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Femtosecond Laser-Induced Nanostructured Sacrificial

Layer for Stable Zinc Metal Anode

Sitian Lian, Bo Mai, Zhijun Cai, Yunfan Yue, Zhongle Zeng, Kesong Yu, Xuewen Wang,*

and Ligiang Mai*

Aqueous zinc-ion batteries are a promising option for grid-scale energy
storage owing to their cost-effectiveness and safety. The Zn metal anode with
large gravimetric capacity and moderate redox potential can enable
high-energy-density Zn batteries. However, the surface instability of
commercial Zn metal foils leads to capacity degradation and limited cycle life
of batteries. Here, a sacrificial layer strategy is proposed to address these
issues by femtosecond laser-induced nanostructuring on the Zn metal
substrate (Fs-Zn). This sacrificial layer features an orderly interface consisting
of exposed aligned crystal edges after the initial stripping process. This
structure induces nearly (101)-oriented epitaxial growth and offers more active
sites during the Zn plating/stripping process, effectively minimizing dendrite
growth and side reactions. Accordingly, compared with commercial Zn metal,
the Fs-Zn symmetric cell shows prolonged operational life, operating for over
500 hat 1 mAcm=2/1mAhcm=2and 180 h at 0.5 mA cm~2/1.5mA hcm=2.
Moreover, the Fs-Zn||MnO, full cell exhibits enhanced cycling stability over
500 cycles. This femtosecond laser-induced sacrificial layer strategy offers an

dependence and integrating renewable
resources.!3] However, the flammable
electrolyte and costly lithium resource of
LIBs pose new demands on battery develop-
ment. Notably, aqueous zinc-ion batteries
(AZIBs) offer an appealing alternative
solution for large-scale renewable energy
storage due to their high energy density,
safety, and low cost. Moreover, the electro-
chemical performance of AZIBs is directly
related to the Zn metal anode, which is
based on the Zn/Zn** redox couple that
has a gravimetric capacity of 820 mAh g~!
and an equilibrium potential of —0.76 V
versus standard hydrogen electrode.

The production of commercial-grade
zinc metal foil involves smelting pure zinc
metal, followed by die casting, and then
rolling processes to form a thin and lus-
trous foil without any more surface pol-

effective solution to the practical application of aqueous zinc-ion batteries.

1. Introduction

Electrochemical energy storage technologies, such as com-
mercial lithium-ion batteries (LIBs), are vital for society as
a low-carbon power supply system by reducing fossil-fuel
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ishing treatment (Figure 1a).l*"] Therefore,
lots of surface random imperfections (fold,
crack, scratch, grain boundaries (GBs)) are
introduced during the manufacturing process (Figure lc—e).
These irregular and non-planar defective morphologies lead to
localized high currents that are susceptible to uncontrollable den-
drite growth and parasitic side reactions like hydrogen evolution
reduction (HER).”"1% Worse still, dendrite and side reactions can
mutually amplify each other during the cycling process.[!!] Con-
sequently, dendrite propagation leads to internal short-circuits by
penetrating the separator and the side reactions induce an in-
crease in polarization overpotential and a reduction in capacity,
which pose a hurdle to achieving both long-term cyclability and
high capacity density in AZIBs.['2]

Constructing the artificial protective layer on the surface of
Zn foil is identified as an effective method to optimize the elec-
tric field distribution.*-7] However, researchers have noted that
the overlays can block ion transport dynamics for surface redox
and often encounter structural nonuniformity and mechanical
weakness, resulting in elevated overpotential and coating failure.
Therefore, the surface morphology reconstruction strategy via
mechanical grinding (surface sandpaper polishing,)l® chemical
etching/polishing (dilute hydrochloric acid etching,!'®! Sodium
hexametaphosphate chemical polishing,)!®! laser fabrication
(femtosecond laser-induced periodic micro/nano structures,?!
and picosecond laser lithography)?!l etc., has already been ap-
plied to construct a fresh surface of zinc anode. These surface en-
gineering techniques significantly homogenize the electric field

© 2025 Wiley-VCH GmbH
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Figure 1. a) Schematic of the production of commercial-grade zinc metal foil. b) The femtosecond laser system (left) and principle diagram of fem-
tosecond laser-induced nanostructuring on Zn (right). c—e,i) SEM images at sequential magnifications of bare Zn; f-h,j) SEM images at sequential
magnifications of Fs-Zn. All scale bars in the SEM images are set to an identical length. k) the XRD patterns of bare Zn and Fs-Zn with standard PDF

card for Zn(00-004-0831) in the 20 range from 30° to 60°.

of the Zn anode by regularizing the surface, and increase the
Zn ion transport kinetics by exposing more active sites. How-
ever, the mechanical stress generated by polishing induces plas-
tic deformation within the Zn metal foil. Additionally, the re-
liance on manual operation gives rise to substandard repeata-
bility and uneven surface uniformity. Immersion of the Zn foil
in a solution readily causes penetration, thereby resulting in
damage to mechanical strength and the presence of chemical
residues. The non-contact ultrafast laser surface processing tech-
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nology can effectively solve these issues. Femtosecond laser ab-
lation, characterized by short pulse duration (10" s) and mini-
mal thermal effects (electron energy relaxation time: 1071°-10-12
5)221 that ensure the fabrication of micro/nano structures, repre-
sents a highly promising approach. However, femtosecond laser-
induced micro/nano structures lead to new delamination be-
tween the fabricated structures and the substrate, resulting in
problems similar to those encountered with protective layers.
The comparative advantages and limitations of these processing
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methodologies are systematically summarized in Table S2 (Sup-
porting Information).

To address the limitations of the artificial protective layer while
preserving the merits of the surface morphology reconstruction
strategy, a sacrificial layer strategy is proposed. The sacrificial
layer is fabricated via femtosecond laser-induced surface nanos-
tructuring of the Zn metal substrate (Fs-Zn). After the initial
stripping process, the sacrificial layer exhibits more exposed crys-
tal edges and an orderly interface. These exposed crystal edges
provide additional sites for ion adsorption and transfer, while the
orderly interface promotes uniform ion distribution. In the sub-
sequent Zn plating/stripping process, the formation of additional
active sites and a uniform reaction surface enhance ion-transport
kinetics and homogenize ion flux distribution. As a result, the
uniform deposition and dissolution of zinc ions are facilitated,
effectively minimizing dendrite growth and side reactions. Con-
sequently, the symmetric and full cells assisted by the Fs-Zn an-
ode display better electrochemical performance when compared
with bare Zn. Under a current density of 1 mA cm~2 and an areal
capacity of 1 mAh cm™2, the Fs-Zn symmetric cell operates for
over 500 h, which is almost ten times longer than that of bare
Zn. Moreover, the Fs-Zn symmetric cell demonstrates a long-
term cycle time over 180 h at a low rate with a current density
of 0.5 mA cm~2 and an areal capacity of 1.5 mAh cm~2, and bare
Zn abruptly fails under those conditions due to the chemical side
reactions. Additionally, the Fs-Zn||MnO, full cell can complete
500 cycles with a higher specific capacity compared with the bare
Zn||MnO, full cell. This femtosecond laser-induced nanostruc-
tured sacrificial layer strategy is highly appealing for large-scale
industrial production and paves the way for the widespread adop-
tion of aqueous zinc-ion batteries in various applications.

2. Results and Discussion

2.1. Formation and Characterization of Fs-Zn

The experimental setup for femtosecond laser-induced nanos-
tructuring on Zn is schematized in Figure 1b (left). The fem-
tosecond laser system performs surface scanning on commer-
cial zinc foils along parallel paths. The key laser parameters
and their effects on nanostructure morphology are systematically
summarized in Table S1 (Supporting Information). These pa-
rameters enable precise control over the surface oxidation state,
surface texture, and micro/nano-features, regulating both the
surface density and spatial distribution of electrochemically ac-
tive sites.'>?*] Scanning electron microscopy (SEM) image in
Figure 1f shows a frosted surface of Fs-Zn with slight process-
ing traces. Meanwhile, the bare Zn in Figure 1c shows a rough
surface. In the following SEM images at sequential magnifica-
tions, Fs-Zn exhibits different microstructural features compared
to bare Zn. Significantly, Figure 1g reveals a uniform topogra-
phy of Fs-Zn, in contrast to the bare Zn (Figure 1d) which dis-
plays prominent fold lines. In Figure 1h, the surface of Fs-Zn
is marked by microroughness along with sparsely distributed
dominant grains. Whereas distinct scratch patterns, cracks, and
GBs prevail on the bare Zn surface in Figure le. The droplet
sputtering-like morphology of Fs-Zn, with a feature size as small
as ~500 nm, is depicted in Figure 1j. It exhibits micro-holes
with sunken structures and some randomly distributed nanopar-
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ticles. Notably, the microstructure of Fs-Zn is composed of fea-
tures like nanopores, nanoparticles, nanocavities, and nanorims.
Meanwhile, the bare Zn exhibits a densely packed yet rough sur-
face (Figure 1i). Therefore, the femtosecond laser processing gen-
erates a hierarchically structured surface on top of the zinc sub-
strate. This engineered nanostructured surface features a com-
plex topography (nanopores, nanocavities, nanorims, nanopar-
ticles) distinct from the internal bulk zinc substrate. This engi-
neered surface layer could alter the interfacial properties com-
pared to the bare Zn. The corresponding cross-sectional SEM
analysis of the post-processed material reveals distinctive depth-
related features, showing a bulk thickness reduction of ~3 um
relative to the as-prepared state along with characteristic sur-
face topography formed by nanocavities with depths of ~#300 nm
(Figure S1, Supporting Information). Energy dispersive X-ray
spectroscopy (EDS) surface and point analyses were conducted
to identify the oxidation degree of Zn foil before and after fem-
tosecond laser treatment (Figure S2, Supporting Information).
The quantitative analyses in the surface region (Table S3, Sup-
porting Information) show that the oxygen concentration of the
bare Zn foil (~9.91 at.%) decreased to ~6.02 at.% on the Fs-
Zn anode after treatment. EDS point analysis reveals that the
nanoparticle contains a small amount of oxygen (x3.97 at.%),
demonstrating that it is a zinc metal-rich particle. The attenu-
ated total reflection Fourier transform infrared (ATR-FTIR) spec-
tra of bare Zn (matched with Zn(OH), and Fs-Zn (matched with
Zn0-H,0, surface-adsorbed water) are shown in Figure S3 Sup-
porting Information).?*] In the bare Zn spectrum, broad bands
are observed at 3000-3600 cm™! (O-H stretching modes), 800
1200 cm™! (Zn-OH bending modes), and 450-800 cm™! (Zn-
O stretching modes). In contrast, the Fs-Zn spectrum exhibits
broad bands only in the ranges of 800-1200 cm™' and 450-800
cm™!, with a blue shift in wavenumbers indicating weaker hy-
drogen bonding due to the presence of crystalline water (H,O).
These results suggest that femtosecond laser processing removes
the Zn(OH), passivation layer present on bare Zn, which other-
wise hinders electron transport and Zn deposition.’]

The formation mechanism of the morphology of Fs-Zn is
schematized in Figure 1b (right). The morphological evolution
of Fs-Zn involves femtosecond laser-induced local melting and
phase explosion processes:[26-28] 1) These two processes occur on
the same time scale and are intricately intertwined with one an-
other; 2) At the incident laser fluence approaches the laser ab-
lation threshold, the spatial energy deposition non-uniformities
generate localized melt nanoscale pools, where steep radial tem-
perature gradients drive Marangoni flows. At this stage, a high
radial temperature gradient in the nanomelt induces a radial
surface tension gradient, pushing the liquid to the periphery
of the nanomelt. At the boundary with the solid-state mate-
rial, the expelled liquid solidifies rapidly, resulting in the forma-
tion of nanocavities, nano protrusions, and nanorims; 3) When
the laser fluence is high enough to induce ablation, the atoms
ejected from the nanomelts generate a recoil pressure. This re-
coil pressure triggers a phase explosion, which causes the lig-
uid metal to be ejected in the form of micro-jets, resulting in
the formation of nanoscale droplets. As these droplets cool down,
they solidify into monodisperse nanoparticles; 4) In conclusion,
during the scanning of the zinc foil surface by a femtosecond
laser at fluences close to the ablation threshold, microstructures
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including nanopores, nanocavities, and nanorims are formed.
Subsequently, owing to the energy accumulation induced by the
different surface states of zinc, ablation occurs, and consequently,
some nanoparticles are formed on the surface of Fs-Zn.

The X-ray diffraction (XRD) results show that the femtosecond
laser-induced nanostructuring process on Zn can enhance the in-
tensity of Zn(002) crystal plane (Figure 1k). This result suggests
that during the process of high-energy laser pulses interacting
with the zinc surface, the formation of the (002) basal plane in
Fs-Zn is promoted. The prevalence of the (002) basal plane as-
sociated with the lower surface energy thermodynamically con-
tributes to maintaining a uniform stripping/plating process.[2%3l
Interestingly, the proportion of the (101) diffraction peak in bare
Zn is consistently higher than that in Fs-Zn, likely due to the con-
sumption of (101) crystal planes during the fabrication of the sac-
rificial layer.

2.2. Verification and Positive Role of the Sacrificial Layer in Fs-Zn

The verification of the sacrificial layer in Fs-Zn is performed
by analyzing the morphology features of the stripped Zn elec-
trodes through SEM images. The necessity of the stripping pro-
cess is that it is the initial step in a typical discharge-and-charge
test of aqueous zinc-ion batteries.®!l During the stripping pro-
cess of Fs-Zn, as the capacity increases, an increasing number
of aligned crystalline edges are exposed. Upon stripping with a
capacity of 0.1 mAh cm™2, the surface, which initially features a
nanostructured layer (Figure 2a), evolves into a textured structure
(Figure 2b). In the high-magnification SEM images, nanostruc-
tures like the nanopores, nanocavities, and nanorims existing in
the original Fs-Zn (Figure S4a, Supporting Information) partially
disappear, and aligned crystalline edges of the Zn substrate ap-
pear (Figure S4b, Supporting Information). Following the strip-
ping with 0.5 mAh cm2, distinct crystalline edges are observ-
able in the low-magnification SEM image (Figure 2c¢), indicating
a more extensively exposed crystalline surface. Combining high-
magnification SEM images (Figure S4c, Supporting Informa-
tion), the results confirm varying degrees of the stripped state. In
certain regions, a great number of crystal planes of the structure
are exposed, characterized by a large interplanar spacing, a loose
structure, and well-defined crystal-plane boundaries; conversely,
in other regions, fewer crystal planes are exposed, with a small in-
terplanar spacing, a compact structure, and blurred boundaries.
This may be derived from the varying surface energies of zinc
crystal planes.[3%3%) After stripping with a capacity of 1 mAh cm~2,
the stripped surface shows large-scale densely-packed edges with
a uniform planar structure (Figure 2d), signifying the complete
exposure of the crystal planes of the Zn substrate. Furthermore,
high-magnification SEM images clearly reveal distinct crystal-
plane boundaries (Figure S4d, Supporting Information), indicat-
ing the disappearance of the nanostructured layer. Additionally,
these aligned crystalline edges are covered with uniformly gen-
erated zinc hydroxide sulfate (ZHS) hexagonal flakes, which are
expected to alleviate subsequent side effects.l'’”] In contrast, the
SEM images reveal inhomogeneous void spaces (Figure 2f-h;
Figure S4f—h, Supporting Information) formed on the surface
of bare Zn due to the nonuniform dissolution resulting from the
rough surface (Figure 2e; Figure S4e, Supporting Information).
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Moreover, the void space and packed plane on the surface of bare
Zn exhibit localized bulk stripping from the initial defective sur-
face. The effect of the nanostructures of the sacrificial layer dur-
ing the Zn plating process is shown in Figures S5 and S11 (Sup-
porting Information). The nanostructures in Fs-Zn provide more
active sites for Zn deposition, thereby reducing the occurrence of
large and compact protrusions.

Ex situ and in situ, XRD analyses were conducted to mainly
investigate the structure of crystalline surfaces during the sacri-
ficial layer stripping process. The ex situ XRD results (Figure 2i)
demonstrate that during the Zn stripping process, the intensity
of the characteristic peak of ZHS at ~8.5° exhibits significant dif-
ferences between the Fs-Zn electrodes and bare Zn electrodes.
Specifically, the intensity of this peak on the surface of the Fs-Zn
electrodes is significantly lower than that of bare Zn electrodes,
indicating a diminished content of ZHS by-products in the Fs-
Zn electrodes, which suggests that the side reactions occurring
in the Fs-Zn electrodes are alleviated.**! Similar results were ob-
served during the Zn plating process (Figure S6, Supporting In-
formation). In-situ XRD patterns (Figure 2j; Figure S7, Support-
ing Information) reveal that during the discharge process, the
intensity of the (002) diffraction peak of electrodes decreases,
while that of the (100) diffraction peak increases. This indicates
that the Zn(002) plane is consumed in the stripping process and
the Zn(100) plane is exposed, suggesting that vertically-oriented
Zn forms,*3] which is consistent with the SEM results (Figure
S4, Supporting Information). Additionally, although the (101)
diffraction peak in bare Zn shows negligible variation, the (101)
diffraction peak in Fs-Zn gradually shifts to a higher angle, indi-
cating a contraction in the lattice spacing of (101) crystal planes
induced by the disappearance of the nanostructures in the sacrifi-
cial layer.3¢-3% The (101) diffraction peak in Fs-Zn shows a signif-
icant enhancement compared with Zn(002) and Zn(100) diffrac-
tion peaks, suggesting that near-vertical alignment forms,3’!
which is consistent with the SEM results (Figure 2b—d, Figure
S4b-d, Supporting Information). Scanning electron microscope-
electron backscatter diffraction (SEM-EBSD) analysis reveals that
the crystallographic orientations in the edge predominantly cor-
respond to the (101) planes (Figure S8, Supporting Information).

The influence of the nanostructuring layer on the zinc plat-
ing/stripping behavior is further confirmed by the Zn||Zn cell.
The initial charge transfer resistance measured by electrochem-
ical impedance spectroscopy (EIS) in the Fs-Zn symmetric cell
is lower than that of the bare Zn system (Figure 2k). This de-
crease in resistance reveals that Fs-Zn has more rapid Zn?* trans-
port kinetics and higher energy efficiency. The voltage profiles
(Figure 21) of galvanostatic Zn deposition at 1 mA cm~ for 1
mAh cm™2 show that in the first stripping process, Fs-Zn exhibits
a smaller stripping overpotential compared to bare Zn, indicating
that Fs-Zn requires less energy to drive the stripping process at
the electrode surface.*?] These results can be attributed to the
fact that, compared to the bulk stripping in bare Zn foil surface,
the stripping of the nanostructured layer in Fs-Zn can provide
abundant active sites, which endows Fs-Zn with higher reaction
activity.[1240]

Figure 2m illustrates the mechanism underlying the func-
tional mechanism of the nanostructured sacrificial layer. The
surface of Fs-Zn is characterized by numerous nanostructures.
These nanostructures increase the number of surface-active sites,
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Figure 2. SEM images of a) pristine and stripped (S) Fs-Zn at a current density of 1 mA cm~2 with capacities of b) 0.1 mAh cm~2, ¢) 0.5 mAh cm~2,
and d) 1 mAh cm~2, respectively; SEM images of e) pristine and stripped bare Zn at 1 mA cm~2 with capacities of f) 0.1 mAh cm~2, g) 0.5 mAh cm~2,
and h) 1 mAh cm2, respectively. All scale bars in these SEM images are set to an identical length. i) Ex situ XRD patterns of Fs-Zn (F) electrode and
bare Zn (B) electrode after Zn stripping at capacities of 0.1 mAh cm~2, 0.5 mAh cm=2 and 1 mAh cm=2 at 1 mA cm~2. All the experiments on ex-situ
XRD were uniformly performed on a 10 mm Zn electrode. j) 2D maps of in-situ XRD spectra and corresponding discharge profiles of electrodes with
a capacity of 1 mAh cm=2 at 6 mA cm~2. k) EIS analysis for pristine Zn||Zn symmetrical cells; I) Voltage profiles of galvanostatic Zn stripping at 1 mA
cm™2 for 1 mAh cm~%; m) Schematic of the functional mechanism of nanostructures in Fs-Zn foil.
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Figure 3. Current transients during Zn depositions on a) Fs-Zn with a pre-stripped capacity of ImAh cm~2 and d) bare Zn obtained at —100 mV versus
Zn%* /Zn. The inner curves show the In (-I)-In (t) plots for current transients and the arrows show the characteristic slope of —0.5 associated with the
Cottrell parameter. SEM images of b) pre-stripped Fs-Zn and c) the final Zn deposits on the pre-stripped Fs-Zn; SEM images of €) bare Zn and f) the
final Zn deposits on the bare Zn. All scale bars in these SEM images are set to an identical length. g) EIS analysis of Zn||Zn symmetrical cells with a
pre-discharge with a capacity of ImAh cm~2 at 1 mA cm™2. h) 2D maps of in situ XRD spectra and corresponding charge profiles of electrodes with a
capacity of 1 mAh cm2 at 6 mA cm~2 after first discharge with a capacity of 1 mAh cm=2 at 6 mA cm~2.

which serve as favorable sites for Zn?*/Zn oxidation reactions.
Additionally, the surface uniformity of Fs-Zn ensures a uniform
surface with denser edges after stripping. The newly obtained
abundant edges can serve as new active sites for subsequent reac-
tions, which is favorable for enhancing ion-transport kinetics in
Fs-Zn. Furthermore, the uniform surface with denser edges can
homogenize ion flux. Conversely, bare Zn presents an uneven
surface topography with limited reactive sites. During stripping,
the non-uniform dissolution of bare Zn leads to localized strip-
ping, generating extensive void formation. This could result in
subsequent slow reaction kinetics and non-uniform ion distribu-
tion.

The surface state of the substrate exerts a significant influ-
ence on the Zn nucleation and growth electrodeposition behav-
ior. This deposition behavior was investigated by current tran-
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sients (Figure 3a,d) through chronoamperometric tests, during
which an overpotential of —100 mV was applied to the electrodes
in a solution containing 1 M Na,SO, and 0.1 M ZnSO,. Dur-
ing the Zn deposition process, the current decreases with time,
which is due to the reduction of the surface concentration of the
reactant.[*!l The presence of more active sites available for zinc
nucleation and growth on the stripped Fs-Zn (Figure 3b) leads
to faster reaction kinetics thereby inducing a large current. In
contrast, the limited active sites on the bare Zn (Figure 3e) re-
strict the reaction kinetics, resulting in a smaller current com-
pared to that of Fs-Zn. Cottrell curves are shown on the inner
log current versus log time curves.[**3] The slope close to —0.5
for the bare Zn indicates that its nucleation and growth process
is diffusion-controlled under this condition (Figure 3d). For Fs-
Zn, the initially large slope implies that the current decreases
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more slowly with time (Figure 3a), suggesting that this process
is not only governed by diffusion but also affected by the high
redox activity surface. Subsequently, the slope approaches —0.5,
indicating that the redox reaction on the surface reaches a steady
state and the deposition enters a diffusion-controlled stage. Fi-
nally, both electrodes reach a diffusion equilibrium state and the
current changes minimally with time. It is worth noting that com-
pared with the pronounced protrusions with a characteristic size
of 2.6 ym formed on the bare Zn (Figure 3f), the multiple dis-
tributed nanograins with a characteristic size of 55 nm on Fs-Zn
(Figure 3c) have the advantages of alleviating subsequent corro-
sion reactions and dendrite growth.

The resistance of the symmetric cells after a pre-discharge with
a capacity of ImAh cm™ at a current density of 1 mA cm™ was
measured by EIS (Figure 3g). In the Nyquist plots, compared with
the EIS results of pristine electrodes (Figure 2k), a new semicir-
cle at high frequency, which represents the solid electrolyte inter-
phase resistance (Rg,)**! appears in the pre-discharged cells.
Moreover, the pre-discharged cells have a higher internal resis-
tance (R,), suggesting that the Rg;; and higher R, may result from
the transfer of zinc ions through the ZHS. Meanwhile, the semi-
circle at medium frequency corresponds to the charge transfer
resistance, and the decreased charge transfer resistance in Fs-Zn
compared with bare Zn represents the better plating/stripping re-
versibility of Fs-Zn.[*l These lower resistances may result from
the fewer side reaction productions and more active sites on the
Fs-Zn. In situ, XRD patterns (Figure 3h; Figure S9, Supporting
Information) show that during the charging process, the inten-
sity of the Zn(002), Zn(100), and Zn(101) diffraction peaks in-
creases corresponding to the deposition of zinc.*’] The (101)
diffraction peak in Fs-Zn also shows a significant increase com-
pared with Zn(002) and Zn(100) diffraction peaks, indicating the
near-vertical oriented Zn deposition with preferential growth of
(101) plane,¥ which will be discussed later. In contrast, there
is no substantial increase in the diffraction peaks in bare Zn,
which can be attributed to the random orientations of the zinc
deposition.[3’!

The electrochemical performance of Fs-Zn anodes is antici-
pated to experience substantial improvements. To verify the ben-
efits of the nanostructured sacrificial layer in Zn anodes, plat-
ing/stripping measurements were conducted within a symmet-
rical cell configuration. A thin GF/A separator with a thickness
of 260 um was utilized, as depicted in Figure 4a. As predicted,
when evaluating the rate performance at an areal capacity of 1
mAh cm~? with current densities ranging from 0.5 mA cm™
to 10 mA cm~2, the Fs-Zn symmetrical cell demonstrates reli-
able operation up to a current density of 10 mA cm~2. In con-
trast, the bare Zn suffered an obvious short circuit at 5 mA cm =2
(Figure 4b), with internal short circuits being induced by Zn den-
drite growth in this condition.[*] Subsequently, constant-current-
density charge/discharge analyses were carried out to validate the
stability of symmetrical cells over long cycles. Correspondingly,
XRD and SEM characterizations during the plating/stripping
process were performed to investigate the effects of side reactions
and dendrite growth. Figure 4c shows that when the symmetrical
cells operate at a low current density of 0.5 mA cm~2 with an areal
capacity of 1.5 mAh cm™2, which is a low-rate test making the
cells susceptible to time-controlled chemical side reactions,!*!
the Fs-Zn symmetric cell endures for 180 h, while the bare Zn fea-
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tures a large increase in overpotential of 200 mV and fails rapidly.
The associated ex-situ XRD results in Figure 4e demonstrate that
after the Zn stripping-plating or plating-stripping process, the in-
tensity of the characteristic peak of ZHS at ~8.5° on the surface
of the bare Zn electrodes is significantly higher than that of Fs-Zn
electrodes, indicating an increased content of ZHS by-products
in the bare Zn electrodes, which accelerates the failure of the cell.
The SEM images present that after the Zn stripping-plating pro-
cess, Fs-Zn exhibits a subplanar composed of nearly vertically-
aligned, packed crystal edges (Figure 4f), while a large dendrite
protrusion was plated on the bare Zn (Figure 4g), facilitating the
occurrence of the side reactions. After the Zn plating-stripping
process, Fs-Zn presents a flat surface constituted of packed crys-
tal edges (Figure 4j), with small and uniform hexagonal ZHS. In
contrast, on the bare Zn, large and randomly distributed ZHS by-
products occur (Figure 4k), suggesting a longer zinc ion diffusion
pathway that affects the ion transfer.['”] Moreover, under a current
density of 1 mA cm~2 and an areal capacity of 1 mAh cm™!, the Fs-
Zn symmetric cell presents a long cycle life, maintaining a stable
voltage profile over an operational period exceeding 500 h with a
voltage hysteresis of 22 mV (Figure 4d). Conversely, the bare Zn
symmetric cell shows a voltage hysteresis exceeding 45 mYV, fol-
lowed by an 80 mV increment in overpotential during the cycling
process. Subsequently, a voltage drop induced by dendrite forma-
tion occurs after 60 h, leading to the failure of the cell. The corre-
sponding ex situ XRD results in Figure 4e reveal that subsequent
to the Zn stripping-plating or plating-stripping process, a higher
content of ZHS by-products emerges in the bare Zn electrodes
which is likely responsible for the elevated overpotential within
the cell. The SEM images indicate that after the Zn stripping-
plating process, the Fs-Zn features densely packed crystal edges
(Figure 4h), resulting in a surface that is more even than the pro-
truding bare Zn surface (Figure 4i). After the Zn plating-stripping
process, Fs-Zn presents a uniform stripped surface (Figure 41). In
contrast, on the bare Zn electrode, residual zinc protrusions are
randomly left after the stripping process (Figure 4m). This is due
to the isolation of Zn during the process,**) which can affect the
reversibility and induce dendrite growth.

In summary, XRD results show that after half cycle (Figure 2i;
Figures S6 and S10, Supporting Information) and one cycle
(Figure 4e), the intensity of the ZHS peak in Fs-Zn is lower than
that in bare Zn, indicating that side reactions in Fs-Zn are signif-
icantly alleviated, which is due to the fact that the abundant edges
serve as active sites that enhance Zn ion-transport kinetics. SEM
analysis reveals that bare Zn electrodes exhibited pronounced
dendrite growth, which could be attributed to the non-uniform
reaction activity on the surface. In contrast, following the strip-
ping process (Figures 2a—h and 4f-m; Figures S4a-h and S11,
Supporting Information), the Fs-Zn electrodes present nearly
vertically-aligned, densely packed crystal edges and this structure
is maintained during the following plating and stripping pro-
cess. This morphology homogenizes ion flux, ensuring uniform
plating/stripping. When combined with the in situ XRD results
(Figures 2j and 3h), it is evident that these aligned crystal edges
of the Zn plates correspond to the Zn(101) crystal plane, show-
ing that a nearly (101)-oriented epitaxial growth is induced.*]
Thereby, dendrite growth is effectively suppressed in Fs-Zn elec-
trodes. These results demonstrate that the nanostructured sacri-
ficial layer plays a positive role during the cycle process.
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Figure 4. a) The simplified illustration of the Zn||Zn symmetric cell. b) Rate performance of Zn||Zn symmetrical cells at current density/capacity density
of 0.5 mA cm™2/1 mAh cm~2, 1 mA cm~2/1 mAh cm™2, 2 mA cm™2/1 mAh cm™2, 5 mA cm~2/1 mAh cm~2 and 10 mA cm~2/1 mAh cm™~2, respectively;
c) Voltage profiles for Zn||Zn symmetric cells at 0.5 mA cm~2/ 1.5 mAh cm~2; d) Voltage profiles for Zn||Zn symmetric cells at T mA cm~2/1 mAh cm™2.
The insets show the first 5 cycles and the last 5 cycles of the voltage profiles. e) Ex situ XRD patterns of Fs-Zn (F) and bare Zn (B) electrodes after Zn
stripping (S)/plating (P) at T mA cm~2/1 mAh cm™2 (1) and 0.5 mA cm™2/1.5 mA cm~2 (1.5). F-1-S-P refers to the ex-situ XRD patterns of the Fs-Zn
(F) electrode after Zn stripping (S) followed by plating (P) at T mA cm™2/1 mAh cm™2 (1). The interpretations of other legends are consistent. All the
experiments were uniformly performed on a 10 mm Zn electrode. SEM images of f) Fs-Zn and g) bare Zn electrodes after Zn stripping (S) followed by
plating (P) at 0.5 mA cm™2/1.5 mAh cm~2. SEM images of h) Fs-Zn and i) bare Zn electrodes after Zn stripping followed by plating at 1 mA cm=2/1
mAh cm~2. SEM images of j) Fs-Zn and k) bare Zn electrodes after Zn plating followed by stripping at 0.5 mA cm~2/1.5 mAh cm~2. SEM images of |)
Fs-Zn and m) bare Zn electrodes after Zn plating followed by stripping at 0.5 mA cm~2/1.5 mAh cm~2. The inner figures are the high-magnification SEM
figures. The scale bars in the inner and outer SEM images are set to an identical length, respectively.
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Figure 5. a) Rate performance of Zn||[MnO, full cells. b) the voltage profiles for the 10th cycle correspond to (a), and the simplified illustration of the
Zn||MnO, cell during the initial discharge process is inset. c,d) SEM images of the cycled Fs-Zn anode at sequential magnifications after the rate test. f,g)
SEM images of cycled bare Zn at sequential magnifications after the rate test. e,h) schematics of the functional mechanism of the morphology evolution
for the Fs-Zn anode and the bare Zn anode, respectively. All scale bars in the SEM images are set to an identical length.

2.3. High-Performance Fs-Zn Full Battery with a Sacrificial Layer
in the Zn Anode

The electrochemical performance of the Fs-Zn anode was further
evaluated in full cells utilizing a MnO, cathode. The initial dis-
charge process during full-cell operation is illustrated in the inset
in Figure 1b. In the rate performance test (Figure 5a), the current
density was increased from 0.1 A g (0.5 mA cm™2) to 1 A g™*
(5 mA cm~2) during the 40 cycles of the stripping-plating process.
The anode undergoes complex electrochemical reactions, and Fs-
Zn||MnO, exhibits a higher specific discharge capacity compared
with bare Zn||MnO,. Additionally, the voltage-capacity plot in
the tenth cycle shows that Fs-Zn||MnO, displays smaller voltage
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hysteresis (Figure 5b), suggesting that the Fs-Zn anode features
lower energy consumption and higher reversibility of the elec-
trode reaction during the electrochemical process.’!] SEM char-
acterization results reveal the morphology of Fs-Zn and bare Zn
anodes after the rate test. Figure 5c shows that the Fs-Zn anode
develops a uniform surface after cycling, and its microstructure
exhibits a layered structure, featuring relatively ordered, struc-
tured growth patterns with aligned textures (Figure 5d). Based
on the aforementioned results in Figure 2, this verifies that the
crystal edges, originating from the nanostructures acting as a sac-
rificial layer during the first-cycle stripping, provide a basis for
the stable operation of the Fs-Zn||MnO, cell during stripping-
plating cycles (Figure 5e). These edges effectively inhibit dendrite
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Figure 6. a) EIS plots of Zn||MnO, full cells before and after 5 cycles. b) Cyclic voltammetry (CV) plots (3rd) of Zn|[MnO, full cells at 0.1 mV s~
c) Cycling performance of Zn||[MnO, full cells. d)Voltage profiles for the 20th correspond to (c). €) Voltage profiles for the 200th correspond to (c).

growth by enhancing reaction kinetics and optimizing the ion-
transport pathway, thereby improving the structural stability of
the anode and the electrochemical performance of the battery. In
contrast, evident mossy dendritic structures form on the surface
of the bare Zn anode (Figure 5f), characterized by a rough surface
with disordered protrusions (Figure 5g). Owing to the occurrence
of local stripping on the bare Zn anode, the nonuniformity of
the electrode provides favorable conditions for the dendrite rapid
growth (Figure 5h). This induces side reactions, substantially in-
creasing the internal resistance and hindering the battery capac-
ity release.

EIS analysis (Figure 6a) shows that the charge transfer resis-
tance in Fs-Zn||MnO, is reduced compared with that in bare
Zn||MnO, before and after 5 cycles, which supports the im-
proved electrochemical kinetics of the Fs-Zn anode. Compared to
the initial state, the charge transfer impedance becomes smaller
after cycling, indicating an activation process of the electrode
materials.l’?) The CV plots (Figure 6b) (3rd) reveal that the Fs-
Zn||MnO, cell exhibits a lower oxidation peak at 1.60 V (versus
1.67 V for bare Zn||[MnO,), and the higher reductive peaks at
1.35V (vs. 1.33 V), and 1.22 V (vs. 1.20 V). These results demon-
strate that reduced polarization at the Fs-Zn anode contributes to
lower initial voltage hysteresis compared with the bare Zn anode.
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For long-term cycling (Figure 6c¢), with a specific current of 0.3 A
g1, Fs-Zn||[MnO, demonstrates a slightly higher capacity in early
cycles. During further cycling, the charge and discharge capac-
ity of bare Zn||MnO, deviates gradually. Therefore, Fs-Zn||MnO,
full cell can achieve 500 cycles with a higher specific capacity. The
voltage profiles reveal the voltage hysteresis and capacity change
during the cycles. In the 20th cycle, the Fs-Zn||MnO, cell shows
less voltage hysteresis and higher specific capacity than the bare
Zn||MnO, cell (Figure 6d), indicating better electrode reaction
reversibility. By the 200th cycle, the bare Zn||MnO, cell experi-
ences increased voltage hysteresis and significant capacity drop
(Figure 6e), reflecting deteriorated polarization and poor long-
term stability. In contrast, the Fs-Zn||[MnO, cell maintains rela-
tively stable hysteresis and higher specific capacity. These results
demonstrate the role of the nanostructured sacrificial layer in the
actual operation of the battery.

3. Conclusion

This study proposes a femtosecond laser-induced sacrificial
layer strategy to address surface nonuniformity and associated
dendrite growth and side reaction issues in commercial-grade
zinc metal for AZIBs. Upon the stripping of the Zn foil, the
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fabricated nanostructures (nanopores, nanoparticles, nanocav-
ities, and nanorims) are replaced by nearly vertical, densely
packed crystal edges corresponding to the Zn(101) crystal plane.
This homogenizes ion flux, ensuring uniform plating/stripping,
and induces nearly (101)-oriented epitaxial growth, thereby sup-
pressing dendrite growth. The abundant edges serve as active
sites that enhance Zn ion-transport kinetics and alleviate side re-
actions. Accordingly, Fs-Zn symmetric cells achieve 500 h stable
cycling at 1 mA cm~2/1 mAh cm=2 (10 times longer than bare
Zn), while Fs-Zn||MnO, full cells achieve higher capacity over
500 cycles with reduced voltage hysteresis. This scalable, non-
contact femtosecond laser processing technique offers a promis-
ing approach for industrial Zn anode manufacturing for AZIBs.
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