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Stacking Pressure Modulated Deposition and Dissolution of
Zinc Anode

Yuehua Wen, Kesong Yu, Shouren Zhan, Xiaobin Liao, Zhipeng Zhang, Xiaqing Ran,
Bowei Li, Suttipong Wannapaiboon, and Mengyu Yan*

Aqueous zinc-ion batteries (ZIBs) are emerging as a promising candidate for
large-scale energy storage, offering enhanced safety and low costs.
Nevertheless, the disordered growth of zinc dendrites has resulted in low
coulombic efficiency and the dangers of short circuits, limiting the
commercialization of ZIBs. In this study, a planar growth of zinc along the
(002) direction is achieved by regulating the moderate initial stacking pressure
during cell cycling and facilitating a larger zinc deposition particle size. The
pivotal role of stacking pressure on the zinc nucleation, growth, and
dissolution processes is elucidated with in situ pressure X-ray diffraction
(XRD), time of flight secondary ion mass spectrometry (TOF-SIMs), and
scanning electronic microscopy (SEM). By adjusting the staking pressure
from 20 to 300 kPa, the battery cycle time increased 5 times. This work
highlights the opportunity to precisely manipulate metal
deposition/dissolution with stacking pressure for long-cycle life batteries.

1. Introduction

In recent years, aqueous zinc-ion batteries have emerged as a
promising candidate for lead-acid batteries in large-scale energy
storage, offering a compelling combination of cost-effectiveness,
safety, and environmental compatibility. In comparison to the
cost of lead-acid batteries, ∼$260 kWh−1, the lithium-ion batter-
ies with a lithium iron phosphate cathode show a higher cost of
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$271 kWh−1. In contrast, aqueous zinc-ion
batteries demonstrate compelling eco-
nomic viability with an estimated material
cost of $192 kWh−1[1–4] significantly lower
than conventional lithium-ion batteries.
Furthermore, the aqueous zinc-ion bat-
tery employs an aqueous solution with a
pH of 5 – 7 as the electrolyte.[5,6] Its ion-
ic conductivity is ∼1 S cm−1, over ten
times higher than the commercial-
ized lithium-ion battery electrolyte.[7–11]

Nevertheless, the growth of zinc den-
drites during the Zn deposition and
dissolution becomes a significant ob-
stacle to the long-life zinc anodes.[12–15]

Furthermore, the hydrogen/oxygen evolu-
tion in the electrolyte and the Zn anode
corrosion also impact the battery cycle
life.[16–20] Researchers spend significant ef-
fort on stabilizing the Zn anode, including

modifying the electrolyte component,[21–23] constructing the
stable solid-electrolyte interface,[24–28] and substrate manipu-
lated Zn anode orientation.[29–32] In the industrial research of
lithium-ion batteries, the minimization of interfacial and trans-
port impedance has been achieved by pressurizing the elec-
trode stacks, improving the cycling stability.[33–35] Recent stud-
ies have further proved that stacking pressure serves as an
effective strategy in improving the metal cell coulombic effi-
ciency and cycle life[36–39] with a tightly stacked metal deposition
morphology.[39] However, it is not clear how the stacking pressure
affects the deposition and dissolution of zinc metal in aqueous
batteries.
In this paper, we designed an in situ pressure-electrochemical

coupled X-ray diffraction (XRD) cell. With this in situ cell, we are
able to monitor the XRD revolution during cycling and stacking
pressure. The results demonstrate that zinc metal can achieve a
relatively stable planar growth under suitable pressure (300 kPa),
with a cycle life exceeding 100 h in a basic Zn||Ti cell in 1 m
ZnSO4 electrolyte. The Zn||VO2 full cell has an initial capacity
of up to 225 mAh g−1 and retains 77.3% of its capacity after 100
cycles.

2. Results and Discussion

We used a lab-designed in situ XRD cell with a pressure sensor
(Figure 1a; Figures S1 and S2, Supporting Information) to pre-
cisely control the stacking pressure applied to the cell. Figure 1b
illustrates the in situ XRD plot with the corresponding cycling
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Figure 1. a) Schematic diagram of the in situ pressure-electrochemical coupled XRD device; b–d) The cell cycling curves and in situ XRD profiles of
Zn||Ti batteries at 1 mA cm−2 and the stacking pressures of 20 kPa (b), 300 kPa (c), 1000 kPa (d).

curve at 20 kPa. In the first two cycles, the contact between the
cells is unstable due to the relatively low pressure, leading to
a fluctuating voltage. The cycle curve becomes stable starting
from the 3rd cycle. The Zn(002), (100), (101), and (102) peaks
are visible in the XRD. Among them, the (101) peak gradually
increased from 12 to 22 counts, while the other peaks haven’t
changed significantly. We are unable to capture the deposition
and dissolution behavior of Zn metal under 20 kPa. This phe-
nomenon is primarily attributed to inadequate interfacial con-
tact between battery components at the low stacking pressure of
20 kPa, as evidenced by fluctuations in charge/discharge curves
and elevated overpotential. At such low-pressure conditions (par-
ticularly in localized pressure-deficient regions), Zn deposition
manifests disordered and stochastic behavior that does not con-
sistently localize entirely at the cathode side, resulting in simulta-
neously compromised efficacy of both deposition and dissolution
processes. The XRD patterns suggest that some Zn2+ are elec-
trodeposited on the cathode but unable to dissolute during the
afterward charge.
Figure 1c shows the in situ XRD patterns with the cell cycle

at 300 kPa. During the discharge, the Zn (002), (100), (101), and
(102) peaks become more obvious, indicating the deposition of
anodic Zn. During the following charging, anodic Zn dissolves,
making the peak intensity weaker. There exist clear deposition-
dissolution processes in the first four discharge-charge cycles,
with three distinct gaps between the cycles. It suggests that the
dissolution has been processed thoroughly in the first set of sev-
eral cycles. Meanwhile, the intensity of the Zn peaks increases
by cycle. If further increase the stacking pressure to 1000 kPa
(Figure 1d), the deposition-dissolution process in situ XRD pat-
terns becomes blurry again, similar to that in 20 kPa. We also
observed a much weaker peak intensity for the case of applying
1000 kPa pressure compared to the 300 kPa one. The in situmon-

itoring of XRD patterns during cycling at other pressures is rep-
resented in Figures S3–S6 (Supporting Information)
The peak intensity variation of different crystallite orientations

exhibited in Figure 1 is further analyzed. Figure 2a–c presents a
comparison of the Zn(002), (100), and (101) peak intensities at
the pressure of 20, 300, and 1000 kPa. The horizontal axis repre-
sents the cycle time, and the vertical axis depicts the peak inten-
sity. In Figure 2c, at 300 kPa, the Zn(002) peak counts increase
from 0 to 13.3 in the first discharge and then decrease to 3.4 after
charging. In the first 6 cycles, the Zn(002) peak count at the dis-
charged state keeps rising from 13.3 to 18.7 and then levels off
from 6 to 8 cycles. The peak count at the charged state is also
raised to 11.7, three times to the one observed in the first cy-
cle. The Zn(002) peak at 1000 kPa shows similar trends in the
whole 8 cycles, increasing during discharge and decreasing in
the charging process. The peak intensity at 1000 kPa, however,
is much lower than the intensity at 300 kPa. It increases from 0
to 4.8 during discharge, only 36% compared to the 300 kPa one.
The Zn(002) peak intensity doesn’t vary significantly in the fol-
lowing cycles. In the 8th cycle, the intensity at the discharge state
moves to 6.5. The evolutionZn(002) peak during cycling at 20 kPa
is totally different from the ones at 300 and 1000 kPa. Specif-
ically, the peak intensities have no obvious trends between the
discharged and charged states. At 20 kPa, the peak counts rise to
2.3 after the first discharge, while the counts are 13.3 at 300 and
4.8 at 1000 kPa. The results show that under this battery system,
a moderate stacking pressure of 300 kPa exhibits superior depo-
sition/dissolution performance. This trend also appears in the
(002) peak intensity comparison plots at other pressures (Figure
S7, Supporting Information).
The Zn(100) and (101) variations during cycling are further

investigated, as shown in Figure 2b,c, Figures S8 and S9 (Sup-
porting Information). The trends of Zn(100) and (101) during
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Figure 2. a–c) Comparison of Zn(002) (a), (100) (b) (101) (c) XRD peak intensities on the anodic side at 20, 300, and 1000 kPa; d) The Zn(002)/(100)
ratio on the anodic side; e) 3Dmapping of TOF-SIMS at 20, 300, 1000 kPa for the 8th cycle deposition. f) Schematic diagram of Zn orientation deposition.

charge/discharge are similar to Zn(002) under all three stack-
ing pressures. It is clear that the peak intensity changes more
significantly under 300 kPa than 20 and 1000 kPa. We further
investigate the Zn(002)/(100) ratio to have an in-depth under-
standing of why 300 kPa matters (Figure 2d). The mean ratios
are 1.0, 2.5, and 1.2 at 20, 300, and 1000 kPa, respectively. It in-
dicates that there is no obvious crystal orientation during the de-
position/dissolution procedure when 20 and 1000 kPa stacking
pressures are applied. Interestingly, the 300 kPa pressure is the
optimal value, which can induce the Zn crystal deposits along the
(002) direction. This confirms that appropriate pressure (300 kPa)

effectively promotes preferential growth of Zn metal along the
(002) crystal plane. Notably, the crystal structure of zinc is a typ-
ical hexagonal close-packed (hcp) structure, consisting of three
major crystallographic planes, (002), (101), and (100), with differ-
ent deposition behavior.[29] Typically, the electro-induced crystal-
lite morphology of zinc exhibits hexagonal flakes due to the min-
imum surface energy of the (002) plane.[40–43] Therefore, reason-
able adjustment of the orientation arrangement of the zinc flakes
is beneficial to slow down the dendrite formation. The time of
flight secondary ion mass spectrometry (TOF-SIMS) was further
employed to investigate the spatial structure of the deposited Zn
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Figure 3. a–o) Deposition/dissolution SEM images and schematic diagrams of Zn||Ti cells cycled at 1 mA cm−2 for the 1st and 8th cycles at pressures
of 20 kPa (a–e), 300 kPa (f–j), and 1000 kPa (k–o), respectively. p–r) Cross-section SEM images of Zn deposits under pressure of 20 kPa (p), 300 kPa
(q), and 1000 kPa (r) after the 8th deposition at 1 mA cm−2.

metal (Figure 2e). It is found that the Zn metal becomes denser
by increasing the stacking pressure from 20 to 1000 kPa. The rel-
ative density increases from 86% at 20 kPa to 98% at 300 kPa,
compared with the density at 1000 kPa. This indicates that the de-
position density increases with applied stacking pressure, which
aligns with the understanding that stacking pressure affects ma-
terial density. By combining the TOF-SIMS and in situ XRD re-
sults, we are able to plot the schematic diagram at different stack-
ing pressures. (Figure 2f) At relatively low pressure (20 kPa), it
could form a loose and scattered structure. Thus, the deposited
Zn metal relative density is low and no obvious orientation is ob-
served in the in situ XRD. At the higher pressure (300 kPa), a
dense Zn metal layer may form on the Ti electrode with the Zn
(002) exposed to the electrolyte, which consequently exhibits the
preferred orientation, and results in a higher Zn (002) intensity in
XRD. Based on these findings, we achieved controlled preferen-
tial growth of deposited Zn along the (002) crystallographic ori-

entation through a simple stacking pressure strategy. However,
this hypothesis cannot explain why the crystal orientation was
varnished at 1000 kPa.
The scanning electronmicroscope (SEM) is employed to verify

the hypothesis above and investigate the disappeared Zn orienta-
tion at 1000 kPa. The batteries with stacking pressure were fully
charged/discharged and then disassembled. The separators were
collected for the SEM characterization. The preferential adhesion
of deposited Zn to the separator over the Ti current collector leads
to zinc accumulation on the separator. Crucially, this interfacial
selectivity remains non-interferential to SEM-based morphologi-
cal characterization of Zn deposition patterns. Figure 3a–e shows
the SEM images and schematic diagrams of the separators af-
ter cycled at 20 kPa stacking pressure. It is evident that a large
amount of Zn was deposited on the cathode side of the separa-
tor at the initial discharging cycle, with limited Zn remaining af-
ter the first charge. A substantial amount of deposited hexagonal
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Figure 4. a–c) Cell cycling curves of Zn||Ti cell at 20 kPa (a), 300 kPa (b), and 1000 kPa (c) with 1 m ZnSO4 at 1 mA cm−2; d) Comparison of the cell
coulombic efficiencies at 20, 300, and 1000 kPa; e) Nucleation overpotentials at 20, 300, and 1000 kPa; f) The nucleation overpotentials error plots at
20, 300 and 1000 kPa.

zinc was observed at the end of the eighth discharging, exhibiting
a highly disordered growth orientation. After the eighth charg-
ing, a considerable quantity of Zn remains on the cathode side
of the separator. It suggests that a substantial portion of the Zn
on the cathode side did not undergo dissolution during the charg-
ing process, resulting in the formation of dead Zn. The first cycle
SEM images (Figures 3f,g,j) at 300 kPa show a similar morphol-
ogy to the 20 kPa. After the discharge in the 8th cycle, a large
number of hexagonal Zn plates are stacked along the (002) direc-
tion, demonstrating a planar growth during the Zn electrodeposi-
tion. For the 8th charge, there exists much less residual Zn com-
pared with the 20 kPa sample. Figure 3k–o illustrates the SEM
images and their schematic diagrams for the 1st and 8th depo-
sition/dissolution at 1000 kPa. The most significant difference
between the 1000 and 300 kPa samples is the morphology at the
end of the 8th plating. The 1000 kPa sample shows an island-like
morphologywith an average particle size of 6.82 μm, smaller than
the one obtained at 300 kPa (8.02 μm) (Figure S10, Supporting In-
formation). The ∼18% smaller particle size at 1000 kPa hypothe-
sizes a decreased Zn(002)/(100) ratio, as well as the Zn(002) pre-
ferred orientation. According to the cross-section SEM images,
the thickness of the Zn deposition layer decreases from 31.4 μm
at 20 kPa to 6.5 μm at 300 kPa, and it decreases to 5.9 μm when
the pressure is further increased to 1000 kPa (Figure 3p–r). It

can be clearly seen that at 20 kPa, there is an obvious void layer at
the cross-section of the Zn deposition layer, and the dendrites of
Zn at the void are random. The observed phenomena stem from
pressure-dependent structural evolution: At low stacking pres-
sure (20 kPa), loose Zn deposits progressively form sandwich-like
interstitial structures during cycling. At 300 kPa optimal stack-
ing pressure, compact (002)-oriented Zn layers develop with sep-
arator elasticity creating protective micro-void interlayers that ac-
commodate volume changes while reducing dendrite penetra-
tion risks. However, the 1000 kPa stacking pressure eliminates
these critical buffer zones, forcing Zn dendrites into separator
pores and accelerating capacity decay. The corresponding energy
dispersive spectroscopies show that the deposited layer is Zn
(Figures S11–S13, Supporting Information). The above results
indicate that the proper pressure increase can help the Zn to de-
posit densely along the (002) plane, but the further increase in
pressure will result in a smaller Zn particle size. This reduced
particle size allows deposited Zn to more readily penetrate the
separator, inducing battery micro-short circuits (cross-sectional
SEM in Figure 3r clearly shows Zn dendrite penetration into the
separator), which accounts for the performance decline observed
under 1000 kPa pressure in subsequent tests.
The cycling performance was tested with the electrolyte of 1 m

ZnSO4 at 1 mA cm−2 in a Zn||Ti cell (Figure S14, Supporting
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Figure 5. a–c) The charge-discharge curves of Zn||VO2 cells at 20 kPa (a), 300 kPa, (b) and 1000 kPa (c) with 1 m ZnSO4 at 1 A g−1. d) The cycling
performances of the cells at 20, 300, and 1000 kPa.

Information). The cell could cycle 14 h at 20 kPa, followed by a
short circuit. (Figure 4a) By enhancing the pressure to 300 kPa,
the cell cycling capability increased to 104 h. (Figure 4b) At
1000 kPa, the cycled time decreased to 36h. (Figure 4c) Further-
more, the Coulombic efficiency mean value is 98.4% at 300 kPa,
while it decreases to 94.4% at 20 kPa and 96.6% at 1000 kPa.
(Figure 4d) The relatively high Coulombic efficiency at 300 kPa
is attributed to its larger particle size (Figure S10, Supporting In-
formation) and stacked morphology along the Zn (002) direction
(Figure 3h). The nucleation overpotentials under three pressures
are illustrated in Figure 4e,f. The overpotential is 42.7, 32.0, and
27.0 mV at 20, 300 and 1000 kPa, respectively. The overpotential
(𝜂) and nucleation rate (Jn) (Note S1, Supporting Information)
obey the following equation,

Jn = Ae
− Δgn+𝜂e

kBT (1)

where Δgn is constant relating to the interfacial free energy and
the chemical potential of the crystallizing species, A is a prefactor,
kB is the Boltzmann constant, T is the absolute temperature, and
e is the elementary charge. Thus, we are able to calculate the ra-
tio of nucleation rates under different staking pressures with the

overpotentials. It is found that the lower overpotential at 1000 kPa
leads to the formation of 21% more crystal nuclei than 300 kPa,
which is consistent with the ∼18% smaller particle size illus-
trated in Figure S10 (Supporting Information). Thus, we believe
that the pressure-dependent variation in nucleation overpotential
fundamentally reflects the modulation of Zn deposition nucle-
ation barriers. Under electric field guidance, pressure-regulated
nucleation barrier variation results in progressively refined Zn
grains with increasing applied pressure.
The Zn||VO2 batteries were assembled to verify the effect of

initial pressure on the full cell (Figure 5). Comparing the cy-
cling performance of the Zn||VO2 full cell at three pressures, we
found that at low pressure (20 kPa), its initial capacity is only
138 mAh g−1 (Figure 5a), and sharply decreases during cycling,
with a capacity retention of 43.5% after 100 cycles. In contrast,
the battery at 300 and 1000 kPa shows a higher initial capac-
ity of ∼220 mAh g−1 (Figure 5b,c), as well as a higher capac-
ity retention of 77.3% and 71.3%, respectively (Figure 5d). The
coulombic efficiency (CE) maintains stable proximity to 100%
(though the initial 1–2 formation cycles exhibit sub-100% values
during activation processes). It is demonstrated that the suitable
stacking pressure can not only increase the cycling stability but
also the discharge capacity. The comparison of Zn||VO2 full-cell
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performance is shown in Table S1 (Supporting Information). In
order to further confirm that the pressure-induced regulation of
Zn||VO2 full-cell performance is independent of the electrolyte,
we supplemented the cycling performance of 3 M Zn(CF3SO3)2
electrolyte (considered more suitable for aqueous zinc-ion bat-
teries) at 1 A g−1 (Figure S15, Supporting Information). The
results show that within the first 100 cycles, the battery ex-
hibits a trend similar to that with 1 m ZnSO4. Notably, in sub-
sequent cycles, the battery at 20 kPa stacking pressure shows a
significant rapid capacity decrease, while the battery at 1000 kPa
stacking pressure develops a micro-short circuit after 166 cycles,
with none of them exceeding 200 cycles. This indicates that in
full cells, excessively low pressure leads to rapid capacity de-
crease while excessively high pressure increases the likelihood
of short circuits. The in situ synchrotron XRD characterization
is further employed to investigate the crystal structure evolution
in Zn||VO2 batteries (Figure S16, Supporting Information). It
shows a new diffraction peak at∼4.1°, which is contributed to the
(Zn(OH)2)3(ZnSO4)·5H2O in the zinc-ion battery. The VO2(110)
at ∼13.0° is left shifted during the discharge (correlated to lattice
expansion) and recovered after charge. This suggests that the Zn
intercalation increases the VO2 lattice constant.

3. Conclusion

The stacking pressure-dependent Zn deposition and dissolution
behavior are investigated by combining in situ pressure XRD,
SEM, TOF-SIMS, and electrochemical techniques. The pressure
shows an unpredicted effect on the Zn deposition orientation.
By increasing the pressure from 20 to 300 kPa, the Zn-deposited
morphology changes from a scattered structure to a dense (002)
orientated plane. This results in a 5-time longer cycle time in the
Zn||Ti cell and a 63% higher capacity in the Zn||VO2 full battery.
It is worth noting that the 300 kPa fits for the Zn deposition, while
it may not be the best pressure for the VO2 cathode. The stacking
pressure needs to be adjusted with different electrode materials.
This study shines a light on the stacking pressure-modulated ori-
entation deposition and enhanced battery performance.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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