#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Selectively “size-excluding” water molecules to

i") Check for updates‘
enable a highly reversible zinc metal anodef

Cite this: Chem. Sci., 2024, 15, 10182

Xiaowei Shen,i® Wanhao Chen,1°¢ Haocong Wang,® Lifang Zhang,® Baojiu Hao,”
Changhao Zhu,® Xiuzhen Yang,® Meizhu Sun,® Jingiu Zhou,*® Xuejun Liu,*¢
Chenglin Yan ® 9 and Tao Qian® **

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Significant water-related side reactions hinder the development of highly safe, low-cost aqueous zinc metal
batteries (AZMBs) for grid-scale energy storage. Herein, by regulating the length of alkyl chains, we
successfully adjust interstitial voids between the polymer chains of a metal soap interface between 1.48
A (size of a zinc ion) and 4.0 A (size of a water molecule). Therefore, water molecules are selectively
“size-excluded,” while smaller zinc ions are permitted to pass through. Consequently, water-related side
reactions (including hydrogen evolution and corrosion) could be effectively inhibited. Furthermore,
abundant zinc ion tunnels accompanied with zincophilic components facilitate the homogenization of
the Zn®* flux, thus preventing dendrite growth. Therefore, the Zn symmetric cell shows a lifespan of
approximately 10 000 cycles at 20 mA cm™2 and 1 mA h cm™2, and the Zn//NasV1,03, (NVO) full cell

) 202 delivers much better cycling stability with much higher capacity retention of around 93% after 2000
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Accepted 6th May 2024 cycles at 2 A g~ compared to its bare Zn counterpart (19%). This work provides valuable insights for the

utilization of metal soap interfaces and regulation of their channel size between perpendicular alkyl

DOI: 10.1039/d35c06934f chains to realize precise water shielding, which is not only applicable in ZMBs but also in other aqueous
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Introduction

The use of water-based electrolytes can greatly improve safety,
reduce costs, and enhance conductivity compared to most
organic electrolytes." Rechargeable aqueous zinc metal
batteries (AZMBs) with Zn** ions as charge carriers have
garnered great attention for their potential to supplement
lithium ion batteries (LIBs), owing to their large theoretical
capacity of 820 mA h g™, low equilibrium potential of —0.76 V
vs. SHE and low cost of the Zn anode.*** However, the large-
scale implementation of AZMBs still faces significant chal-
lenges due to the unique aqueous environment.”>** Unlike the
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electrochemical process of LIB anodes in non-aqueous systems,
water molecules with high polarity and a small radius (4 A) can
participate in solvation processes and thus cause corrosion and
parasitic reactions on Zn anodes, which could exacerbate
dendrite growth and electrolyte consumption, leading to
reduced coulombic efficiency (CE) and shortened cycling
lifespan.**™”

Current works mainly focus on the “dendrite growth
problem.” The optimization of anodes through artificial surface
protective layers using various inorganic and organic materials
is a promising research direction.'**° To mitigate the issue of
irregular Zn deposition caused by uneven ion concentration,
artificial layers based on nanomaterials with selective pores,
interlayer spacing, or ion channels (e.g., nano-CaCOj;, metal-
organic-framework-based materials, and kaolin) can be
designed as Zn>" flux regulators to induce uniform Zn deposi-
tion, enhance Zn*" migration, and improve cycle stability.?*2*
Moreover, the formation of a metal layer with Zn affinity on the
electrode surface can enhance the zincophilic capacity, promote
uniform zinc deposition, suppress the formation of zinc
dendrites, and improve the cycling stability of zinc metal
anodes.**® For example, Ho Seok Park's group has constructed
in situ artificial interfacial layers (Sn, Sb, and Bi) with better Zn
affinity via facile galvanic spontaneous replacement reactions to
provide a stable interface for Zn deposition.*®
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Although various approaches aiming to protect zinc anodes
by homogenizing Zn>* flux have been proposed, they often fail
to effectively prevent water-induced side reactions. The water-
induced side reactions are equally significant, as they can
result in notorious hydrogen evolution reactions and surface
passivation at the unstable interface, thus exacerbating
dendrite growth when the water-based electrolyte and zinc
come into direct contact, because Zn**/Zn has a lower redox
potential than H'/H, (0 V vs. SHE).>**** Some hydrophobic
material layers such as organic polymers (e.g., PVB** and PAN*)
are used to impede H,O molecules, but the physical barrier of
these hydrophobic organic polymers may reduce ionic
conductivity, leading to increased polarization and nucleation
overpotentials. Electrolyte additives have been widely utilized to
lock free water via strong multiple H-bonds or to tightly adsorb
on the Zn surface to form a dense and robust interfacial
complex layer, thus suppressing the activity of H,0.***¢ In situ-
formed robust solid electrolyte interphases derived from
different well-designed electrolytes have also been reported to
inhibit corrosion and the HER, as well as to enhance the
reversible deposition of Zn.?”**

So far, however, artificial interfacial layers that can shield
against the entry of water molecules but facilitate the deposition
of Zn ions at the molecular level have not been reported.
Therefore, it is urgent to regulate the molecular size to simul-
taneously realize precise shielding against the entry of water
molecules and permit of Zn ion transport at the molecular
level.** Metal soaps, which are mainly composed of inorganic
bonding between metal cations and the acid group of a hydro-
carbon chain, are well-known due to their rich polymorphism
and polymesomorphism. The corrosion of Cu, Fe, Zn, Pb and
Mg in aqueous solutions could be inhibited by protection with
a metallic soap film, and it has been concluded that the longer
the carbon chain length, the more corrosion-resistant the
coating.* As early as the 1960s, Luzzati et al. correlated lattice
parameters with the length of the hydrocarbon chain.* The
metal cations and functional groups from the organic part form
an inorganic backbone, while long alkyl chains attached to the
backbone form a lamellar structure with molecular-sized
channels. K. V. Agrawal et al. confirmed that crystalline metal
soap films are oriented with alkyl chains perpendicular to the
porous substrate, and that different gap sizes between alkyl/
alkyl groups or metal ion/carboxylate groups can favor the
separation of gas molecules.** This presents an opportunity to
selectively “size-exclude” water molecules by adjusting channel
gap sizes to allow precise shielding against the entry of water
molecules at the molecular level. To the best of our knowledge,
the application of metal soaps in metal anode batteries has not
been reported.

Herein, we for the first time realize selective “size-exclusion”
of water molecules while facilitating efficient transport of the
zinc ions through precisely controlling the channel dimensions
of a metal soap organic interface by adjusting the length of the
alkyl chain.** Specifically, by utilizing perpendicular decyl group
chains, we have engineered an optimum channel size of
approximately 3.40 A, which results in a relatively high capa-
bility to selectively inhibit the ingress of desolvated water at the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interface and facilitate the movement of the zinc ions, thus
inhibiting hydrogen generation caused by water entry.
Furthermore, the metal soap membrane, with abundant nano-
pores acting as ion tunnels, facilitates the uniform deposition of
the zinc ions by homogenizing the Zn** ion flux, preventing
dendrite formation and enabling long cycling stability in ZMBs.
As anticipated, taking advantage of these synergistic effects, the
anode can be stably cycled for more than 10 000 cycles at 20 mA
cm 2 and even 5000 cycles at a higher current density 50 mA
cm 2. The assembled full cells exhibit a high capacity retention
of 93% over 2000 cycles at 2 A g, demonstrating competitive
advantages over general AZMBs. This innovative design holds
significant potential in overcoming aforementioned challenges
and contributes to the advancement of interface engineering in
this field.

Results and discussion

Ingenious channel size regulation of metal soap interface to
selectively shield water molecules

While the issue of dendrite formation has been prominently
discussed, the impact of water-induced erosion is equally
significant and is often overlooked in the performance evalua-
tion of Zn anodes. During extended cycling, the unavoidable
occurrence of water-induced H, evolution leads to corrosion of
the Zn surface and formation of hydroxide-based by-products.
To achieve the precise exclusion of water molecules, we
successfully synthesized a metal soap interface with an adjusted
channel size between the perpendicular alkyl chains to realize
precise water shielding. Three metal soaps, Cu(COOC;Hj;s),
(CuC,), Cu(COOCyH;s), (CuCy) and Cu(COOC;5Hz;), (CuCys)
were prepared. Rietveld refinement of the X-ray powder
diffraction (XRD) analysis was performed to investigate the
crystal structures and lattice parameters of synthesized metal
soaps CuC,, from which their channel sizes can be obtained
(Fig. 1a-f and Table S17). Clearly, the channel formed between
the octyl group interstices of CuC; is measured to be approxi-
mately 4.20 A, which is larger than the size of the water mole-
cule; thus, it is unable to inhibit the entry of water. The
channels for CuC, and CuC, 5 are measured to be about 3.40 A
and 2.95 A, respectively, which are smaller than a water mole-
cule and larger than a Zn”>' ion, making them capable of
inhibiting the entry of water while allowing Zn>* transfer.
Obviously, the determining factor affecting channel size is the
length of the alkyl chain. It can be seen from the lattice
parameters that the shorter the carbon chains, the larger the
channel size.*> In addition, from the perspective of polymer
physics, longer alkyl chains with more flexibility have more
conformations and may undergo bending, which would further
lead to a shrunken channel size.**** To confirm the water
shielding function, density functional theory (DFT) calculations
were conducted (Fig. S1, S3t1 and 1g). The energy difference for
introducing the water molecule (AEy,o) into the channel is
positive, indicating that the channel rejects the entry of water
molecules. In addition, the negative energy difference for the
introduction of the zinc ions (AE,>) into the channels of CuC,
and CuC, implies the unimpeded Zn*" transfer. However, as the
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Fig.1 Rietveld refinement XRD analysis and crystal structure for (a and b) CuC, (c and d) CuCg and (e and f) CuCjys. (g) Channel sizes and energy
differences of insertion of a water molecule and zinc ion into the channel of CuC;, CuCg and CuCys. (h) Symmetric half-cells of Zn@CuC,,
Zn@CuCg and Zn@CuCys5 at 20 mA cm~?/1 mA h cm™2. (i) Schematic depiction of Zn deposition behavior on bare Zn and the Zn@CuCgq anodes.

chain length increases, the channel size would decrease, and
the values of energy differences for water and Zn>" would both
increase, which would indicate enhanced water shielding
function and weakened Zn>" transfer. After channel size
modulation using three different alkyl chains, Zn//Zn
symmetric cells with different metal soap membranes were
further tested (Fig. 1h). Water-related side reactions occur on
Zn®@CuC; because CuC, cannot prevent water molecules from
coming into contact with the zinc metal, and thus, the
Zn@CuC, symmetric cell exhibits a fluctuating polarization
voltage profile. However, CuCy and CuC;s with channel sizes
smaller than 4.0 A can effectively exclude water molecules and
show excellent stability. Due to the smaller channel size of
CuC;5 compared to that of CuC,, the Zn@CuC;5//Zn@CuCs;s
cell exhibits a larger overpotential than Zn@CuC,. Therefore,
CuC, was selected as the optimum metal soap membrane with
relatively high capability to selectively inhibit the ingress of
desolvated water and facilitate the movement of the zinc ions at
the interface. Furthermore, the size characterization of the
CuC, metal soap was conducted via gas adsorption experiments
including water vapor and N, (Fig. S41). However, it shows
negligible uptake of water vapor and N,, which is consistent
with the smaller pore size (3.40 A) of CuC, compared to the
kinetic diameters of water vapor (4 A) and N, (3.64 A).*** The
above results demonstrate that the channel dimensions of
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metal soap can be regulated and “precise” shielding water can
be modulated (Fig. 1i). Without the ingenious design of the
channel size of the metal soap interface, the undesirable HER
process and inhomogeneous Zn ion flux would result in an
irreversible Zn anode (Fig. 1i, left), which ultimately leads to
various battery failures, including short circuits, isolated zinc
particles, electrode passivation, and battery swelling caused by
gas formation. As shown in the schematic representation of the
Zn anode with a metal soap membrane (Fig. 11, right), the metal
cations and functional groups generate a backbone, with the
long alkyl chains forming a lamellar structure. The size-
regulated channel formed between the decyl group interstices
can selectively inhibit the ingress of desolvated water (size 4 A)
at the interface and facilitate the uniform deposition of the zinc
ions (size 1.48 A) under an applied electric field, thus contrib-
uting greatly to the suppressed HER and uniform Zn deposition.

With the existence of the CuCy film, the ionic conductivity is
measured to be 10.7 mS cm ™', indicating that the added Cu
soap film would not impede Zn>* conduction. The relationship
between the thickness of the CuCy film and electrochemical
cycling performance was estimated (Fig. S5t). With greater
thickness, the water-shielding effect would be better. However,
thicker film would increase the ion transfer pathway length and
inevitably affect the rapid ion migration. As shown in Fig. S5,
a thickness of ~10 pm is optimum and was used to conduct all

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the following tests. The uniformity of the distribution of the
CuC, metal soap membrane on the zinc surface was investi-
gated, as it is vital to the modification effect (Fig. S6T). Detailed
SEM scrutiny of the Zn@CuC, sample reveals a comparatively
flat metal soap membrane on the surface, displaying minimal
irregularities and a thickness of 12.36 um (Fig. S7a and bt). The
EDS mapping in Fig. S7ct unequivocally portrays the uniform
dispersion of the elements of Cu and C on the surface of the
zinc plate.

Inhibition of hydrogen precipitation

Contact angle tests of 2 M ZnSO, electrolyte on different anodes
were conducted. On bare Zn foil, measurement reveals a contact
angle of 87.7°, indicating a considerable degree of wettability of
the electrolyte on the bare Zn foil (Fig. 2a). The Zn@CuCo
anode, in contrast, displays poor wettability and a high contact
angle of 135.5°, which suggests apparent hydrophobic charac-
teristics. For the HER reaction (2H,O +2e~ — H,T + 20H") to
occur, it is a necessary condition that water molecules contact
the conducting current collector to gain electrons. The resis-
tances of Zn and Zn@CuC, were measured to be 3.5 x 10~ * and
1.6 x 10" ohm, respectively, using a four-probe resistance
experiment. It can be seen that the metal soap membrane is not
only hydrophobic but also electronically insulating. Therefore,
the CuC, layer can not only efficiently separate the Zn metal
from the bulk liquid electrolyte but can also block electron
transfer from the Zn metal to water, thus restraining the elec-
trochemical water decomposition (HER reactions) on the
Zn@CuCy electrode.*®*” We further conducted in situ optical
microscopy to observe the Zn deposition process at various time
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intervals. As depicted in Fig. 2b, some bubbles are generated at
30 min on the surface of bare Zn. It is obvious that the interface
is not hydrophobic; thus, the direct contact between zinc and
water leads to the occurrence of the HER, which generates
a large amount of hydrogen gas.**** Almost no bubble genera-
tion is observed on the Zn@CuCy electrode from 0 to 30
minutes. The presence of the metal soap membrane, with its
highly hydrophobic organic groups, prevents water molecules
from easily coming into contact with zinc, ultimately inhibiting
the HER. Subsequently, we applied linear scanning voltamme-
try (LSV) to examine the ability of the Zn@CuC, electrode to
restrict the undesired HER at a scan speed of 1 mV s~ ' with 2 M
Na,SO, as the electrolyte. As obviously shown in Fig. 2c, the
HER curves indicate that the current density of Zn@CuC, (0.024
mA em™?) is less than that of the bare Zn anode (0.049 mA
cm’z). Based on LSV results, it can be inferred that CuC, could
significantly inhibit harmful interfacial parasitic reactions
because it can efficiently block the entry of water molecules onto
the zinc metal surface.

In addition, in situ electrochemical gas chromatography (EC-
GC) was used to detect the evolution of hydrogen during
galvanization. A sealed electrolytic cell consisting of two elec-
trodes (Zn or Zn@CuCj foil as cathode and anode), an inlet tube
(N, inflow) and an outlet tube (hydrogen outflow to the GC) was
designed to perform in situ EC-GC measurements (Fig. 2d). At
a current of 2.5 mA cm ™2, GC analysis of the hydrogen produced
by the Zn plating process was performed at six-minute intervals
(Fig. 2e). Using EC-GC profiles, the H, production rate is
calculated (Table S27). As shown in Fig. 2f, the H, generation
average rate of the cell using bare Zn is 1.61 ug h™', whereas the
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(a) Electrolyte contact angles on bare Zn and the Zn@CuCy electrode. (b) In situ optical observations of Zn deposition on bare Zn and

Zn@CuCo. (c) Linear polarization curves in 2 M aqueous Na,SO4 electrolyte. (d) Schematic of the sealed bottle and (e) time—voltage curves of in

situ EC-GC measurements. (f) Corresponding H, production rates.
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H, generation rate of the system using Zn@CuC, foil is only
0.11 pg h™', which is 14.6 times higher than that of the latter. In
situ EC-GC results further confirm the ability of the CuCy metal
soap interface to inhibit hydrogen generation.

Anti-corrosion effect

Subsequently, both anodes were immersed in a 2 M ZnSO,
aqueous electrolyte to evaluate their respective self-corrosion
behaviors. Prior to immersion, the bare Zn surface exhibits
a smooth texture with a brilliant metallic sheen, whereas the
Zn®@CuC;y electrode is coated with a blue layer. Following a 15
day immersion period, the bare Zn surface becomes notably
rough, with the formation of surface accumulations identified
as uneven flakes through SEM imaging; in contrast, no visible
changes are observed on the surface of the Zn@CuCs electrode
(Fig. 3a). The chemical content of the byproduct on the elec-
trode surface was identified using X-ray diffraction (XRD)
patterns and was found to mostly be Zn,SO,(OH)s-3H,0. The
intensity of the byproduct on the bare Zn electrode is signifi-
cantly higher than that on the Zn@CuCy electrode, indicating
the particularly strong anti-corrosion effect of the CuCy over-
layer (Fig. 3b). Furthermore, the Tafel curves of bare Zn and
Zn@CuC, anodes were tested using three electrodes (Fig. 3c). As
observed, the incorporation of CuC, increases corrosion
potentials in comparison to bare Zn, and the more positive
corrosion potential indicates reduced tendency toward the
corrosion reaction. Fig. 3d shows Nyquist plots with a semicircle
in the high-frequency region corresponding to the charge
transfer resistance (R.). The EIS plots of the bare Zn symmetric
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cell clearly demonstrate a significant change in R, before and
after different cycles, while the R of the Zn@CuC, symmetric
cell in Fig. 3e remains small and more stable. Here, the possi-
bility of short circuit is excluded. It can clearly be observed that
enlarged voltage curves illustrated in Fig. S9af for the
symmetric cell always appear as slope curves, reaffirming that
the cell is not in a short-circuited state. Furthermore, it should
be determined whether a soft short occurs in the cycling.>
Therefore, Zn stripping/plating measurements of the cycled
Zn//Zn cell were conducted at different low temperatures. The
voltage profiles demonstrate enlarged voltage hysteresis at
lower temperatures (Fig. S9a and bt), whereas a soft-short-
circuited cell delivers stable or slightly dwindling profiles
upon temperature decrease. The derived activation energy (E.),
which serves as a more direct indicator, was calculated to have
a positive value (Fig. S9ct). These several pertinent test results
eliminate the occurrence of soft shorts in our work. Collectively,
these results offer compelling evidence for the exceptional
capacity of the Zn@CuC, anodes to suppress side reactions and
resist corrosion in aqueous electrolytes.

Stable Zn plating/stripping behavior

This metal soap membrane CuCy was successfully synthesized
and was not only highly hydrophobic but also possessed
excellent ability to inhibit zinc dendrites. The coulombic effi-
ciency (CE) is a critical metric for evaluating the electrochemical
reversibility of AZMBs during repeated charge/discharge cycles.
As shown in Fig. 4a, at 20 mA cm ™ > for 1 mA h cm ™2, the half-
cell of bare Zn has a shortened cycle life, which suggests that
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Fig. 3 (a) Opticalimages of bare Zn and the Zn@CuCy electrode before and after soaking in 2 M ZnSO, electrolyte for 15 days, along with related

SEM pictures. (b) XRD patterns of bare Zn and the Zn@CuCy electrode after soaking for 15 days. (c) Tafel curves in 2 M ZnSO, electrolyte with
different anodes. Nyquist plots for (d) bare Zn and (e) Zn@CuCqy symmetric cells at various cycles.
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the electrochemical reversibility of the bare Zn anode is unsat-
isfactory. In contrast, the half-cell of Zn@CuC, shows remark-
able durability and consistently retains a high CE (~99.7%),
highlighting its improved reversibility. The corresponding
voltage profile analysis demonstrates a lower nucleation over-
potential of 45.7 mV for the Zn@CuC, electrode compared to
the bare Zn electrode (82.3 mV) (Fig. 4b), indicating a reduced
nucleation barrier. The channel size of the metal soap interface
is precisely regulated between 1.48 A (size of Zn ion) and 4.0 A
(size of water molecule), thus it can realize selective inhibition
of water molecules while allowing the zinc ions to traverse freely
in and out. Moreover, these channels provide a heightened

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

—2

number of uniform nucleation sites, and -COO- and Cu** have
been proven to interact with Zn>*, assisting in accelerated,
smooth and dense Zn** deposition.?>%* These all play a pivotal
role in mitigating nucleation resistance during Zn>* deposition,
consequently lowering the nucleation overpotential of the zinc
ions in Zn@CuC, compared to bare Zn. Additionally, the Zn//Cu
half-cell of bare Zn still exhibits superior cycling performance to
improve the CE with a capacity of 50 mA cm > at 1 mA h cm ™2
(Fig. S101). To demonstrate the kinetic acceleration, we per-
formed activation energy (E,) testing of the Zn//Zn symmetric
cells to examine the energy required for the interfacial redox
reaction. The R of bare Zn and the Zn@CuC, symmetric cells
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were tested at different temperatures from 0-60 °C, and E, was
calculated to be 15.07 k] mol ! for Zn@CuC, and 30.93 k] mol *
for bare Zn using the Arrhenius equation (Fig. S11t). Chro-
noamperometry (CA) measurement is also conducted on the
Zn//Zn symmetric cells with and without the CuCy film
(Fig. S12%). The linear current increase curve of bare Zn shows
a 2D diffusion process and inhomogeneous growth of dendrites
due to the “tip effect.” In contrast, the 2D diffusion process ends
within 20 s for Zn@CuC,, and then, a stable 3D diffusion occurs
in the subsequent process with a much lower steady-state
current.** The enhanced Zn®" reaction kinetics and remark-
able corrosion resistance of the Zn@CuC, anode would
contribute to the highly reversible Zn plating/stripping.

We gradually increased the current density from 20 to 100
mA cm ™ to compare the cycling stability and polarization of the
Zn//Zn and Zn@CuCy//Zn@CuC, cells. Initially, under a current
density of 20 mA cm > and cutoff capacity of 1 mA h cm >
(Fig. 4c), the bare Zn symmetrical cell shows a larger polariza-
tion of approximately 155 mV. However, a smaller and stable
polarization of about 60 mV is observed in the voltage profile of
the Zn@CuCo//Zn@CuCy symmetrical cell for continuous
cycling of around 10 000 cycles. Additionally, when the current
density was increased to 50 and 100 mA cm > (Fig. 4d and $137),
the Zn@CuCo//Zn@CuC,y cells still show excellent cycling
endurance compared to the bare Zn anode. The cycling
performance of symmetric cells is also tested at a lower current
density of 1 mA cm ™ (Fig. S1471). Apparently, Zn@CuC, could
remain stable for 1400 cycles, while the bare Zn cell deteriorates
quickly. These results confirm the superior electrochemical
reversibility of the well-designed Zn@CuC, anode, highlighting
its remarkable competitiveness. In addition, we evaluated the
rate capability of symmetrical cells with a fixed plating/stripping
capacity (1 mA h em™?) under different current densities (0.5, 1,
2, 5, 10 and 20 mA cm™?). The symmetrical cell of Zn@CuCs
presents a smaller voltage hysteresis and better cycling stability,
proving that the metal soap membrane is key to the stability of
Zn metal anodes (Fig. 4e). For comparison, we summarize the
cumulative plated capacity (CPC)* and current density of
recently reported aqueous Zn//Zn symmetric cells with a similar
interfacial modification mechanism.*>*** As shown in Fig. 4f, the
battery using Zn@CuC, achieved an ultrahigh CPC of 10 A h
em 2 at 20 mA cm 2 and 5 Ah cm ™2 at 50 mA cm ™2, which were
comparable or even superior to most reported CPC and current
density values. Furthermore, a Zn//Zn symmetric cell with
a 50% Zn utilization rate was tested using ultrathin Zn foil
(thickness of 0.01 mm). As remarkably illustrated in Fig. S15,}
with the incorporation of CuCy, the symmetric cell exhibits
stable cycling for a remarkable 300 cycles, showcasing the
effectiveness of our design. Conversely, for the Zn anode lacking
CuC,, the symmetric cell suffers breakdown after only 23 cycles,
clearly highlighting the significant impact of CuC.

To study the interfacial stability after long-term cycling,
atomic force microscopy (AFM) and kelvin probe force micros-
copy (KPFM) were conducted to affirm the distinct advantage of
incorporating CuCy in achieving a stable Zn anode. As pre-
sented in Fig. 4g, the AFM analysis reveals an average height
difference of 494.9 nm on the bare Zn anode surface and a large
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surface potential difference of 1.1 V as measured using KPFM,
which is in agreement with the fractured and irregular surface
in Fig. 4h. In contrast, the Zn@CuC, anode exhibits a notably
smoother surface, showcasing a smaller average height differ-
ence (73.8 nm) and a lower surface potential difference (0.2 V)
(Fig. 4i). As shown in the top-view (Fig. 4j) and cross-sectional
SEM (Fig. S16af), the metallic soap membrane after cycling
remains stable, similar to the morphology before cycling. The
EDS mappings in Fig. S16bt unequivocally portray the uniform
dispersion of Cu and C on the surface of the cycled zinc plate
surface. The XRD spectra of the Zn@CuC, anodes before and
after cycling reveal no change, indicating that the crystal
structure has not changed and further proving that the channel
remains stable (Fig. S17f). These outcomes unequivocally
demonstrate that the Zn@CuCy anode significantly contributes
to achieving uniform Zn deposition and inhibiting dendrite
growth.**

Electrochemical performance of the full batteries

To demonstrate the practical applicability, full cells incorpo-
rating a Na;V;,03, (NVO) cathode were assembled (Fig. S18t).°
As shown in Fig. 5a, the Zn@CuCs-based full cell exhibits
a smaller voltage gap in the cyclic voltammetry (CV) curve
compared to bare Zn anode. Furthermore, for EIS spectra,
compared to the bare Zn//NVO cell (Fig. 5b), the Zn@CuCy//
NVO cell exhibits smaller semicircles in the high-frequency
region with faster reaction kinetics (Fig. 5¢). Fig. 5d illustrates
the rate performance of the Zn//NVO cell at different current
densities ranging from 0.1 to 5.0 A g~ ". The Zn@CuC,//NVO cell
exhibits significantly higher discharge capacity at various
current densities. The improved rate performance in the
Zn@CuCy anode may be attributed to the improved charge
transfer kinetics of the Zn anode (e.g., decreased activation
energy of the zinc deposition process).®”*® In addition, the anti-
self-discharge ability of Zn@CuCy is examined (good corrosion
resistance).®® As shown in Fig. 5e and f, after resting for 24 h in
a fully charged state, the Zn@CuCy//NVO cell still maintains
a high capacity retention of 97.8%, which is much better than
that of the bare Zn anode (87.3%), confirming the enhanced
anti-self-discharge ability of the Zn@CuC, anode. The
Zn@CuCy//NVO cell demonstrates significantly superior
capacity retention and longer lifespan compared to the bare
Zn//NVO full cell at a low current density of 0.5 A g~ * (Fig. S197).
Subsequently, the long-term cycling performance of both the
cells was further examined at a higher current density of 2 A g™*
(Fig. 5g). The Zn@CuCo//NVO cell demonstrates significantly
superior capacity retention and longer lifespan compared to the
Zn//NVO full cell, maintaining up to 93% capacity and a stable
CE close to 100% over 2000 cycles. In contrast, the bare Zn//NVO
full cell exhibits rapid capacity degradation after approximately
500 cycles. CuCy would not directly influence the zinc deposi-
tion on the cathode, but instead help to prolong the cycling
performance of the cathode due to its positive function on the
anode side. The metal soap membrane with a precisely regu-
lated channel size can help to stabilize the anode interface and
achieve uniform zinc deposition by impeding water molecules

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Cyclic voltammetry curves of Zn//NVO with a 1 mV s™* scan rate. EIS plots of (b) bare Zn//NVO and (c) Zn@CuCos//NVO. (d) Rate
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Zn@CuCy and bare Zn anodes. Cycling stability of Zn//NVO full cells at 2 A g~* with (h) N/P ratio = 5 and (i) N/P ratio = 1.

and facilitating zinc ion transport on the anode. As the battery is
an integral structure composed of an anode and a cathode,
a stable and homogeneous Zn>" ion flux on the anode interface
is also conducive to stabilization of the cathode by enabling
uniform release and re-embedding of the zinc ions.”””* In
addition, deep cycling of the Zn//NVO full cell with a low
capacity ratio between the anode and cathode (denoted as the
N/P ratio) was conducted. As demonstrated in Fig. 5h, Zn//NVO
with an N/P ratio of 5 (i.e., Zn utilization efficiency of 20%)
exhibits excellent cycling stability over 1000 cycles, which could
be ascribed to the highly reversible operation of Zn with the
help of the CuCy metal soap. Moreover, the Zn//NVO full cell

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

could operate stably for 500 cycles with an N/P ratio of 1 (i.e.,
100% Zn utilization) (Fig. 5i). Afterwards, we also analyzed the
morphology variations of NVO cathodes cycled in Zn//NVO and
Zn@CuCy//NVO. Compared to the initial morphology of the
uncycled NVO (Fig. S20at), the cycled NVO cathode with bare Zn
exhibits cracks and breaks in the nanofiber morphology
(Fig. S20bt). Conversely, the cathode morphology is well
maintained in the Zn@CuCo//NVO cell (Fig. S20ct). These
findings provide strong evidence of the feasibility of using the
Zn@CuCy anode as a substitute for bare zinc anodes, which
offers improved electrochemical performance in terms of life-
span and capacity.
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Conclusions

In summary, metal soap membranes with regulated channel
sizes have been designed on a zinc metal surface using a rapid
and straightforward saponification reaction strategy; the
membranes feature unique and selectively permeable channels.
The CuCy metal soap membrane, which has the optimum
channel size, exhibits relatively high capability to selectively
shield against water molecules while facilitating efficient
passage of the zinc ions. These advantages enable the
suppression of water-induced corrosion in mild electrolyte and
homogeneity of the Zn ion flux, synergistically contributing to
stable and improved Zn plating/stripping behaviors. Therefore,
the Zn@CuCy-based symmetric cell demonstrates an excep-
tionally long lifespan of over 10 000 cycles, accompanied by
a significantly lower polarization voltage at 20 mA cm 2. The
assembled Zn@CuCy//NVO cell also exhibits much better
cycling stability over 2000 cycles at 2 A g~ than the bare Zn//
NVO cell.

It should be noted that the selection of metal ion for metal
soap molecules was based on its zincophilic capacity. As shown
in the Zn-Cu binary phase diagram (Fig. S21af), there is
a distinct solubility region of Cu in Zn metal, indicating the
high zincophilicity of Cu.”>”* Cu®* has been proven to interact
with Zn®', assisting in accelerated, smooth and dense Zn>*
deposition.”® As control experiments, we selected three other
kinds of soap molecules: Ca (in the same period as Cu), Ag (in
the same main group with Cu) and Zn soaps. As evidenced in
binary alloy phase diagrams (Fig. S21b and ct), Ag also has
solubility in Zn metal, while Ca shows no solubility in Zn. The
sequence of zincophilicity is CuCy = AgCy > ZnCy > CaCo. As
shown in the performance comparison of corresponding
symmetric cells (Fig. S221), Zn@AgC, demonstrates better
cycling performance and lower overpotential than Zn@ZnC,
and Ca@CaC,. It could be concluded that Ag soap could
contribute to homogeneous deposition of the zinc ions such as
Cu soap. This study presents valuable insights for the utilization
of metal soap interfaces and regulation for their channel size
between the perpendicular alkyl chains to realize selective
water-shielding characteristics, which could be utilized not only
in ZMBs but also in other aqueous batteries. For future
research, the functions of different metal cations (such as Mg?>"
and Y**) and acid groups (-COOH, -SO;H, and -SO4H) of
hydrocarbon chains (alkyl, enyl, and aryl, with different carbon
numbers) could be carefully considered.
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