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Abstract
Zn-ion batteries (ZIBs) have a broad application prospect because of their advantages of high power, large capacity, and high 
energy density. However, the development of high-capacity, long-lifespan ZIBs is challenging because of the faster dendrite 
growth and the occurrence of the hydrogen evolution reaction. Laser-induced graphene (LIG) is a material with many defects 
and heteroatoms. Because of these characteristics, it plays an important role in improving nucleation. A simple and effective 
method for preparing LIG was proposed in this paper, and the LIG was covered on the surface of Zn foil to form a compos-
ite structure. This structure substantially reduces the nucleation overpotential of Zn and slows down the dendrite growth 
of Zn by improving the nucleation behavior of  Zn2+. Simultaneously, the three-dimensional porous structure increases the 
specific surface area of the electrode, so the battery has a larger specific capacity. Compared with the bare Zn electrode, the 
composite electrode possesses lower overpotential and longer cycle life. In addition, the full battery using activated carbon 
as the active material exhibits great rate and cycle performance. This facile and scalable approach may solve the problem of 
Zn dendrite growth, which is crucial for the large-scale application of ZIBs.

Highlights

1. The application of laser-induced graphene on zinc anode 
effectively prolongs the lifespan of Zn batteries.

2. A three-dimensional structure was constructed on Zn 
foil surface, significantly increasing the capacity of the 
Zn battery.

3. The important role of laser-induced graphene in promot-
ing  zinc nucleation was demonstrated.

Keywords Laser-induced graphene · Zinc-ion batteries · Dendrite · Femtosecond laser

1 Introduction

Recently, renewable energy technology has been developed 
vigorously, which has stimulated the development of energy 
storage devices. Increasingly more attention has been paid 
to the research of green, low-cost, and safe energy storage 
systems. Lithium-ion batteries (LIBs) are widely used in 
vehicle and convenient energy storage applications because 
of their high power, high energy, and long cycle life [1–3]. 
However, some disadvantages of LIBs, such as high cost, 
poor security, and scarcity of lithium resources, limit their 
large-scale application in energy storage devices. Therefore, 
cheaper and safer energy storage systems must be developed.
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Compared with organic electrolytes, water electrolytes 
have the advantages of nonflammability and low cost. 
Recently, aqueous Zn-ion batteries (ZIBs) have attracted 
considerable attention because of their superior perfor-
mance. Aqueous Zn-based batteries include zinc-air bat-
teries, nickel-zinc batteries, and zinc-manganese batter-
ies [4–7]. Zinc is recognized as the most promising anode 
material after lithium. This promise is mainly attributed 
to the advantages provided by zinc, including low oxida-
tion–reduction potential (− 0.762  V), high theoretical 
capacity (820 mA  hg−1), low cost, and stable properties in 
air [8–11]. These attributes make ZIBs potentially com-
mercially viable on a large scale. Although zinc has many 
advantages as a metal anode, some intractable challenges 
hinder the large-scale application of ZIBs. The main prob-
lem is the instability of the zinc anode during cycling [12, 
13]. Because of an uneven charge distribution on the zinc 
surface, the nonuniform zinc-ion flux driven by the tip effect 
usually leads to the uneven nucleation and growth of zinc 
dendrites. This result can lead to short circuits at the micro-
scale and even battery failure. In addition, in the negative 
electrode reaction, zinc will be lost and produce by-products 
due to side reactions, which further leads to a decrease in 
Coulomb efficiency (CE) and lifespan [14].

To solve the problem of the growth of zinc dendrites, 
many innovative strategies have been reported. Bayaguud 
et al. [15] proposed low-cost, nontoxic, tetrabromobutyl 
ammonium sulfate  (TBA2SO4) as an electrolyte additive. 
In the process of galvanizing,  TBA+ ions adsorbed on the 
negative surface of zinc metal regulated the initial nuclear 
potential, inhibited the growth of dendrites by shielding the 
hydrated zinc ions in the electrolyte, and induced the uni-
form deposition of zinc metal on the commercial copper 
foam (Cu) matrix. In addition, the preparation of a three-
dimensional structure on the surface of zinc foil is also a 
common method for improving the performance of a zinc 
anode. The introduction of a nonuniform porous passivation 
layer on a zinc anode is an effective method for achieving 
uniform zinc electrodeposition [16, 17]. High current density 
can promote dendrite nucleation, and a three-dimensional 
structure can reduce effective current density and promote 
ion diffusion, which is conducive to zinc deposition [18, 
19]. For example, Kang et al. [20] adopted a chemically 
corroded porous copper skeleton as a fluid collector. A three-
dimensional porous copper skeleton has great electrical 
conductivity and an open structure, which is conducive to 
uniform deposition/stripping of zinc. Nevertheless, battery 
performance is still difficult to improve in the existing ways. 
The stable cycle of a zinc anode under the actual capacity 
still needs to be studied. The development of ZIBs needs to 
be further promoted by a high-area-capacity zinc anode that 
is manufactured by an expandable and simple manufactur-
ing method.

Graphene as a modified coating has often been used as 
an energy storage material [21, 22]. Recently, an alterna-
tive method for manufacturing carbon-based materials has 
attracted great attention because of its ease of scalability, 
high tunability, and cost-effectiveness [23]. Polymer mate-
rials such as polyimide (PI) and polyester can immediately 
be carbonized into a wide range of carbon-based materials 
by direct laser marking. The most famous example of this 
carbonization process is laser-induced graphene (LIG) [24]. 
Because the structure and composition of LIG are adjusta-
ble, such materials have been used as catalysts, supercapaci-
tors, and sensors [25–27]. Notably the characteristics of LIG 
are high porosity, high electrochemical stability, relatively 
good electron conductivity, and multidoping properties [28]. 
These characteristics meet the basic requirements of an ideal 
electric collector.

In this study, a laser was used to scribe on a PI film 
covered on Zn foil to generate a 3D composite structure 
containing LIG. The nucleation overpotential of zinc on 
the Zn foil containing LIG was considerably lower than that 
on the bare Zn foil. There was even no nucleation barrier 
at low current density. The LIG in the groove can guide the 
uniform deposition of  Zn2+ in this structure, and Zn den-
drite formation was effectively inhibited. In addition, the 3D 
porous structure formed by laser irradiation enhanced the 
hydrophilicity of the Zn surface. This result benefited the 
material exchange of  Zn2+ in an aqueous electrolyte. LIG-
Zn stable overvoltage could be maintained during the cycle, 
and the cycle life was substantially increased (> 600 h at 
1 mA  cm−2). In the supercapacitors using activated carbon 
(AC) as the cathode, the LIG-Zn anode exhibited better 
cycle stability.

2  Experimental Section

2.1  Preparation of the LIG‑Zn Anode

The preparation process of the LIG-Zn sample is sche-
matized in Fig. 1. Commercial Zn foil was ultrasonically 
cleaned using acetone, ethanol, and deionized water to 
eliminate residual organic matter from the surface prior to 
preparation. Commercial Kapton tape (polyimide, PI) was 
attached to the Zn foil and then processed with a femtosec-
ond laser. The thickness of the Zn foil was 100 µm, while 
that of the Kapton tape was 60 µm. PI was converted to LIG 
after laser irradiation. Two processes occur simultaneously, 
namely, the graphitization of PI and the ablation of mate-
rials. Therefore, the balance of these two processes must 
be ensured. Higher-quality LIG was generated by adjusting 
the scanning rate and energy density of the laser. A femto-
second laser with a wavelength of 1064 nm, a pulse width 
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of 340 fs, and a repetition frequency of up to 50 kHz was 
used for processing. The laser fluence at the focal point 
was F = 5.94 J  cm−2. The laser performs raster scanning 
at a scanning interval of 100 µm and a scanning speed of 
200 mm  s−1. After processing, a periodic concave-convex 
pattern on the microscale was generated on the microscale 
was generated on the surface of the sample, as shown in 
Fig. 2a.

2.2  Material Characterization

The surface microstructure of the treated sample was 
observed using scanning electron microscopy (SEM). 
The chemical composition of the surface was character-
ized using X-ray photoelectron spectroscopy (XPS). The 
crystal structure was characterized using X-ray diffraction 
(XRD) spectroscopy.

2.3  Preparation of the AC Cathode

AC was used as the cathode active material for full cell 
testing. The preparation method was as follows: The paste 
was prepared by mixing AC powder, polyvinylidene fluo-
ride, and carbon black (8:1:1) in 1-methyl-2-pyrrolidone 
solvent. Then this paste was coated on stainless steel. 
Finally, the electrode was dried at 110 °C for 12 h in a 
vacuum to complete the preparation of the AC cathode 
electrode.

2.4  Electrochemical Measurements

Electrochemical tests were performed at room tempera-
ture. The standard 8-channel LAND battery test system 
was used to test battery performance. LIG-Zn and Zn 
electrodes were assembled into a 2025 button battery for 

Fig. 1  Schematic of the prepa-
ration process of LIG-Zn

Fig. 2  SEM images of a, b a 
schematic of the structure of 
LIG-Zn; and c, d sectional 
drawing before and after laser 
processing
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electrochemical measurement. The electrolyte was 2 mol/L 
 ZnSO4 aqueous solution, and the amount of electrolyte in 
each battery was 100 µL. A glass fiber was used as a bat-
tery diaphragm. To investigate the electrochemical behav-
ior of Zn, a constant current charge–discharge cycle of the 
symmetric battery was performed at a current density of 
1–4 mA  cm−2 and a total capacity of 0.5–2 mAh  cm−2. The 
CE and electroplating stripping curve were tested using a 
smooth copper foil as the positive electrode.

To perform the electrochemical test of the zinc-ion 
hybrid supercapacitor, a button battery was assembled 
with AC as the cathode material and bare Zn and LIG-Zn 
as the anode. The test voltage was 0.2–1.8 V. Additionally, 
the specific capacity was calculated according to the qual-
ity of AC to clearly explain the improvement in battery 
performance.

The charge transfer resistance of the negative elec-
trode was evaluated using an electrochemical workstation 
(PGSTAT302 N, Metrohm, Switzerland). Electrochemical 
impedance spectroscopy (EIS) experiments were performed 
in the range of scanning frequencies from  10−2 to  105 Hz, 
and the sinusoidal potential perturbation was 10 mV rms. 
Each test was repeated more than five times to verify the 
repeatability of the results.

3  Results and Discussion

The microstructure of the prepared LIG-Zn anode is shown 
in Fig. 2a. Under laser irradiation, some of the PI films 
blackened and deposited in the groove, indicating that it was 
converted to graphene. The PI band was completely cut to 

form a columnar structure with clear layers. The unablated 
PI film was attached to the surface of the Zn column, while 
the porous graphene layer covered the bottom of the tank and 
the side wall of the Zn column. Figure 2b clearly shows the 
microstructure of LIG, which contains many defects. This 
porous structure can lead to a more uniform deposition of 
 Zn2+. The section is shown in Fig. 2c and d. After laser pro-
cessing, the Zn foil can be divided into three structures: Zn 
substrate, LIG in the slot, and PI film on the array column. 
Figure 2d shows that the LIG was approximately 1 µm thick, 
covering the groove bottom and the sidewalls.

To further study the properties of LIG, XPS tests on 
LIG-Zn and bare Zn samples were performed for the 
deconvolution of C 1s and O 1s spectra (Fig. 3a–d). For 
bare Zn samples, C 1s mainly produces C–C, C–O, and 
C=O peaks at approximately 284.6, 285, and 288.2 eV, 
respectively. This result is due to the presence of organic 
matter in the air, which was attached to the Zn surface. 
For LIG-Zn, C–N appears at 285.4 eV after laser irradia-
tion [29]. PI might be a nitrogen source, and some nitro-
gen remained on the surface of Zn after laser processing. 
In addition, a C-N peak appeared in the spectrum of N 
1s. However, further deconvolution of the N 1s peak with 
relatively low intensity did not yield reliable results. In 
addition, the Zn–O peak appeared at 529.6 eV. The reac-
tion between the Zn substrate and  O2 generates ZnO on 
the surface of the bare Zn substrate through a high-energy 
laser. The surface of zinc foil can be more hydrophilic 
because of the effect of ZnO, and the deposition kinet-
ics of Zn can inhibit the hydrogen evolution reaction and 
improve the cycle life of the battery [30, 31]. According to 
the characteristic peaks of the O 1s and C 1s spectra, the 

Fig. 3  a, b C 1s XPS spectra of 
bare Zn and LIG-Zn; c, d O 1s 
XPS spectra of bare Zn and 
LIG-Zn; and e, f XRD patterns 
of bare Zn, PI-coated Zn foil 
and LIG-Zn
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content of C=O in LIG-Zn was higher. This result might 
be caused by the porous structure, multidefects, and multi-
doping properties of LIG. This special structure benefits 
the nucleation of Zn. An XRD spectroscopy was employed 
to characterize the composition of bare Zn, PI-coated Zn 
foil, and LIG-Zn (Fig. 3e). The typical peaks of Zn appear 
in the XRD images of the three samples. In Zn-PI and Zn-
LIG, the intensity of the characteristic peak at (002) was 
obviously decreased, which is because the surface of the 
Zn foil was covered by insulating PI after processing, and 
zinc ions tended to be deposited in the groove. As shown 
in Fig. 3f, the (002) characteristic peak of LIG appears 
near 20°, which proves the generation of LIG after laser 
processing [32].

To clearly show the influence of LIG-Zn on the deposition 
behavior of zinc ions, the surface morphology of electrodes 
with different deposition capacities was studied, as shown 
in Fig. 4. The deposition behavior of LIG-Zn and bare Zn 
foil anodes was examined using a vertical view of SEM. An 
aqueous solution of  ZnSO4 (2 M) was used as the electrolyte. 
A constant current of 1 mA  cm−2 was used to deposit differ-
ent capacities on the anode. The surface morphology of the 
electrode after deposition for 1, 5, 10, and 20 h was studied. 
After 1 h of deposition at a current density of 1 mA  cm−2, 
numerous thin sheets were formed on the initially smooth 
surface of Zn (Fig. 4e). The dimensions of these vertical and 
sharp flakes are approximately 5 µm. The accumulation of 
electric charge further accelerates the growth of dendrites, 
which makes the dendrites larger and sharper. As shown in 
Fig. 4h, when the deposition time increases to 20 h, many 
dendrites gather on the Zn foil, forming an uneven plane or 

even piercing the separator, which results in a short circuit 
of the battery. In contrast, Zn was mainly deposited in the 
grooves in the LIG-Zn anode. The uniform deposition of 
Zn in the LIG can be clearly observed. Figure 4a–d shows 
that Zn was laterally deposited on the LIG-Zn anode. There 
was no vertical dendritic process but a dense arrangement 
of scale-like structures. Even after 20 h of electroplating, 
no larger dendrite was obtained. These results showed that 
LIG formation could effectively inhibit the growth and evo-
lution of Zn dendrites. The width and depth of the LIG-
Zn anode groove affect the maximum capacity of the elec-
trode. Thus, the theoretical capacity of the electrode could 
be predicted by describing the volume of the groove. The 
electrode reaches the theoretical capacity when Zn fills the 
gap between PI columns. Then, Zn begins to be deposited 
on the surface of the LIG-Zn rather than inside, substan-
tially reducing battery performance. Therefore, the require-
ment of actual capacity was often an important factor to be 
considered.

A symmetrical LIG-Zn||LIG-Zn battery and bare Zn||Zn 
battery were prepared with 2 M  ZnSO4 electrolyte to test 
their electrochemical performance. Figure 5a shows the 
initial electroplating overpotential distribution of the sym-
metrical battery at 1 mA  cm−2. In this image, the difference 
between the peak overpotential and the subsequent stable 
plating overpotential indicates the nucleation overpoten-
tial [33, 34]. As shown in Fig. 5a, at a current density of 
1 mA  cm−2, LIG-Zn and bare Zn had nucleation overpo-
tentials of 2.8 and 35 mV, respectively. This comparison 
suggests that adding LIG activated the Zn nucleation process 
and reduced the Zn deposition resistance during the first 

Fig. 4  SEM images of deposition morphologies at different deposition times. SEM image of Zn deposition for a 1 h, b 5 h, c 10 h, and d 20 h on 
LIG-Zn and e 1 h, f 5 h, g 10 h, and h 20 h on bare Zn foil at a current density of 1 mA  cm−2
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cycle, making it easier for LIG-Zn to enter the stable grain 
growth stage. The reduction of the Zn nucleation barrier 
promoted the formation of small Zn nuclei on the electrode 
rather than the rapid growth of disordered Zn dendrites. The 
repeated electroplating/stripping properties of LIG-Zn and 
bare Zn were evaluated using constant current cycling at 
different current densities and capacities. Figure 5b shows 
the constant current cycle performance of a symmetrical 
cell with an areal capacity of 0.5 mAh  cm−2 at a current 
density of 1 mA  cm−2. For the bare Zn-based batteries, the 
voltage fluctuation and polarization were obvious. The volt-
age drops suddenly at 234 h, indicating a short circuit of the 
battery. This short circuit occurred because numerous sharp 
and large blocks of Zn dendrites were formed in the long-
term cycle, which eventually penetrated the separator and 
led to a short circuit inside the battery. As shown in Fig. 5c, 
short-circuit failure was manifested as perfect rectangu-
lar voltage profiles with constant minuscule overpotential 

corresponding to the ohmic loss in the electrically conduc-
tive zinc. In contrast, LIG-Zn has stable electroplating/strip-
ping polarization, and the cycle time can be more than 600 h. 
Figure 5d shows the cycle performance of the battery at a 
higher current density of 4 mA  cm−2. The battery with a 
bare Zn electrode was short-circuited after 120 h, while the 
LIG-Zn battery could maintain a stable cycle for more than 
200 h. During the cycle, the LIG-Zn battery showed a stable 
polarization voltage of approximately 30 mV, and there was 
no electrochemical evidence of a transient short circuit. To 
further understand the electroplating/stripping kinetics, the 
voltage polarization was analyzed at different current den-
sities. Figure 5e shows the rate performance of the battery 
at current densities of 0.2–10 mA  cm−2. LIG-Zn obviously 
has a small polarization in each current density cycle. The 
voltage of the Zn||Zn symmetrical battery increased sub-
stantially with increasing current density and finally failed 
after the electrochemical test of 10 mA  cm−2. The mean 

Fig. 5  Symmetrical battery test. a Initial plating voltage profiles of 
LIG-Zn and bare Zn, tested in symmetrical cells at 1  mA   cm−2; b, 
c voltage profiles tested at 1 mA  cm−2 with 0.5 mA h  cm−2 capacity 
per cycle; d voltage profiles tested at 4 mA  cm−2 with 2 mA h  cm−2 
capacity per cycle; e rate property of symmetrical cells at current 

densities of 0.2, 0.5, 1, 2, 5, 10, and 1 mA   cm−2; f voltage profiles 
tested on a bare Zn electrode and laser processed Zn electrodes at 
4 mA   cm−2 with 2 mA h   cm−2 capacity per cycle; and g the trans-
formation of the water contact angle on the surface of Zn foil under 
different laser parameters
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overpotential values for the bare Zn cell were 43.5, 48.6, 
50.1, 52.3, and 85.7 mV at 0.2, 0.5, 1, 2, 5, and 10 mA  cm−2, 
respectively. In contrast, the LIG-Zn symmetrical battery 
showed a highly reversible zinc deposition/exfoliation curve 
during the test. The polarization voltage remained stable 
after the 10 mA  cm−2 current cycle. The average plating/
stripping overpotentials were 16.7, 19.5, 22.3, 27.5, and 
36.2 mV when tested at 0.2, 0.5, 1, 2, 5, and 10 mA  cm−2, 
respectively. According to the literature report, the higher 
the overpotential of the electrode, the more difficult nuclea-
tion will be, which leads to increased polarization, poor 
CE, electrode damage, and even battery failure [35]. The 
low polarization and stable voltage distribution of the LIG 
anode were beneficial for guiding the nucleation of zinc and 
achieving a dendrite-free zinc anode during uniform deposi-
tion [16, 36, 37].

In the experiment, the three-dimensional porous structure 
formed only by laser processing was noticed to also influ-
ence battery performance. Therefore, a set of control experi-
ments was added to explore the mechanism of the effect 
of laser irradiation on the Zn anode. The constant current 
cycle diagrams of the batteries with a bare Zn anode and 
laser-processed Zn anode at a current density of 4 mA  cm−2 
and an areal capacity of 2 mAh  cm−2 are shown in Fig. 5f. 
Although the laser Zn anode has a low overpotential in the 
initial cycling, a short circuit occurs after only 50 h. Its 
cycle performance was even inferior to those of batteries 
with bare Zn electrodes. Figure 5g shows the change in the 

water contact angle (WCA) on the surface of the Zn foil 
with time under different laser parameters. The WCA of Zn 
foil that had just been processed by a laser was near 0°, and 
the surface was super-hydrophilic. This hydrophilic surface 
increases the contact area between the  Zn2+ in the aque-
ous electrolyte and the electrode such that the zinc ions are 
more uniformly deposited on the surface of the Zn elec-
trode. However, the original hydrophilic surface of Zn foil 
gradually transforms into a hydrophobic surface due to the 
dark environment in the battery with increasing time [38]. 
The hydrophobic surface makes zinc ions more inclined to 
gather and deposit, intensifying Zn dendrite formation. This 
time-dependent wettability was not conducive to stable bat-
tery operation. Therefore, the addition of LIG stabilized the 
deposition behavior of zinc ions. The Zn dendrite growth 
was inhibited.

LIG-Zn||Cu and bare Zn||Cu half-cells were used to test 
the CE. As shown in Fig. 6a, Zn plating was performed at a 
current of 4 mA  cm−2 for 0.5 h. Accordingly, Zn stripping 
was performed at a cutoff potential of 0.5 V at 4 mA  cm−2. 
The stability of the battery using bare Zn as an anode 
decreased considerably after 80 cycles, showing that CE 
deteriorated rapidly. Correspondingly, when the LIG-Zn 
battery showed excellent cycle stability during the 300th 
electroplating/stripping cycle, and the average CE was main-
tained at 99.8%. As shown in Fig. 6b, the LIG-Zn battery 
could stably cycle more than 100 times even at a low volt-
age of 1 mA  cm−2, while the bare Zn electrodes failed after 

Fig. 6  a Coulombic efficiency (CE) of LIG-Zn||Cu and bare Zn||Cu, 
tested at 4 mA   cm−2 with a plating areal capacity of 2 mA h   cm−2; 
b CE of the plating/stripping of LIG-Zn||Cu and bare Zn||Cu cells at 
a capacity of 1 mAh  cm−2 and a current density of 1  mA   cm−2; c, 

d associated voltage profiles of the half-cells of LIG-Zn||Cu and 
bare Zn||Cu, tested at 4  mA   cm−2 with a plating areal capacity of 
2 mA h  cm−2; and g EIS Nyquist plots of the two specimens before 
cycling
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only 40 cycles. Figure 6c–f show the plating/stripping curves 
of bare Zn and LIG-Zn at a current density of 4 mA  cm−2, 
respectively, at the 1st, 5th, 20th, and 50th cycles. For 
the LIG-Zn||Cu cell, the Zn deposition potential was only 
− 59 mV, and the dissolution potential was 52 mV in the 
first cycle. The potential of Zn deposition and dissolution 
remained almost the same even after 50 cycles. However, 
for the Zn||Cu battery, the overpotential of Zn increased sub-
stantially with an increase in the number of cycles during 
electroplating and stripping. In the 50th cycle, the Zn depo-
sition potential was − 80 mV, and the dissolution potential 
was 90 mV. This phenomenon might be due to the special 
structure of LIG. LIG was highly porous, and its surface area 
was much larger than that of the bare Zn foil. Therefore, the 
local current density of LIG-Zn in the process of Zn depo-
sition was much lower than that on the bare Zn foil. Thus, 
lower nucleation overpotential and deposition potential were 
achieved on the LIG-Zn anode. Because Zn is easier to strip 
at lower deposition potential, LIG-Zn has high cycle stability 
and CE. In addition, elements such as N and O with defects 
also have a certain adsorption effect on Zn [39]. This effect 

might be a reason why LIG more readily plated/stripped Zn 
from the Zn foil surface.

Figure 6g shows the EIS of the electrode in the original 
state. The test frequency range was 100.00–0.01 Hz. The 
deletion of Warburg resistance was consistent with the lit-
erature [40]. The charge transfer resistance of the symmetri-
cal battery was considerably lower on LIG-Zn than on bare 
Zn. This decrease in charge transfer resistance was due to 
hydrophilic surface formation after laser processing [41]. 
The lower charge transfer resistance benefited the transfer 
and nucleation of zinc ions.

To further prove the excellent performance of LIG, AC 
material was used as the cathode to make the full battery 
for testing. The AC||LIG-Zn battery and AC||Zn coin bat-
tery were circulated at currents of 1 A  g−1 and 5 A  g−1 to 
obtain the change trends of CE and discharge capacity with 
the number of cycles. As shown in Fig. 7a, LIG-Zn had a 
high specific discharge capacity of 80 mAh  g−1 in the ini-
tial cycle. The initial discharge-specific capacity of the cor-
responding bare Zn battery was only 50.3 mAh  g−1. After 
4000 cycles, the capacity of the battery was 78.7 mAh  g−1, 

Fig. 7  Electrochemical perfor-
mance of LIG-Zn||AC and bare 
Zn||AC full cells. a Cycling 
performance at 1 A  g−1; b 
cycling performance at 5 A  g−1; 
c rate capability at different cur-
rent densities; d 2000th cycle 
charging/discharging profiles of 
the two cells at 5 A  g−1; and e 
CV curves of AC||LIG-Zn cells 
at various scan rates
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with a high-capacity retention rate of more than 90%. The 
CE of the AC||LIG-Zn battery was maintained at 99.9%. In 
contrast, the AC||Zn of the bare Zn anode showed a sud-
den drop in capacity after 1500 cycles. This drop might be 
caused by the dendrite piercing the fiberglass diaphragm. 
During the period of capacity decline, the CE of the AC||Zn 
battery decreased considerably. In addition, the AC||LIG-Zn 
battery can maintain 5000 stable cycles at a high current 
density of 5 A  g−1 (Fig. 7b). This result shows that the addi-
tion of LIG stabilizes the growth of dendrites and confers 
the battery with long-term cyclability.

Figure 7c shows the rate performance of the two bat-
teries at different current densities. As expected, the spe-
cific capacity of the AC||LIG-Zn battery was higher than 
that of the AC||Zn battery at all rates. The capacity of 
the AC||LIG-Zn battery was 92.5, 80.7, 74.3, 66.4, 60.1, 
and 57.2 mAh  g−1 when tested at 0.2, 0.5, 1, 2, 5, and 
10 A  g−1, respectively. The mean overpotential values of 
the AC||Zn battery were 73.6, 65.8, 59.2, 54.2, 50.2, and 
46.3 mAh  g−1. When the current returned to the previ-
ous value of 0.5 A  g−1, the AC||LIG-Zn battery returned 
to the previous capacity (80.7 mAh  g−1), indicating that 
the anode has excellent reversibility. Figure 7d shows the 
charge–discharge curve of the AC||LIG-Zn and AC||Zn 
batteries for the 2000th cycle at a current of 5 A  g−1. The 
AC||LIG-Zn battery also shows higher charge–discharge 
specific capacity than the AC||Zn battery. To further 
investigate the fast  Zn2+ storage kinetics of the LIG-Zn 
electrode, the CV curve was examined over a scanning 
rate ranging from 10 to 100 mV  s−1 (Fig. 7e). All the CV 
curves present a nearly rectangular shape. The pseudoca-
pacitive reactions related to the plating/stripping of the Zn/
Zn2+ process were indicated. The high reversibility of the 
entire charge transfer process was demonstrated, and the 
fast deposition kinetics of LIG-Zn was revealed [42, 43].

4  Conclusions

In conclusion, this study reported a novel method for manu-
facturing advanced Zn batteries. LIG was generated by a 
laser marking a PI film and applied to a 3D Zn anode. The 
results showed that the addition of LIG substantially reduced 
the nucleation overpotential and deposition potential of Zn 
compared with those of the bare Zn foil. After 3D structure 
treatment on the surface of the Zn foil, the specific surface 
area of the electrode sheet increased, and the conductivity 
and mechanical stability were considerably improved.

Electrochemical experiments prove that using LIG-Zn as 
an anode can substantially reduce the current density distri-
bution and inhibit Zn dendrite formation. At the same time, 
LIG can release the residual stress of electroplating Zn so 

that the plating process is uniform and dendrite-free. For 
example, the initial nucleation overpotential of the LIG-Zn 
anode is as low as 2.8 mV at 1 mA  cm−2. The cycle life 
reaches 600 h when the areal capacity is 0.5 mAh  cm−2. 
In addition, LIG-Zn||AC achieves a high areal capacity of 
80 mAh  g−1 at 1 A  g−1 in a full battery with AC as the 
cathode. The LIG-Zn electrode with a periodic concave and 
convex pattern has hydrophilic and zincophilic properties, 
which can achieve complete electrolyte wetting and uniform 
electroplating/dissolution at different currents and capaci-
ties. In contrast, batteries with bare Zn anodes have only an 
initial discharge-specific capacity of 50.3 mAh  g−1. The cur-
rent work provides a novel, low-cost, and scalable method 
for stabilizing Zn anodes.
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