery has
a lower interfacial impedance, enhancing charging, discharging
efficiency, and energy density, while simplifying battery prepa-
ration and reducing production costs.**** Moreover, the 3D
porous structure of in situ generated layers provides a larger
specific surface area, improving Zn>" transport efficiency and
electrolyte contact and resulting in the promotion of homoge-
neous zinc deposition.***” Nevertheless, the augmented specific
surface area of the 3D structure amplifies water-zinc contact
and enhances hydrogen precipitation reaction, significantly
weaking battery life.**>°

Here, perfluoro-1-butanesulfonic acid (PFBS) with hydro-
phobic long fluorocarbon chains (C-F) and -SO; ™~ was selected.
The Zn-C,Fq05S interface layer (Zn@PFBS) was obtained by
modifying the surface of the zinc anode through in situ etching
of the zinc anode in solution to form a 3D interface layer. The
C-F in the Zn@PFBS coating enhances the hydrophobicity of
the zinc metal anode, inhibiting the HER and enhancing the
corrosion resistance of the zinc anode.** Meanwhile, the -SO;~
in the coating, acts as the nucleation sites on the zinc anode,
could increase the binding energy with Zn**, promote the
uniform Zn>* deposition and suppress the disordered growth of
zinc dendrites.”*** The symmetric cell Zn@PFBS//Zn@PFBS
demonstrated stable cycling performance, achieving 6200
cycles at 5 mA cm ™ > to 1 mA h em ™. And the assembled full-cell
Zn@PFBS//NasV1,03, (NVO) exhibited high-capacity retention
of 78.6% over 1000 cycles at 2 A g~ ', indicating superior cycling
performance.

Results and discussion

This study aimed to form Zn@PFBS, an interface layer hydro-
phobic and favorable to zinc, through in situ etching of the zinc
anode with PFBS solution and the introduction of unique
fluorine groups to the interface layer. The hydrophobic nature
of PFBS's polyfluoroalkyl chains requires additional energy for
water molecules to penetrate the adsorption layer on the zinc
anode. This property inhibits the HER at the zinc-anode,
consequently suppressing the growth of zinc dendritic crys-
tals, facilitating Zn>" uniform deposition on the anode and
significantly enhancing battery performance. As shown in
Fig. 1a, the structure of PFBS and the reaction equation with the
zinc anode is illustrated. The bare zinc anode depicts the situ-
ations where hydrogen precipitation and disordered dendritic
growth impede the uniform Zn** deposition (Fig. 1b).
Conversely, the Zn@PFBS interface layer not only prevents
contact between H,O and the zinc anode but also promotes
uniform Zn** deposition, leading to a stable and dendrite-free
growth of the anode interface during cycling (Fig. 1c).
Furthermore, the interface of the etched Zn@PFBS was
examined and analyzed to determine the successful etching of
PFBS on the zinc anode. The morphology of both the pure Zn

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

d b
& 5 B F
o}

F .

s//\ Pristine Zn dendrite & H,
F // OH

g F F O ° 4
Nonafluoro-1-butanesulfonic Acid o % Zn plating o /\
(PFBS) .

- 4
- X O -

f )
i ]
1Zn +2 C,Fg0,SH — Zn(C4Fg05S), + H1 | Moo mm ab

\_J hydrophobic repulsion

attracts zine deposition’  Dendrite-fee Zn

Zn plating

T @ALs ¢
Felert
el
~Zn@PEBS S

Fig. 1 Schematic diagram (a) structure of PFBS; (b) cycling process
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foil and the 3D porous Zn foil etched with PFBS solution was
characterized and displayed in Fig. S1.7 Fig. S1at demonstrated
the SEM observation of the surface of pure Zn foil after cleaning
with ethanol, which revealed an inhomogeneous and dense
surface. In contrast, after soaking the zinc foil in PFBS solution
for in situ etching, the Zn@PFBS showed the uniformly
distributed porous structure on its surface (Fig. S1ct). Fig. S1df
demonstrated that the thickness of the Zn@PFBS interface is
23.65 pum.

Zn + 2C4F903SH - ZH(C4F903S)2 + HzT (1)

Additionally, as chemical formula (1), the dissociated
protons in the PFBS solution can be displaced by the Zn, leading
to hydrogen generation. The energy dispersive spectrometer
(EDS) test revealed the uniform distribution of F, S, C, and O on
the surface of the PFBS-treated Zn foil (Fig. S2t). Moreover, the
successful introduction of C-F and -SO; ™ on the zinc surface
was confirmed using X-ray photoelectron spectroscopy (XPS),
revealing two spectra: F 1s and S 1s (Fig. S3a and bt). These
spectra demonstrate the alterations in the chemical state of the
surface after the PFBS etching treatment. Examination of these
spectrograms reveals distinct peaks in both the F 1s and S 1s
spectra, confirming the successful introduction of fluorine and
sulfur atoms on the material surface, thus confirming the
effectiveness of the PFBS etching process.

The effect of in situ PFBS etching on the hydrogen precipi-
tation reaction was further investigated. Initially, in situ optical
microscopy was employed to explore the Zn deposition process
at various time intervals. When discharging at a current of 10
mA cm ™, the dendrite growth can observe within 10 minutes,
followed by further continuous growth and the formation of gas
bubbles (Fig. 2a). Conversely, the Zn@PFBS interface consists of
the hydrophobic layers of polyfluoroalkyl chains, requiring
additional energy for water molecules to penetrate the adsorp-
tion layer on the surface of the zinc anode. This significantly
inhibits water-related HER side reactions at the zinc anode
(Fig. 2b). Consequently, during constant current discharge, no
H, bubble generation was observed on the surface of Zn@PFBS,
while Zn** deposition was uniform and slow, effectively
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Fig. 2 In situ optical microscopy observations at a current density of
10 mA cm2 (a) bare Zn (b) Zn@PFBS.

inhibiting dendrites growth and illustrating the clear suppres-
sion of the hydrogen precipitation reaction by the Zn@PFBS
interface layer.

Subsequently, we conducted linear scanning voltammetry
(LSV) in 2 M ZnSO, to investigate the HER of Zn@PFBS elec-
trode at a scanning rate of 1 mV s~ . Fig. S4f illustrates that the
current density of Zn@PFBS (0.0058 mA cm ?) is lower than
that of the bare zinc anode (0.033 mA cm™?), as evident from the
HER curve. According to the LSV results, the prevention of water
molecules from entering the surface and the significant
suppression of harmful interfacial reactions are observed.

Additionally, hydrogen precipitation during galvanization
tests was detected using in situ electrochemical gas chroma-
tography (EC-GC). As shown in Fig. 3a, a sealed electrolytic cell
comprising two electrodes (Zn as the positive electrode and
Zn@PFBS as the anode), an inlet tube for nitrogen inflow, and
an outlet tube for hydrogen outflow to the gas chromatograph
was designed for in situ EC-GC measurements (Fig. 3a).
Hydrogen generated from the zinc reaction process was
analyzed by gas chromatography at 6 minute intervals under
a current of 2.5 mA em™> (Fig. 3b). The average rate of H,
generation in cells using bare Zn is 2.01 ug h™, whereas in the
Zn@PFBS foil system, it is only 0.51 pg h™', representing
a quarter of the former value (Fig. 3¢). The in situ EC-GC results
provided the additional confirmation of the Zn@PFBS inter-
face's ability to suppress hydrogen precipitation. These findings
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Fig. 3 (a) Schematic diagram and (b) time-voltage curve from in situ
EC-GC measurements; (c) H, generation rate.
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indicated the hydrophobic nature of Zn@PFBS, which could
mitigate the direct contact with the electrolyte and suppress
water-induced side reactions.

To evaluate the corrosion resistance of the interface, two
different zinc anodes were immersed in a 2 M ZnSO, solution,
and their corrosion behavior was assessed after 10 days. Optical
photographs revealed a smooth texture with a bright metallic
luster on the surface of bare Zn before immersion, whereas the
Zn@PFBS anode exhibited a black etching layer (Fig. 4a).
Following 10 days of immersion, the bare Zn surface exhibited
significant roughening, forming stacked, heterogeneous hex-
ahedral flakes observed by SEM. Conversely, no significant
changes could be observed on the surface of Zn@PFBS anode.
X-ray diffraction (XRD) analysis revealed that the main chemical
composition of the anode was Zn,SO,(OH)s-3H,0.** The
intensity of the by-products on the bare Zn anode was signifi-
cantly higher than that on the Zn@PFBS anode, indicating the
stronger corrosion protection effect of the PFBS layer (Fig. 4b).
Furthermore, Tafel curves of bare Zn and Zn@PFBS anodes
were further tested (Fig. S5t). Compared with bare Zn, PFBS
etching improved the corrosion potential with a more positive
value, indicating a reduced tendency for corrosion reaction,
further demonstrating the superior corrosion resistance of the
Zn@PFBS interface.

To evaluate the cycling performance of zinc anodes at
various current densities, symmetric cells were assembled using
Zn@PFBS and bare Zn anodes.”® As shown in Fig. 5a, the
Zn@PFBS symmetric cell exhibited excellent cycling capability
compared to bare Zn at a current density of 5 mA cm . The
Zn@PFBS anode demonstrated a superior cycling stability of
6200 cycles with a capacity of 1 mA h cm™2 at 5 mA cm 2,
exhibiting a lower overpotential of 0.04 V. Conversely, the
overpotential of the bare Zn-based symmetric cells increased
dramatically (above 0.2 V) after 300 cycles. In addition, we
varied the current density to test symmetric cells with different
anodes at a capacity of 0.1 mA h cm™> under 0.5 mA cm ™2, The
Zn@PFBS//Zn@PFBS cells could still maintain the stable
cycling for 1800 cycles (Fig. S61), whereas the bare Zn//Zn cells
could no longer maintain stable cycling after 400 cycles. These
results confirm the superior electrochemical reversibility of the
in situ etched Zn@PFBS anode and its excellent long-term
cycling performance.

initial

o
c

Bare 27 (10 days)|

Bare Zn

2Zn@PFBS (10 days)

Intensity(a.u.)

20,(S0,XOH), 34,0

‘ b g ol

Commercial 2n|

PFBS

e

T % % _ 4 % & 10
20 (degree)

Fig. 4 (a) Optical images and corresponding SEM images of the bare
Zn and Zn@PFBS electrodes before and after immersion in a 2 M
ZnSQO, electrolyte for 10 days; (b) XRD patterns of the bare zinc and
Zn@PFBS electrodes after immersion for 10 days.
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Fig. 5 (a) Long-term cycling performance of symmetric Zn//Zn and

Zn@PFBS//Zn@PFBS half-cells at 5 mA cm ™2 to 1 mA h cm~2; (b) rate
performance of symmetrical batteries assembled with bare zinc and
Zn@PFBS anodes; (c) SEM images of the bare Zn and Zn@PFBS anodes
after 100 cycles at 5 mA cm ™2 to mA h cm~2; Nyquist plots of the (d)
bare Zn and (e) Zn@PFBS symmetrical batteries at different cycles.

Furthermore, Zn@PFBS and bare Zn symmetric cells were
tested at various current densities of 0.5, 1, 2, 5, 10 and 20 mA
ecm ? to investigate the rate performance (Fig. 5b). The
Zn@PFBS symmetric cells exhibit smaller and more stable
overpotentials compared to bare Zn. The stable overpotentials
of the Zn@PFBS symmetric cells can be attributed to the 3D
interface formed by the etching of the zinc anode with PFBS,
resulting in an increase in the electrochemical surface area and
a decrease in the interfacial resistance. To explore the effect of
different etching times, various interface layers of Zn@PFBS
were obtained by etching in a 10 wt% PFBS solution for different
durations (0.5 h, 3 h, and 18 h). The performance of the
Zn@PFBS//Zn@PFBS symmetric cell was evaluated at the
identical current density of 5 mA cm™>. As shown in Fig. 7,7 the
3 h etching results in the high cycling stability of up to 6200
cycles, as the 3D interface layer enhances the contact area
between water and zinc, favoring the uniform deposition of zinc
ions. Conversely, when the immersion time is only 0.5 h, the
interface layer is thin and structurally unstable, making it prone
to hydrogen precipitation reaction, resulting in 1900 cycles;
whereas with an etching time as high as 18 h, the interface layer
becomes excessively thick, leading to decreased Zn*" conduc-
tivity and significantly increased overpotential, resulting in only
700 cycles.

To comprehensively understand the superior stability of the
Zn®@PFBS anode, we comparatively analyzed the surface
morphology of the anode after cycling using SEM character-
ization. After 100 cycles at 5 mA cm™ > to mA h cm ™2, the bare Zn
anode exhibited numerous vertically arranged hexagonal Zn
dendrites with fractured and irregular surfaces. In contrast, the
surface of the Zn@PFBS anode appeared to be dense and
uniform after cycling (Fig. 5¢). These results indicate that the
PFBS etching layer plays a crucial role in promoting dense Zn
deposition and inhibiting Zn dendrite growth. The Nyquist

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diagram, with the high-frequency semicircle representing the
charge transfer resistance (R.), is shown in Fig. 5d and e. The
EIS plot of the bare Zn symmetric cell in Fig. 5d clearly shows
a significant change in R, before and after different cycles, with
no regularity in R, as the number of cycles increases, whereas in
Fig. 5e the R, of the Zn@PFBS symmetric cell decreases grad-
ually and remains stable as the number of cycles increases.
Chronoamperometry (CA) measurement is also conducted on
the Zn//Zn symmetric cells with and without PFBS (Fig. S87).
The linear current increase curve of bare Zn shows a 2D diffu-
sion process and inhomogeneous growth of dendrites due to
the “tip effect”. In contrast, the 2D diffusion process ends
within 20 s for Zn@PFBS and then a stable 3D diffusion occurs
in the subsequent process with a much lower steady-state
current. The enhanced Zn>" reaction kinetics and remarkable
corrosion resistance of the Zn@PFBS anode would contribute to
highly reversible Zn plating/stripping. Overall, these results
demonstrate the stability of the Zn@PFBS anode during cycling.
It is worth noting that the experimental parameters tested in
different literature vary greatly, including current density,
capacity plated per cycle, and cycle number, resulting in an
unfair comparison of battery performance. Therefore, the
cumulative plated capacity (CPC) is proposed as an indicator for
accurately evaluating the battery performance to prove the
material superiority.>® For comparison, we summarize the CPC
and current densities of recently reported aqueous Zn//Zn
symmetric cells with similar interfacial modification
mechanism.””** As shown in Fig. S9,f the battery using
Zn@PFBS could achieve a higher CPC of 6 A h cm ™2 at a current
density of 5 mA cm™>
reported CPC values.
To examine the redox reactions and reversibility of the full
cells, cyclic voltammetry (CV) tests were conducted on
Zn@PFBS//NVO and bare Zn//NVO full cells (Fig. 6a). The
comparison of redox peaks revealed that the voltage gap on the
CV curve of the Zn@PFBS full cell at 0.1 mV s * was smaller
than that of the bare Zn-based cell. Furthermore, the excellent
rate capacities of the Zn@PFBS//NVO full cell at various current

, comparable or even superior to most
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densities (0.1-5.0 A) were 217.7, 176.6, 133.9, 120, 98.7, and
64.3 mA h ¢, in comparison to that of the bare Zn//NVO full
cell (198.4, 164.4, 122.6, 116.8, 82.2, and 45.4 mA h g~ ') can be
observed in Fig. 6b. It is evident that the Zn@PFBS-assembled
full cells demonstrate higher discharge capacities across
different current densities. In addition, the Zn@PFBS//NVO full
cell showed excellent cycling performance at a current density
2 A g~ ', maintaining the capacity retention of 78.6% and nearly
100% CE after 1000 cycles (Fig. 6¢). In contrast, the bare Zn//
NVO full cell exhibited rapid capacity degradation after
approximately 50 cycles. Based on the charge/discharge curves
for different anodes, it can be observed the bare Zn//NVO has
a capacity retention of only 18.1% after 1000 cycles (Fig. S107),
in contrast to the Zn@PFBS//NVO full cells, which has a capacity
of 78.6%. This enhancement in rate and cycling performance
underscores the significant value of the Zn@PFBS anode in the
practical application of full AZMBs batteries.

Conclusions

The utilization of acid etching in zinc batteries has emerged as
a promising strategy to address critical challenges such as
dendrite growth and hydrogen precipitation on the zinc anode.
Through a meticulous process of in situ etching, an ultrathin
Zn@PFBS interface layer is formed on the zinc foil surface. This
interface layer, enriched with unique fluorine groups, enhances
the hydrophobicity of the zinc anode, effectively suppressing
the HER and enhancing corrosion resistance. Moreover, the
interface layer facilitates the uniform deposition of Zn** and
inhibits the disordered growth of zinc dendrites. The results
show remarkable improvements in battery performance,
including stable cycling behavior and high-capacity retention
over numerous cycles. In addition, the Zn@PFBS//Zn@PFBS
symmetric cell had a stable cycling performance of 6200
cycles at 5 mA cm ™2 and 1 mA h em™ 2. Meanwhile, the assem-
bled full-cell Zn@PFBS//NVO also exhibited a high-capacity
retention of 78.6% after 1000 cycles at 2 A g~ *. The successful
application of acid etching in zinc batteries showcases its
potential to revolutionize the field, paving the way for the
development of more efficient and durable energy storage
systems.
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