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static pressing creates surface-
microcracks in a Zn foil for scalable and long-life
zinc anodes†

Di Zhang‡, Hongfei Lu‡, Nawei Lyu‡, Xin Jiang, Zili Zhang and Yang Jin *

The Zn anode suffers from severe dendrite growth and side reactions, which restrict its development in the

realm of large-scale energy storage. Herein, in this study, we propose a method to create surface-

microcracks in a Zn foil by 200 MPa cold isostatic pressing. The proposed pressing method can avoid

the surface tip effect of Zn, and creates a subtly surface-microcracked zinc structure, providing more

zinc ion transport channels, thereby effectively alleviating the dendrite growth and side reactions during

the repeated Zn plating and stripping. Benefiting from these advantages, the 200 MPa ZnkZn symmetric

cell can achieve a long cycle life (1525 h) of 1 mA h cm−2 at 2 mA cm−2. The 200 MPa ZnkVO2 full cell

can still maintain a capacity of 110 mA h g−1 after 1000 cycles at 0.1 A g−1. In addition, assembled pouch

cells also show excellent cycling stability. The proposed cold isostatic pressing method is compatible

with large-scale production applications and provides an effective strategy for realizing high-

performance zinc anodes for zinc-ion batteries.
1. Introduction

Aqueous zinc-ion batteries are considered promising candidates
for renewable energy storage due to their safety, low toxicity, and
high theoretical capacity (820 mA h g−1).1–3 In recent years,
although researchers have achieved an obvious development of
high-performance zinc-ion battery cathodes and electrolytes, the
issue of Zn metal itself has been underestimated.4,5 The inherent
defects and uneven growth of zinc dendrites shorten the life of
zinc-ion batteries.6,7 At the same time, due to the presence of tips
and impurities on the surface of mass-produced Zn foils, these
regions are conducive to the nucleation of Zn ions during Zn
deposition,8,9 which leads to further deposition in subsequent
cycles causing the dendrite growth.10 Therefore, how to solve the
problem of zinc dendrite growth is an important challenge.11

In order to solve this challenge of obtaining high-
performance zinc anodes, the research procedure mainly
involves the following ways to improve the performance of zinc
anodes, (i) covering the zinc surface with a protective layer,12–14

(ii) adjusting the structure of the electrolyte,15–17 and (iii)
changing the metal structure of the zinc anode.18–20 Recently, it
has been reported that creating a copper–zinc alloy material on
the zinc surface inhibits the electrochemical corrosion of
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aqueous zinc metal and improves the cycle performance.21 To
guide the preferential deposition of zinc ions, the researcher
prepared an AgZn3 coating on the zinc metal surface by the
plasma sputtering method;22 others include Ag coating23 and
Zn–Sn alloy coating.24,25 Coating a protective layer on the zinc
surface can improve the cycle performance of zinc-ion batteries,
but it has high requirements on the uniformity and thickness of
the protective layer.26–28 In addition, a study has shown that
electrolyte additive is a simple and effective way to improve the
performance of zinc-ion batteries.29 For example, the perfor-
mance of zinc-ion batteries was improved by adding a small
amount of diethyl ether additive to the electrolyte of zinc-ion
batteries;30 the structure of the electrolyte was adjusted by the
addition of tetrabutylammonium sulfate, thereby inducing
uniform zinc deposition.31 Adding electrolyte additives is
a simple modication method, but these additives may destroy
the original safety and economy of aqueous zinc batteries.32

Therefore, from the perspective of industrialization, the above
methods are difficult for mass production.33,34

It is effective to change the original structure of zinc to create
a structure on the zinc surface.35–37 For example, Zn–Cu alloys
were prepared by combining the samples with the electro-
chemically assisted annealing thermal method.38 The struc-
tured Zn–Cu alloys can provide high electron and ion transport
paths for the uniform deposition of Zn.39,40 Chen et al. reported
a double porous Zn-3D@600 protective layer by coating a Zn@C
zinc skeleton. This Zn-3D@600 anode exhibits high stability
and low polarization voltage during the galvanization/stripping
process. Li et al. reported a modication method for zinc
anodes by utilizing a ball-milling clay precipitate (designated as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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BMC, consisting of the unetched MAX phase and the Ti3C2Tx

phase) to construct a three-dimensional (3D) framework on the
surface of a zinc foil (Zn@BMC).35 In addition, some researchers
changed the structure of zinc metal by rolling from the problem
of zinc metal itself,41 and adjusted the preferential deposition of
zinc crystal plane.19,42 However, this method was developed by
changing the zinc metal into a molten state at 500 °C, then
cooling it to normal temperature, and repeatedly rolling it for 3
cycles to deform it. The structure is difficult to commercialize
due to the complicated process and high cost.18 Since the tensile
strength of the Zn metal is about 110 MPa,43 the surface
microcrack structure cannot be achieved by simple rolling.
Therefore, exploring simple and effective methods for
improving the structure of zinc has high practical value for the
rational design of zinc anodes.44,45

Herein, here, we propose a surface-microcracked Zn struc-
ture prepared by 200 MPa cold isostatic pressing. Cold isostatic
pressing is a commonly used technology for the large-scale
processing of metal structures (Fig. 1a). It is a simple physical
treatment method and can be used to apply isobaric pressure to
metals. It is proved that 200 MPa cold isostatic pressing can
skillfully create zinc surface microcracks to achieve uniform
Fig. 1 Principle of cold isostatic pressing and schematic of zinc depositio
foil is subjected to isobaric treatment in all directions in the press chamb
cold isostatic pressing: the surface produces a structure of microcracks;
dendrites; (d) schematic of 200 MPa Zn deposition: orderly and uniform

© 2023 The Author(s). Published by the Royal Society of Chemistry
deposition of Zn ions (Fig. 1b and S1†). These microcracks
subtly create the Zn structure, which exposes more deposition
of the sites. When the electrolyte is immersed inside the
microcrack structure during deposition, it provides more zinc
ion transport channels. These channels help regulate the
uniform deposition of zinc ions, while effectively avoiding the
“tip effect” during zinc production (Fig. 1d). However, due to the
surface protrusions and impurities of pure zinc during the
production process, the serious growth of dendrites affects the
performance of the zinc anode (Fig. 1c). On the basis of these
advantages, a long cycle life of over 1500 h for the 200 MPa
ZnkZn symmetric cell and super cycling stability of up to 1000
cycles for the 200 MPa ZnkVO2 full cell was achieved. This work
provides an effective strategy for large-scale improvement in the
performance of the zinc anode.

2. Results and discussion
2.1. Analysis of the interface characteristics and mechanism
of a zinc anode

Compared with previous studies, the outstanding features of
this treatment method are (i) large-scale mass production and
simple process, (ii) clever design of the surface-microcrack
n. (a) Schematic of the principle of cold isostatic pressing of Zn: the zinc
er; (b) the schematic of the microcracks of the zinc surface created by
(c) schematic of pure Zn deposition: disordered and uneven growth of
growth of dendrites.

Nanoscale Adv., 2023, 5, 934–942 | 935
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View Article Online
structure to increase zinc ion transport channels and (iii)
stable performance and more practicality. Fig. 2a shows the
surface changes of the zinc foil (1 m long, 30 mm thick) before
and aer cold isostatic pressing at 200 MPa. Before the
treatment, the surface of the zinc foil is rough with many
impurities and protrusions, while the surface becomes rela-
tively smooth and at with metallic luster and dark yellow
aer the treatment. In Fig. 2b, SEM images show that 200 MPa
cold isostatic pressing pressure-treated zinc foil subtly
formed various microcracks on the surface (Fig. S2a†). From
Fig. 2 Interface characteristics between pure Zn and 200 MPa Zn foil.
images of 200 MPa Zn and (c) pure Zn; (d) AFM images of 200 MPa Zn a

936 | Nanoscale Adv., 2023, 5, 934–942
the SEM image of pure zinc (Fig. 2c), it can be found that the
zinc surface has uneven protrusions. Due to the inevitable
defects and impurities in the production process, the surface
roughness of pure zinc affects the cycle performance (Fig. 2c
and S2b†).

Atomic force microscopy (AFM) images clearly showed
various spikes on the surface of pure Zn, while the surface of
200 MPa Zn was relatively at (Fig. 2c, d and S3†). This is related
to the defects in zinc itself from the production process. Ther-
modynamically, the presence of dendrites favors the
(a) Photos of large-scale zinc foil before and after treatment; (b) SEM
nd (e) pure Zn; (f) 200 MPa Zn and pure Zn surface flatness curves.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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preferential deposition of Zn2+, resulting in a “tip effect”. This
promotes the deposition of zinc ions and eventually leads to the
growth of dendrites that puncture the membrane. Therefore,
the presence of dendrites directly limits the battery life. In
Fig. 2f, by selecting the zinc surface topography in the 0–4 mm
region, the changes in the degree of concavity and convexity on
the zinc surface can be seen more intuitively (Fig. S7†).
Compared with pure Zn, 200 MPa Zn avoids the growth of
dendrites along the dendrite direction, which can improve the
cycle stability of zinc-ion batteries.
2.2. Comparative analysis of different pressure treatments of
cold isostatic pressing

In order to nd out the inuence of the pressure in the cold
isostatic pressing process on the performance of the zinc anode,
the zinc foil was subjected to isobaric treatment at 50 MPa,
100 MPa, 200 MPa, and 300 MPa. The pressure holding time
(120 s) was the same. XRD data show that the (002) crystal face
of 200 MPa zinc foil had an increasing trend, which is benecial
Fig. 3 Zinc anode nucleation mechanism. (a) Schematic of Zn dendrite
growth; (b) ordered horizontally uniform growth; c) pure Zn, (d) 100 MPa
growth; (g) pure Zn and (h) 200 MPa Zn in situ observation images: (g) d

© 2023 The Author(s). Published by the Royal Society of Chemistry
to the uniform and dense deposition of zinc ions (Fig. S4†).
Raman data are shown in Fig. S5,† it was found that there were
oxide peaks on the zinc surface. However, the 200 MPa Zn oxide
peak intensity was relatively small, indicating that there were
relatively few impurity defects on the 200 MPa Zn surface. This
is because the 200 MPa pressure could remove the oxide layer
from the zinc surface.

To visualize the mechanism of Zn surface dendrites, a sche-
matic of Zn dendrite growth is presented here. As shown in
Fig. 3a, due to the lack of any treatment on the surface of pure
Zn, the impurities on the surface and the dendrite phenomenon
lead to the disordered and uneven growth of dendrites. The cold
isostatic pressing process attens the defects and impurities on
the surface of Zn, and the created microcrack structures will
induce zinc ions in the surface (Fig. 3b). The surface is
uniformly deposited, thereby increasing its cycling stability.
Aer cycling, they were disassembled to observe the growth
morphology of dendrites on the zinc surface (Fig. 3c–f, S6 and
S12†). The results show that the effect of different pressure
growth of pure Zn and (b) 200 MPa Zn: (a) disordered heterogeneous
Zn, (e) 200 MPa Zn and (f) 300 MPa Zn surface dendrites SEM images of
isordered growth of larger dendrites; (h) flocculent ordered growth.

Nanoscale Adv., 2023, 5, 934–942 | 937
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View Article Online
treatments is far more uniform than that of pure Zn. The most
obvious is 200 MPa Zn, in which the zinc deposition is dense
and uniform (Fig. 3e and S13†).

Through the in situ optical observations on pure Zn and
200 MPa Zn anodes, it can be intuitively found that several
large dendrites grow disorderly on the pure Zn anode (Fig. 3g).
The dendrites appeared in 1 hour, and the dendrites grew
obviously in 2 hours. Aer 3 hours, the dendrites
Fig. 4 Electrochemical performance of symmetrical cells. (a) The rate c
fitting curves of pure Zn and 200 MPa Zn; (c) long cycle results of zinc
200 MPa, 300 MPa and ross pressing under the conditions of 2 mA cm−

under the conditions of 5 mA cm−2 and 1 mA h cm−2; comparison of (
200 MPa Zn symmetric cells.

938 | Nanoscale Adv., 2023, 5, 934–942
agglomerated and grew into larger particles. There are no large
dendrites on the surface of the 200 MPa Zn anode, but oc-
culent growth was observed (Fig. 3h). Zinc ions are deposited
densely and uniformly on the zinc surface. This is attributed to
the microcracks inside zinc, which provide more transport
channels for the zinc ions, inducing a uniform deposition of
the zinc ions.
apability of pure Zn and 200 MPa Zn; (b) the exchange current density
foil treated with different pressures such as pure, 50 MPa, 100 MPa,
2 and 1 mA h cm−2; (d) long cycle results of pure Zn and 200 MPa Zn
e) Tafel curves, (f) CA curves and (g) EIS curves between pure Zn and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3. Analysis of the electrochemical performance of
symmetrical batteries

In order to accurately evaluate the kinetic performance of the
deposited Zn ions, the rate performance of the symmetric cells
was tested at 2 to 10 mA cm−2 (Fig. 4a and S10†). 200 Mpa Zn
has a smaller overpotential than pure Zn. In order to further
intuitively describe the deposition process of Zn, the exchange
current density of zinc-ion battery deposition is calculated by
tting the rate capability and the following formula:22,46

i0 ¼ RT

zFh
i

Where i0 is the exchange current density; I is the current
density; h is total overpotential; R is the gas constant; T is the
thermodynamic temperature; F is the Faraday constant; z is the
number of electrons involved in the electrode reaction.

The tting result of the calculated data is shown in Fig. 4b
(Table S1†). The exchange current density of the 200 mPa zinc-
Fig. 5 Electrochemical performance of full cells. (a) 200 Mpa ZnkVO2 an
the full cell CV performance of the same active mass material at a scan ra
200 Mpa ZnkVO2 and pure ZnkVO2 full cells at 100 mA g−1; (d) compar
different cycling number; (e) EIS curves of 200 Mpa ZnkVO2 and pure Z

© 2023 The Author(s). Published by the Royal Society of Chemistry
ion battery is 2.004 mA cm−2, which is lower than that of pure
Zn (3.0013 mA cm−2). This shows that 200 mPa Zn has a small
overpotential and good zinc ion deposition kinetics.46

The excellent long cycle life of the symmetric cell directly
reects the effectiveness of the cold isostatic pressing 200 mPa
Zn treatment (Fig. 4c and d). In Fig. 4c, the ZnkZn symmetric
cells are assembled from pure, 50 mPa, 100 mPa, 200 mPa, and
300 mPa Zn foil under the conditions of 2 mA cm−2 and
1 mA h cm−2. At the same time, the cell cycle performance and
roll pressure were compared with those reported previously.
The results show that 100 mPa, 200 mPa, and 300 mPa showed
good electrochemical performance, of which, 200 MPa had the
most obvious effect. The cycle life of the 200 MPa ZnkZn
symmetrical cell (2 mA cm−2,1 mA h cm−2) reaches 1525 h,
approximately 7 times longer than that of pure Zn (Fig. S15†).
The EDS images of the dead 200 MPa and pure Zn cells showed
that 200 MPa Zn is uniformly deposited on the surface
(Fig. S6†). In addition, the cycle performance of the symmetric
d pure ZnkVO2 full cells rate performance; (b) CV test curves: compare
te of 0.1 mV s−1; (c) discharge specific capacity and cycle efficiency of
ison of specific capacity and voltage plateau curves of full cells under
nkVO2 full cells.

Nanoscale Adv., 2023, 5, 934–942 | 939
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cell at high current densities of 5mA cm−2 and 1mA h cm−2 was
tested (Fig. 4d and S8†). It was found that the cycle life of
200 MPa Zn can reach more than 1000 h, far exceeding that of
pure Zn (155 h).

Since the corrosion behavior and side reactions in Zn-ion
batteries are closely related, the linear polarization curves of
the batteries assembled with pure Zn and 200 MPa Zn were
investigated, as shown in Fig. 4e. The results show that the
200 MPa Zn anode has a higher positive corrosion potential,
indicating an improved chemical stability and corrosion inhi-
bition rate of 200 MPa Zn relative to pure Zn. Then, chro-
noamperometry (CA) characterization was performed on the
pure Zn and 200 MPa Zn assembled symmetric cells to further
verify the zinc ion deposition behavior (Fig. 4f). The change in
the current density of the CA curves can directly reect the
change in the zinc surface morphology. The difference between
the initial current and the nal current values indicates the
degree of increase of the active area, which can reect the
growth of zinc ions. The nal current of pure Zn is 40.64 mA
cm−2 and 23.53 mA cm−2 for 200 Mpa Zn. The difference
Fig. 6 Electrochemical performance of pouch cells. (a) The long–term c
(b) the electrochemical performance of the pouch full cells with the active
(c) surface morphologies of zinc electrodes in pouch symmetrical cells
voltage; (e) 200 MPa ZnkVO2 pouch full cell lighting LEDs.

940 | Nanoscale Adv., 2023, 5, 934–942
between the two is 17.11 mA cm−2, which indicates that pure Zn
has faster ion and electron transfer rates and it is easier to grow
dendrites on the surface crystal. The EIS curve reects the
hindrance of ion and electron migration in the cell.47,48 The EIS
curves of symmetric cells were also tested (as shown in Fig. 4g),
verifying that the Rct values of 200 MPa Zn were much lower
than those of pure Zn. 200 MPa Zn has a signicantly reduced
impedance relative to pure Zn, reecting excellent electro-
chemical performance.
2.4. Analysis of the electrochemical performance of full
batteries

To verify the effectiveness of 200 MPa Zn in the electro-
chemical performance of the full cell, here, the ZnkVO2 full
cell was assembled with VO2 as the cathode. The cathode was
produced by the rolling sheet method. The loading of VO2

active material was about 5.4 mg cm−2. First, the rate perfor-
mance of 200 MPa ZnkVO2 and pure ZnkVO2 full cells was
tested. As shown in Fig. 5a, 200 MPa Zn exhibited excellent
ycle performance of the pouch symmetric cell at 36 mA and 36 mA h;
material controlled atz 5.9mg cm−2 under the condition of 0.1 A g−1;
after 40 cycles; (d) 200 MPa ZnkVO2 pouch full cell and open circuit

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance when the current density was from 100 to
1000 mA g−1. The results show that the rate performance of the
200 MPa Zn full cell is signicantly better than that of pure Zn,
showing excellent capacity retention. Then, at a scan rate of
0.1 mV s−1, the cyclic voltammetry (CV) test results of the full
cell also conrmed that 200 MPa Zn could promote the elec-
trode reaction (Fig. 5b).

As shown in Fig. 5c, the active material quality of the full cell
is controlled at z 5.4 mg cm−2. Aer 1000 cycles, the specic
capacity of the 200 MPa ZnkVO2 full battery remains above
110 mA h g−1, while the pure ZnkVO2 full cell is shorted at 400
cycles, and the capacity decays rapidly. Furthermore, when the
cycle number increases from 100 to 1000 cycles, the 200 MPa
ZnkVO2 full cell exhibited higher capacity retention and smaller
polarization compared with pure Zn cells (Fig. 5d). From the EIS
measurements, it can be found that the 200 MPa ZnkVO2 full
cell has lower impedance and excellent electrochemical
performance compared to pure Zn (Fig. 5e).
2.5. Analysis of the electrochemical performance of pouch
batteries

In order to verify the validity and practicability of the 200 MPa
cold isostatic pressings, further explanation is provided here
through pouch batteries. 200 MPa Zn and pure Zn foils were
assembled as 6 × 6 cm ZnkZn pouch symmetric cells, and the
200MPa Zn pouch symmetric cell achieved a long cycle life (over
650 h) at 36 mA h (Fig. 6a and S9†). As the zinc foil area of the
pouch battery is larger, it is more prone to short-circuit death
than the button battery. This is because zinc dendrites can grow
anywhere, pierce the separator, and cause short circuits. The
symmetric cell life of the pouch assembled with 200 MPa Zn can
be as long as more than 650 h, while that of the pure Zn pouch
cell is short-circuited in only 84 h. When the electrode was
disassembled to observe the deposition on the zinc surface, it
can be found that pure zinc nucleated locally and had large
dendrites, while 200 MPa Zn nucleated uniformly, with a dense
surface and good nucleation morphology.

In Fig. 6b, the pouch full cells assembled with an active
material of z 5.9 mg cm−2. Aer 300 cycles, the 200 MPa
ZnkVO2 cell had a capacity of 100 mA h g−1 with 80% retention,
while the pure zinc cell capacity decayed rapidly and died aer
200 cycles. It can be seen that 200 MPa Zn showed an extremely
high practical value.

The pouch symmetric cell was disassembled aer 40 cycles at
36 mA and 36 mA h, and the surface morphology of the zinc
anode was observed (Fig. 6c). There is no obvious dendrite
growth on the surface of 200 MPa Zn, while the surface of pure
Zn is decayed and has obvious dendrites. The 200 MPa ZnkVO2

pouch full cell was 6 cm × 6 cm with an open circuit voltage of
1.314 V (Fig. 6d). It could successfully light LEDs (0.06 W/pc) to
demonstrate their effectiveness (Fig. 6e). To evaluate its safety
against external inuences, piercing and cutting experiments
were performed on the pouch cells here (Fig. S11†). The pouch
cells can still work normally by piercing or cutting, thus proving
the excellent safety and practicability of 200 MPa Zn pouch cells
in practical applications.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Conclusions

Large-scale processing of zinc foil by 200 MPa cold isostatic
pressing can ingeniously create a microcracked structure,
which can provide more transfer channels for zinc ions. Due to
the existence of surface microcracks, the obvious tip dendrite
effect is avoided during the deposition process, enabling a long
cycle life for the uniform deposition of zinc ions. The data of
symmetric cells show that the 200 MPa Zn can achieve an
excellent electrochemical performance of up to 1525 h, far
exceeding that of pure Zn batteries. At the same time, the
surface of the zinc anode aer cycling is dense and uniform.
More importantly, the capacity of the 200 MPa ZnkVO2 cell
remains above 110 mA h g−1 aer 1000 cycles, while the pure Zn
cell decays rapidly, with only 400 cycles of short circuit and
almost zero capacity decay. Aer 300 cycles of the pouch full
cell, the specic capacity of 200 MPa Zn is 102 mA h g−1 higher
than that of pure Zn, showing excellent cycle performance and
a low decay rate. Therefore, the 200 MPa cold isostatic pressing
strategy provides a new way for fundamental improvement and
large-scale production of zinc anodes for zinc-ion batteries.
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