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Aqueous zinc batteries possess intrinsic safety and cost-effectiveness, but

dendrite growth and side reactions of zinc anodes hinder their practical

application. Here, we propose the extended substrate screening strategy for
stabilizing zinc anodes and verify its availability (dsupstrate: dzn002) =

1: 1>dsubstrate: dznoo2)=n:1, n =1, 2). From a series of calculated phyllosilicates
satisfying dsupstrate = 2dzn(002), We select vermiculite, which has the lowest lat-
tice mismatch (0.38%) reported so far, as the model to confirm the effective-
ness of “2dzn002)” substrates for zinc anodes protection. Then, we develop a
monolayer porous vermiculite through a large-scale and green preparation as
a functional coating for zinc electrodes. Unique “planting Zn(002) seeds”
mechanism for “2dz,002)” substrates is revealed to induce the oriented growth
of zinc deposits. Additionally, the coating effectively inhibits side reactions
and promotes zinc ion transport. Consequently, the modified symmetric cells

operate stably for over 300 h at a high current density of 50 mA cm™. This
work extends the substrate screening strategy and advances the under-
standing of zinc nucleation mechanism, paving the way for realizing high-rate
and stable zinc-metal batteries.

Rechargeable aqueous zinc (Zn) metal-based batteries (AZBs) have
arisen as a promising complement to organic electrolyte-based lithium
batteries'™, due to the low working potential (-0.762V versus the
standard hydrogen electrodes) of Zn, high volumetric and specific
capacity (5855 Ah L™ and 820 mAh g?), intrinsic safety, low cost and
environmentally friendliness’®. However, critical issues existing in Zn
anodes heavily impede the practical application of AZBs. The rampant
dendrites, caused by nonuniform plating/stripping of Zn, lead to inner
short circuits and significantly affect the lifespan of batteries'. In
addition, side reactions including hydrogen evolution reaction (HER)
and irreversible byproduct formation are the culprits of low Cou-
lombic efficiency (CE) and fast capacity decay (Fig. 1a)". So far, various
strategies have been proposed to address these issues, such as artificial

interface construction”™, Zn bulk structure engineering'*™,

electrolyte modification'”?, and separator design®>*. Recent research
reports that the preferred orientation of Zn(002) has a vital effect on
the cycling durability of Zn anodes**. This is because: (i) Zn(002)
plane with a relatively smooth surface enables an even electric field
that guides the subsequent Zn deposition along (002) orientation; (ii)
The lower chemical activity of Zn(002) plane alleviates side reactions
and corrosion”*, Therefore, inducing the growth of Zn electro-
deposits along (002) facet has become an appealing strategy to sta-
bilize Zn anodes.

Essentially, the anisotropy of the substrates significantly influ-
ences the orientation of Zn electrodeposits”. According to the lattice
mismatch (6) between deposited Zn and substrates, the contact
interface can be divided into incoherent (6>25%), semi-coherent
(25%>6>=5%) and coherent interfaces (6<5%)*. The lower lattice
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Fig. 1| Schematic demonstrating the origin of the proposed ESSS and its ver-
ification based on MPVMT coatings. a Schematic of challenges existing in Zn

anodes. b Different lattice strain and orientation correlation of Zn electrodeposi-
tion formed on substrates with incoherent (6 >25%), semi-coherent (25% > 6 > 5%)
and coherent (8 <5%) interfaces and TSSC used in previous work. ¢ Schematic of

ZnzMn

VMT

our work design of MPVMT layers based on ESSS to stabilize Zn anodes.

d Comparison of lattice mismatch among eight typical phyllosilicates screened
based on dsybstrate: dzn(002) = 2:1. € Comparison of lattice mismatch between
recently reported substrates and our work.

mismatch, the smaller lattice strain of deposits on substrates, the
stronger orientation correlation?”°. Hence, it is necessary to search for
a suitable substrate with a low lattice mismatch with Zn(002) plane. At
present, based on the traditional substrate screening criterion that
lattice parameters of substrates should be close to that of Zn(002) (i.e.,

dsubstrate: dzn002) = 1: 1) (Fig. 1b), several substrates have been reported
including two-dimensional (2D) materials (e.g., graphene?, MoS,*)
and highly oriented metals (e.g., Sn(200)*, In(002)**). However, most
of them form semi-coherent interfaces with Zn(002). Only a few Zn-
based alloys® or single-crystal Zn(002)* anodes enable to form
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coherent interfaces. Unfortunately, these alloy or metal substrates are
electrically conductive, and thus they cannot isolate Zn electrodes
from aqueous electrolytes, resulting in unavoidable side reactions®**.
Hence, there is an urgent need to explore possible extended substrate
screening strategy (ESSS) to guide the search for substrate materials
that not only possess low lattice mismatch with Zn(002), but also
inhibit side reactions and promote ion transport, especially at high
current densities.

Here, we conjecture and verify the application potential of
selecting suitable coatings for Zn anodes based on ESSS, namely
dsubstrate: dZn(OOZ)Zl: 1>dsubstrate: dZn(OOZ):n: 1, n=1, 2. First, thTOUgh
calculation, we discover eight typical phyllosilicates that meet
“dsubstrate = 2dzn(002)”- Among them, vermiculite (VMT) with the lowest
lattice mismatch (6 = 0.38%) reported so far, is selected as our model
clay system to study the regulatory mechanism of Zn deposition on
“2dzn(002)” Substrates and its comprehensive effect on stabilizing Zn
anodes protection (Fig. 1c, d). Next, we synthesize monolayer porous
vermiculites (MPVMTs) as coatings for Zn anodes (MPVMT@Zn).
Notably, the preparation of MPVMT is simple and sustainable, and thus
easy to achieve large-scale preparation. Owing to the low lattice misfit
and double large lattice of MPVMT than Zn, together with strong
interaction with deposited Zn atom, MPVMT layers allow to plant
Zn(002) seeds in their planes, thus guiding subsequent horizontal
growth of Zn and achieving dendrite-free Zn electrodes. Additionally,
the non-conductive MPVMT with hydrophilic groups on the surface
effectively mitigates HER and the formation of byproducts. Moreover,
the monolayer porous structure with negative charges provides
acceleration transport channels for the migration of Zn*, leading to
superior cyclability at high current densities. As a result, the
MPVMT@Zn symmetric cells exhibit stable cycling for over 800 h at a
high current density of 10 mAcm™ and 300 h at a higher current
density of 50 mA cm™. Furthermore, practical MPVMT@Zn based
1.25 Ah pouch cell is also demonstrated.

Results

Synthesis and characterization

According to the calculation results of adsorption energies of Zn atom
on different Zn crystal planes (Supplementary Fig. 1, Supplementary
Note 1), it is necessary to search for a substrate highly matched with
Zn(002) to induce the planar deposition of Zn and inhibit dendrite
growth. Based on the conjecture of ESSS, eight typical phyllosilicate
clay materials satisfying “dsypstrate: dznoo2)=2:1" were found by cal-
culation. Then, we computed the lattice mismatches between Zn(002)
and eight phyllosilicates and selected VMT as a coating layer for Zn
anodes because it exhibits the lowest lattice misfit (6= 0.38%) among
all clays calculated (Supplementary Fig. 2, Supplementary Table 1).
Notably, the lattice mismatch of VMT with the Zn(002) plane is the
lowest reported so far, indicating its high potential for stabilizing Zn
anodes by inducing the growth of Zn (002) plane (Fig. 1le, Supple-
mentary Table 2).

As shown in Fig. 2a, each layer of VMT consists of one Mg-based
octahedral sheet sandwiched between two tetrahedral silicate
sheets® .. The cross-sectional scanning transmission electron micro-
scopy (STEM) image of VMT clearly shows that tetrahedral silicate
sheets have hollow sites between the atoms. Then, by a one-step
ultrasonic and agitating method using only deionized water as the
solvent, we easily prepared large quantities of MPVMT dispersion and
corresponding powders after freeze-drying with zero pollution
(Fig. 2b, Supplementary Fig. 3). The dispersion shows obvious Tyndall
effect and a zeta potential of —25.9 mV (Supplementary Fig. 4), indi-
cating negatively charged MPVMT. The negative charges are naturally
produced on the layers mainly by AP* partially substituting Si** in the
tetrahedral sheets, which are balanced by cations (e.g., K* and Na*)
between layers*>. The AFM image shows typical exfoliated porous
vermiculite nanosheets (Fig. 2c), of which the thickness of nanosheets

is all within 2 nm (Fig. 2d), corresponding to monolayer VMT*. MPVYMT
flakes are also clearly observed by Transmission electron microscopy
(TEM) and their main elements (O, Si, Al, Mg and Fe) were character-
ized by corresponding energy-dispersive X-ray spectroscopy mapping
(Supplementary Fig. 5). Furthermore, the enlarged TEM image deter-
mines that the pore size of 2D MPVMTs ranges from 10 nm to 30 nm
(Fig. 2e) and the image of selected area electron diffraction in the inset
indicates their high crystallinity. The unique porous structure estab-
lishes the basis for the rapid transport of ions. In contrast, nonporous
vermiculites (NVMT) with thicknesses of approximately 2 nm were
controllably synthesized by regulating the power of the ultrasonic
homogenizer (Supplementary Fig. 6).

The MPVMT layers were coated onto the Zn surface by the spray
coating method. The X-ray diffraction (XRD) pattern indicates that the
Zn electrode remains unchanged after surface modification (Supple-
mentary Fig. 7). The typical thickness of the coatings is around 1.1 pm
measured by scanning electron microscopy (SEM, Supplementary
Fig. 8). The hydrophilicity of MPVMT layer was tested through static
contact angle measurements. The water contact angle on bare Zn is
95°, while the contact angle on MPVMT@Zn is 27° (Fig. 2f, g), revealing
significantly enhanced hydrophilicity due to the formation of strong
hydrogen bonds between the silanol groups on the surface of MPVMTs
and the oxygen in water molecules**~*¢. Kelvin probe force microscopy
(KPFM) reveals that the surface potential of MPVMT@Zn is about
300 mV lower than that of bare Zn (Fig. 2h, i), suggesting that the
surface of MPVMT coatings is more electronegative. Additionally,
insulating MPVMT layers exhibit an electronic resistivity of approxi-
mately 1.4 x10°Qcm (Fig. 2j, Supplementary Note 2)*. Moreover,
owing to the simple preparation process, the MPVMT@Zn electrode
can be easily scaled up to 300 cm? (Fig. 2k).

Horizontal growth of Zn deposition

The morphology and texture of Zn deposits greatly influence the
lifespan of Zn anode and a uniform parallel deposition enables the cell
to stably operate for a long time without a short circuit*®, First, Zn | |Ti
cells are used to study the deposition morphology of Zn underneath
the MPVMT layer. As shown in Fig. 3a, Zn deposits on the bare Ti
surface show an anisotropic platelet-like dendritic morphology at
3 mA cm™/3 mAh cm™, accounting for the inhomogeneous nucleation
of Zn*. In contrast, for the MPVMT-coated Ti (MPVMT@Ti), the sur-
face is covered with 2D nanosheets which illustrates strong adhesion
between MPVMT and substrates, and no Zn platelet is observed which
reveals that Zn deposits underneath the insulating coatings (Supple-
mentary Fig. 9a). After removing MPVMTs by high-power ultra-
sonication, horizontally stacked Zn platelets are shown in Fig. 3b.
When further increasing the current density/capacity to 10 mA cm?/
10 mAh cm™, more randomly distributed vertical zinc platelets are
observed on the surface of bare Ti (Fig. 3c). For MPVMT@Ti, the
coating remains intact on the surface (Supplementary Fig. 9b) and Zn
platelets plating under the coatings are still arranged horizontally and
even more closely (Fig. 3d). Then, the 2D XRD results reveal that Zn
deposits with MPVMT protection have a stronger intensity of (002)
plane and weaker intensity of (100) plane than that of the bare Zn
deposits at both 3mA cm™/3 mAhcm™ and 10 mA cm™/10 mAh cm™
(Fig. 3e-h). Corresponding 1D XRD patterns assure the (002) plane
orientation of Zn deposits with MPVMT layers (Supplementary Fig. 10).
Notably, with the increase of current density, the effect on inducing
the growth of Zn(002) plane by MPVMTs becomes more prominent.
The lo02)/lao0) Value of Zn deposits with MPVMT protection is 1.7 times
that without protection at 3mAcm™ and increases to 5 times at
10 mA cm2 (Fig. 3i). In the crystal structure of Zn (Fig. 3j), (100) crystal
planes arranged in an unsmooth and wavy pattern are the main culprit
of dendrite growth, while the crystallographic orientation of (002)
crystal planes with relatively smooth surface enable dendrite-free
metal anode". This verifies that the growth of Zn(002) plane promoted
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Fig. 2 | Preparation and characterization of MPVMT@Zn anode. a Cross-
sectional schematic of a monolayer vermiculite and cross-sectional STEM image of
unexfoliated vermiculite using the high-angle annular dark-field mode. b Schematic
of the mass production of MPVMT materials through a sustainable method.

¢ Atomic force microscopy (AFM) image of MPVMT nanosheets. The inset is the
height profile of the corresponding lines. d Statistics for the thickness of MPVMT
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nanosheets. e Typical TEM image and SAED pattern (inset) of MPVMT. Contact
angles of bare Zn (f) and MPVMT@Zn (g). KPFM images of MPVMT@Zn (h) and
bare Zn (i). j Voltage response to a current of 2 mA of MPVMT@Zn and bare Zn
electrodes. k The prepared MPVMT@Zn with an area of 300 cm? fabricated using
a scalable strategy.

by MPVMT layers is conducive to inhibiting dendrite formation. Fur-
thermore, deposition morphology on the Zn surface is shown in Sup-
plementary Fig. 11 and horizontally arranged platelets underneath the
MPVMT layer are both observed from the front and cross section,
consistent with the morphology on MPVMT@Ti. In addition, in situ

monitoring of Zn deposition process with homemade bare Zn and
MPVMT@Zn symmetric cells was performed by an optical microscope
under a current density of 20 mA cm2 Figure 3k shows that uneven Zn
morphology with obvious protrusions and hydrogen bubbles appears
on the bare Zn anode after an initial 10 min. As the deposition time
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and MPVMT@Zn after 10 cycles of plating/stripping (10 mA cm™21 mAh cm™).

n The process of Zn(002) growth induced by MPVMT layers, including Zn(002)
seeds formation and preferred orientation growth based on Zn(002) seeds, and
corresponding calculated adsorption energy of Zn atom on the surface of MPVMT
or semi-filled Zn(002)/ MPVMT substrate. o The adsorption energy of Zn atom on
the surface of Zn substrate.

increases to 30 min, the protrusions maintain and grow into dendrites.
In comparison, the deposition on MPVMT@Zn is uniform and no
obvious dendrites and bubbles are observed during the whole plating
process, demonstrating the suppression of dendrite growth and side

reaction (Fig. 31). The morphology changes of Zn anodes after cycling
at 10 mA cm™%/1mAh cm™ are also investigated. Confocal laser scan-
ning microscope (CLSM) images show that small “islands” of Zn blocks
form on the bare Zn surface after 10 cycles, whereas the surface of
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MPVMT@Zn anodes maintains smooth (Fig. 3m). After 200 cycles,
randomly distributed Zn dendrites are observed on the surface of bare
Zn, while 2D MPVMT nanosheets on MPVMT@Zn anodes are not
peeled off showing high adhesion and excellent chemical stability and
parallel Zn platelets are consistently sustained under nanosheets
(Supplementary Figs. 12, 13).

We further study the interaction between Zn (002) deposits and
the MPVMT by DFT calculations. As shown in Fig. 3n and Supple-
mentary Fig. 14, the plating Zn atoms prefer to adsorb in hollow sites of
the vermiculite layer instead of other sites, owing to their strong
adsorption energy (E,gsi= —6.85 €V, Eaqs2 = —5.15 eV). Benefitting from
low lattice misfit (6 = 0.38%) between MPVMT layers and the Zn(002)
crystal plane, the deposited Zn are arranged in the manner of Zn(002)
to form semi-filled Zn(002)/ MPVMT composite substrate. Subse-
quently, Zn atoms deposited later continue to preferentially grow on
the Zn(002) seeds of semi-filled Zn(002)/ MPVMT composite substrate
(E'aqs1= —0.62 eV, E 4o =—0.70 eV, other possible adsorption sites see
Supplementary Fig. 15 for details), rather than adsorbing on the Zn
substrate (E,gs=—0.38 eV, Fig. 30), which contributes to the parallel
growth of Zn along the (002) plane. It is concluded that the strong
adsorption of MPVMT layers to Zn atoms and the super match allow
for “planting Zn(002) seeds” on the “2dzn02”~ substrate, thereby
achieving the subsequent preferred deposition and alleviating den-
drite growth even at high current densities. The above evidence con-
firms the validity of ESSS for screening substrates that can induce the
orientation of Zn electrodeposits. Based on ESSS, we have modified the
formula for calculating the lattice mismatch § as follows:

5=

Zn(002)
d

-2d
bstrat Zn(002)
| B ;n(ooz; . |r 15 dZn(OOZ)< dsubstrate< 2.5 dZn(OOZ)

d b: 7dZ (002
{ | = S[:ja[e o |' dsubstrate <15 dZn(OOZ) (1)

where d is the lattice parameter of the substrate or Zn(002) plane.

Inhibition of side reactions

The side reactions mainly include the HER process and generation of
Zn,S04(OH)¢xH,0 by-products formed with the decreased con-
centration of H' %, As shown in Fig. 4a, in situ gas chromatography
(GC) was used to determine HER of Zn symmetric cells during the Zn
stripping/plating with a simple configuration at a current density/
capacity of 20 mA cm%/2 mAh cm™ for 90 min. The peak intensity of
H, for bare Zn anodes dramatically increases after cycling, whereas
very little H, is captured for the MPVMT@Zn anodes (Fig. 4b). More-
over, many bubble footprints can be seen on the surface of cycled bare
Zn (Fig. 4c). Owing to the interfacial turbulence and nonuniform cur-
rent distribution caused by the generation of H,, uneven deposition of
Zn around the bubbles occurs, making it easier to form dendrites. On
the contrary, due to the isolation of the electrolyte and Zn electrode,
the cycled MPVMT@Zn maintains the smooth surface and demon-
strates the effectively suppressed HER (Fig. 4d). Next, linear sweep
voltammetry (LSV) measurements in 1M Na,SO, electrolyte were
carried out as shown in Fig. 4e. The current density of MPVMT@Zn is
always smaller than that of the bare Zn, and the corresponding Tafel
slope of MPVMT@Zn (291.3 mV dec™) is much larger compared with
that of the bare Zn (219.1mV dec™), manifesting low kinetics of HER
under MPVMTs protection. Furthermore, the corrosion current den-
sity of MPVMT@Zn (2.163 mA cm™) is also lower than that of the bare
Zn (3.099 mAcm™), revealing prominent corrosion resistance of
MPVMT layers (Fig. 4f). The inhibited HER can be ascribed that insu-
lating and hydrophilic MPVMTs effectively absorb water molecules
and prevent them from gaining electrons to decompose. Benefiting
from the suppressed HER and repulsion of surface negative charge of
MPVMT layers on sulfate (SO,*), by-product formation is restrained.
Supplementary Fig. 16 shows that the MPVMT@Zn keeps a flat and

smooth surface without any trace of corrosion even after immersing in
2M ZnS0, electrolytes for 6 days, implying better chemical stability
than the bare Zn. Meanwhile, according to XRD patterns, the peak
density of ZnySO4(OH)s'xH,0 on the surface of MPVMT@Zn is much
weaker than that of bare Zn (Fig. 4g), again confirming the effective
restriction of by-products using MPVMT layers.

In addition, to better elucidate Zn deposition behavior under the
influence of side reactions, the electric field distribution of the plating
process for bare Zn and MPVMT@Zn was simulated, and geometric
models are shown in Supplementary Fig. 17. Regarding bare Zn, H,
bubbles generated during plating lead to intense interfacial turbu-
lence, resulting in uneven distribution of current density and Zn*
concentration. As time increases from O's to 3600 s, the evolution of
severe and messy dendrite growth process is shown in Fig. 4h. As a
control, the electric field distribution at the interface without H,
bubbles was also simulated, as shown in Supplementary Fig. 18.
Although the disappearance of bubbles alleviates the interfacial dis-
turbance to a certain extent, the inability of bare Zn to homogenize the
Zn** flux still leads to dendritic Zn growth. Thanks to the suppressed
HER and negative charge layer, MPVMT@Zn anodes without interfacial
disturbance endow even Zn*" distribution and dendrite-free deposi-
tion (Fig. 4i).

Fast ion transfer and rapid de-solvation

Rapid Zn*" transport through protective coatings is urgently needed
for Zn anodes, particularly at high current densities*’. To investigate
the Zn** electrochemical behavior with MPVMT layers, COMSOL
simulations were conducted and the comparison models for
MPVMT@Zn and NVMT@Zn anodes were established to better
uncover the role of pore structures in facilitating ion transport (Sup-
plementary Fig. 19). As shown in Fig. 5a, the edges of NVMTs, served as
transport channels of ions, exhibit stronger electric fields than bare Zn
surface resulting from the accumulation of negative charge from
NVMT layers in the edge. Meanwhile, the surface of MPVMTs shows
more and stronger accelerating electric fields around pores than that
of NVMTs. As a result, when Zn*" fluxes penetrate the MPVMT layers
(Fig. 5b), their transport pathway is greatly shortened than NVMT
layers because of abundant channels established by pore structures,
and the migration speed simultaneously increases under the accel-
eration of the local electric fields around the pores, thereby achieving
fast Zn?* transport.

To experimentally certify the ion transport acceleration of
MPVMT layers, electrochemical impedance spectroscopy (EIS) results
are shown in Fig. 5c. Apparently, the MPVMT@Zn anode exhibits the
lowest charge transfer resistance (R.;) among three anodes, while the
Rce of NVMT@Zn is lower than the bare Zn, verifying the improving
transport of Zn*" by designs of pores and local acceleration fields.
Furthermore, the plating/stripping voltage curves of bare Zn,
NVMT@Zn and MPVMT@Zn based on their rate performance testing
were measured with different current densities. As shown in Fig. 5d,
the voltage hysteresis of MPVMT@Zn is always smaller than that of
bare Zn. When the current increases to 10 mA cm™, the polarization of
bare Zn soars to 162 mV owing to poor hydrophilicity and sluggish ion
transfer, while that of MPVMT@Zn is only 114 mV. Regarding the
NVMT@Zn anode, it displays a narrow voltage gap, almost the same as
MPVMT@Zn, under small current densities (0.5 and 1 mAcm™), but
exhibits even larger voltage hysteresis (167 mV) than bare Zn at
10 mA cm2 (Supplementary Fig. 20a, b). The “anomalous” behavior of
the NVMT@Zn under different current densities might be derived
from the shortcomings of its limited acceleration effect and tortuous
migration path for Zn** which are fatal particularly under high current
densities (Supplementary Fig. 20c, d, Supplementary Note 3), again
proving the advantage of MPVMT with numerous acceleration chan-
nels to significantly reduce the overpotential of the batteries.
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Fig. 4 | Characterization and theoretical simulation of H, evolution behavior
during Zn plating/stripping. a Schematic of the configuration used for observing
H, evolution in situ. b In situ electrochemical GC profile for bare Zn and
MPVMT@Zn symmetric cells at 20 mA cm™and 2 mAh cm™ Corresponding optical
microscopy images of bare Zn (c) and MPVMT@Zn (d) after operando character-
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demonstrating corrosion of Zn anodes in 2 M aqueous ZnSO, electrolyte. g XRD
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lon transport behavior is further determined experimentally.
Zn** transference number (ZTN) is evaluated based on chron-
oamperometry measurements and EIS results before and after polar-
ization. The MPVMT layers display a ZTN of 0.67, three times higher
than the bare Zn (0.20) (Supplementary Fig. 21 and Supplementary

Note 4). Moreover, as shown in Supplementary Fig. 22, the ionic con-
ductivity of MPVMT@Zn is calculated to be 29.79 mS cm’, that is, 2.8
times greater than that of bare Zn (10.50 mS cm™). These results again
confirm that MPMVT accelerates Zn*" transport and thus promotes
ionic conductivity’®. Specifically, when hydrated Zn* transport
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Fig. 5 | COMSOL simulations of ion transfer and the electrochemical perfor-
mance of Zn anodes. Electric field distribution (a) and Zn ion flux (b) of bare Zn,
NVMT@Zn and MPVMT@Zn at 10 mA cm™ ¢ Nyquist plots of the bare Zn,
NVMT@Zn and MPVMT@Zn symmetric cell at initial state. d Rate performance of
the bare Zn and MPVMT@Zn electrodes at different current densities from 0.5 to

10 mA cm2 with the same capacity of 1 mAh cm™. Cycling performance of sym-
metric cells with or without MPVMT layer protection at 1 mA cm™ (e), 5 mA cm™ (f)
and 50 mA cm (g). h Performance comparison between MPVMT@Zn and recently
reported Zn anodes using different strategies. i CE of Zn | |Ti cells with a cut-off
charging voltage of 0.5V at 2mA cm™ and 1 mAh cm™.

through MPVMT nanochannels is driven by electric field force from the
battery and the coating, water molecules coordinated with Zn* will be
captured because of the strong hydrogen bonding between silanol
groups on MPVMT surface and the oxygen in water molecules®.
Consequently, the de-solvation of Zn* is effectively promoted by
silanol groups. To further assure the effect of MPVMT layers to facil-
itate de-solvation, the activation energy (E,) which represents the de-
solvation barrier for Zn* transport is identified by temperature-
dependent EIS (Supplementary Fig. 23) and calculated according to the

Arrhenius equation's:

(@)

ct

where R., A, R and T represent the charge transfer resistance, pre-
exponential factor, molar gas constant (8.3145 ) mol™ K™) and absolute
temperature, respectively. Based on the fitting equivalent circuit, R, at
different temperatures is obtained (Supplementary Table 4). The
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resultant E, of MPVMT@Zn (59.9 k) mol™) is lower than that of the bare
Zn (64.9 k) mol™), verifying the faster de-solvation of hydrated Zn*'.
These results have suggested that MPVMTs are remarkable ionic
conductors due to their inherent ordered channels and facilitated
electric fields to promote Zn*" transfer.

Electrochemical performance

The parallel growth of Zn deposits, suppressed side reactions and
fast ion transport achieved by MPVMT layers are expected to sig-
nificantly improve the electrochemical performance of Zn anodes.
First, the galvanostatic cyclic performance of symmetric cells was
performed at various current densities and areal capacities. As shown
in Fig. Se, the Zn ||Zn symmetric cell exhibits a sudden and irrever-
sible voltage increase only after cycling for 112 h at a current density/
capacity of 1mAcm?/1mAhcm™. In contrast, MPVMT@Zn sym-
metric cells show prolonged cycle life for over 2000 h, approxi-
mately 18 times longer than the bare Zn. The MPVMT@Zn electrode
also exhibits excellent cycling stability at increasing current capacity
of 2mA cm™/2 mAh cm™ for 1500 h, 5 mA cm™/5 mAh cm™ for 680 h
(Fig. 5f), 0.6mAcm?%10mAhcm™ for 500h and 10 mAcm™%/
10 mAh cm™for 400 h (Supplementary Fig. 24), much better than the
bare Zn. Furthermore, at a higher current density of 10 mA cm™/
I1mAhcm™ and even 50 mAcm?1mAhcm?, the MPVMT@Zn ||
MPVMT@Zn cell still stably operates for over 800 h with the cumu-
lative plating capacity (CPC) of 4000 mAhcm™ (Supplementary
Fig. 24b) and 300h with the CPC of 7500 mAhcm™ (Fig. 5g),
respectively. It is proved that MPVMT layers demonstrate an excel-
lent ability to control dendrite growth and stabilize Zn anodes even
under the superhigh current and deposition capacity. Notably, the
current density and CPC enabled by the MPVMT@Zn symmetric cell
are much higher than most of the previously reported values from Zn
electrodes based on different modification strategies (Fig. 5h, see
Supplementary Table 5 for details).

To reflect the plating/stripping reversibility of Zn under MPVYMT
protection, CE measurements were performed by Zn | |Ti asymmetric
cells at a current density/capacity of 2 mA cm?/1 mAh cm™. As shown
in Fig. 5i, the MPVMT@Ti | |Zn cells present stable operation for 400
cycles with an average CE of 99.4%, manifesting favorable durability
and superior reversibility. However, bare Ti | |Zn cells merely run for 30
cycles with evident fluctuation of the CE, indicating serious side
reactions and dendrite growth. Because the bare Ti cannot regulate the
zinc deposition and hinder by-product formation, its voltage hyster-
esis (123 mV at 5th cycles) is much larger than MPVMT@Ti (58 mV at
5th cycles), as shown in Supplementary Fig. 25. Hence, it can be con-
cluded that the multifunctional MPVMT layers greatly regulate Zn
deposition behavior, restrain corrosion and promote Zn*" kinetics,
leading to high-rate and stable MPVMT@Zn anodes.

Full cell performance

To explore the practical application of MPVMT@Zn anode, Zn-ion
full cells are assembled by coupling with a MnO, cathode
(MPVMT@Zn | IMnO;). The XRD pattern shows the successful
synthesis of 3-MnO, (Supplementary Fig. 26). The cyclic voltammetry
(CV) profile of MPVMT@Zn | [MnO, full cell displays predominant
smaller voltage polarization (33 mV, difference in the cathodic peaks)
than the bare Zn | [MnO, cell, which indicates its advantageous Zn*/
Zn reaction kinetics (Fig. 6a). The EIS results of MPVMT@Zn | [MnO,
cells also confirm smaller charge transfer resistance (Supplementary
Fig. 27). The small polarization and impedance can be ascribed to the
restrained side reactions and ion acceleration effect achieved by
electronegative MPVMT interface. Next, the rate performance at
different current densities was investigated and the capacities of
both batteries are almost the same at around 250 mAhg™ at 1C
(1C=308mA g™, based on the mass of MnO,) (Fig. 6b). When the
high current density (10 C) is used, MPVMT@Zn-based full cells

exhibit more than twice the capacity of bare Zn-based full cells,
indicating their superior capacity retention. Moreover, the charging
and discharging curves at various current densities manifest a
smaller voltage gap of MPVMT@Zn | [IMnO, than bare Zn||MnO,
(Supplementary Fig. 28), consistent with CV curves. Furthermore, the
long cycling performance in Fig. 6¢ shows that the capacity of bare
Zn-based full cells rapidly declines to 50 mAh g™ after 500 cycles,
while MPVMT-based full cells sustain a high capacity of 123 mAh g™,
which can also be evidenced by polarization curves (Fig. 6d, e). To
gain insight into the performance improvement of full cells, the 3D
surface morphologies of MPVMT@Zn and bare Zn electrodes after
500 cycles were analyzed (Fig. 6f, g). The cycled MPVMT@Zn anode
exhibits a smooth and even surface, while harsh island-like Zn den-
drites are observed on bare Zn, implying that the MPVMT overlayer
on the Zn foil enables more uniform plating/stripping of Zn. These
results again validate the virtue of MPVMT design (Supplementary
Table 6). We also assembled zinc-iodine (Zn | |I,) practical full cells
using iodine-containing electrolytes and activated carbon (AC) as the
host material with the high mass loading of about 20 mgcm?. As
shown in Fig. 6h, under harsh conditions of high Zn utilization (51%,
the thickness of Zn: 10 um) and low N/P ratio (1.9), the MPVMT
coatings enable steady cycling of the Zn anodes and maintain a
capacity of almost 100% after 200 cycles, which is over four times
higher than the bare Zn | |1, cells (capacity retention: 24%). To further
verify the device’s feasibility, MPVMT@Zn anodes were assembled
into pouch cells. Supplementary Fig. 29 shows that 2x3cm?
MPVMT@Zn | |, pouch cells show stable cycling without capacity
decay and high CE (99.93%) after 1000 cycles. Additionally, we
demonstrate a 13 x 15 cm> MPVMT@Zn | IMnO, pouch cell that deli-
vers cell capacity of 1.25Ah and energy density of 75 WhL?, which
outperforms most of the previously reported ZIBs (Fig. 6i-k, Sup-
plementary Tables 7 and 8, Supplementary Note 5)'%2¢5"%,

Discussion

In summary, we develop and confirm the applicability of ESSS
(dsubstrate: dZn(OOZ) =1: I>dgypstrate: dZn(002)= n:1, n=1, 2). Taking the
vermiculite (dyermicuiite © 2dzn(002)) as @ model, we prepare 2D hydro-
philic and insulating MPVMTs by a simple and eco-friendly method as
protective coatings for Zn anode. Due to MPVMT'’s low lattice mis-
match (6 =0.38%), “2dzn002)” structure cell and strong adsorption to
Zn deposits, the coatings induce (002) oriented growth of Zn by
“planting Zn(002) seeds” mechanism, realizing dendrite-free anodes.
Additionally, the hydrophilic functional groups and negative charges
on the surface of MPVMTs greatly promote the de-solvation of Zn**
and homogenize the electric field, synergistically suppressing side
reactions. Furthermore, the constructed ion acceleration channels
significantly facilitate Zn** transport, achieving high-rate and long-life
MPVMT@Zn anodes. Consequently, the MPVMT@Zn anodes deliver a
superhigh cumulative capacity of 7500 mAh cm™ at a current density
of 50 mA cm™2, outperforming most reported modified Zn anodes. The
proposed ESSS and nucleation mechanism provide unique insights
into highly reversible Zn metal batteries and may apply to other metal-
based batteries.

Methods

Preparation of monolayer porous/nonporous two-

dimensional VMT

First, 12 g vermiculite (VMT, sizes: 2-3 mm, Sigma-Aldrich) was mixed
with 500 mL deionized (DI) water (18.2 MQ, Millipore system) at room
temperature in a 500 mL beaker to prepare the suspension liquid,
followed by transferring to the ultrasonic homogenizer (1200 W, ®
20 mm, Biosafer 1200-98). Then, the suspension under vigorous stir-
ring conditions was dispersed with the ultrasonic power of 360 W and
pulse mode of 5s on and 5 s off in a circulating water bath (6 ‘C) for 6 h
to obtain the crude dispersion. Subsequently, 20 mL dispersion was
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of MPVMT@Zn (f) and bare Zn (g) electrodes after 500 cycles. h Cycling perfor-
mance of Zn| |1, full cells based on bare Zn and MPVMT@Zn anodes with 2 M ZnSO4
and 0.5 M Kl electrolyte at 5 mA cm™. Optical image of an Ah-level MPVMT@Zn | |
MnO, pouch cell (i) and corresponding voltage profile of 4th cycle at 0.1C ().

k Comparison of cell capacity of MPVMT@Zn | IMnO, pouch cell with pre-

vious works.

centrifuged at 424 x g for 10 min to retain the supernatant slurry, fol-
lowed by freeze drying to obtain the porous VMT (MPVMT) powder.
Nonporous VMT (NVMT) was prepared according to the same method,
except that the ultrasonic power was changed to 120 W.

Preparation of MPVMT@Zn and MPVMT@Ti electrodes
The MPVMT@Zn electrode was prepared by spray coating. First, 54 mg
VMT and 6 mg polyvinylidene fluoride (PVDF) were added to 20 mL of

N-methyl-2-pyrrolidine (NMP). Then, the mixture was ultrasonically
dispersed for 1 h, followed by magnetically stirring at 500 r.p.m. for1h
to obtain the slurry. Next, the slurry was coated on the polished and
washed Zn foil (99.9%, Sike) by spraying method at 80 °C and dried at
the same temperature for 12h under vacuum to obtain the
MPVMT@Zn electrode. The MPVMT@Ti electrode was prepared in
almost the same way as the MPVMT@Zn electrode, except that the Zn
foil was replaced with the Ti foil.
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Preparation of NVMT@Zn electrode

The preparation of NVMT@Zn electrode was similar to that of
MPVMT@Zn electrode, except that the MPVMT layers were replaced
with NVMT layers.

Preparation of MnO, cathodes

The MnO, cathodes were synthesized by hydrothermal method*.
First, 0.507 g manganese sulfate monohydrate (MnSO,4-H,0, 98%) and
2mL 0.5 mol-L™ sulfuric acid (H,SO4, A.R.) were added into 90 ml DI
water and magnetically stirred until the mixed solution became
transparent. Then, 20mL O.Imol-L? potassium permanganate
(KMnOy4, A.R.) was dropwise added into the above solution. The mix-
ture was stirred at room temperature for 2 h, followed by transferring
to a Teflon-lined autoclave. Subsequently, the autoclave was kept at
120 °C for 12 h. After cooling to room temperature, the precipitated
product was collected by vacuum filtration, washed repeatedly with DI
water, and dried in a vacuum oven at 60 °C for 12 h to obtain MnO,.
Next, MnO, powder, acetylene black (AB) and PVDF were mixed at a
weight ratio of 8:1:1 in NMP solvent to form a homogeneous slurry,
which was then coated onto carbon cloth. After drying at 60 °C for
12 h, the MnO, cathode was cut into 12 mm circular disks with a mass
loading of 1mgcm™

Preparation of MPVMT@Zn | [MnO, pouch cells

An ampere-hour MPVYMT@Zn | IMnO, pouch cells consisted of two
13 x 15 cm? MnO, cathodes (mass loading: 13.5 mg cm) clamped in the
middle sharing one Ti foil current collector and two 13 x 15 cm? Zn foils
(50 um) on both sides separated by 14 x16 cm? glass fiber (GF)
separators (GF/D from Whatman was used in this work unless other-
wise specified). The shell of the pouch cell was an aluminum-plastic
film and the electrolyte was 2M zinc sulfate (ZnSO,, A.R.) and
0.1M MnSO,.

Preparation of I, cathodes

Activated carbon (AC, YP8OF) was coated on the carbon cloth (mass
loading: 20 mg cm?) as the host materials by mixing well with AB and
PVDF in NMP solvent with weight ratios of AC:AB:PVDF of 8:1:1. After
drying at 60 °C for 12 h, the cathode was cut into 12 mm circular disks
with a mass loading of 20 mg cm™.

Preparation of MPVMT@Zn | |1, pouch cells

Typical MPVMT@Zn | |1, pouch cells were constructed with 2 x 3 cm?
Zn foils (80 um), 2 x 3 cm? I, cathodes (mass loading of AC: 16 mg cm?),
3 x4 cm? glass fiber separators and Ti foil current collectors on both
sides. The shell of the pouch cell was an aluminum-plastic film and the
electrolyte was 2 M ZnSO, and 0.5 M potassium iodide (KI, 99.5%).

Electrochemical measurement

All the electrochemical performance was tested by assembling coin
cells (CR2032), except for Zn | IMnO, pouch cells, using glass fiber as
the separator. Normally, the thickness of Zn foil is 80 pm, if not spe-
cifically noted. Cycling tests for Zn||Zn symmetric cells and Zn||Ti
asymmetric cells of bare Zn or VMT@Zn were conducted with 150 uL
2M ZnSOy, as the electrolyte to study the Zn plating/stripping beha-
vior, nucleation process and CE. The cutoff voltage of Zn | [Ti cells was
set to 0.5V (vs. Zn*/Zn). For Zn | IMnO,, full cells, 2 M ZnSO,4 with 0.1 M
MnSO, was used as the electrolyte and the voltage range was set to
1.0-1.8 V. For Zn | |1, full cells, 2 M ZnSO,4 with 0.5 M KI were used as the
anode and electrolyte, and the voltage range was set to 0.6-1.6 V. All
galvanostatic charge-discharge measurements were evaluated using a
NEWARE battery testing system at different current densities at 30 °C.
The electrochemical impedance spectroscopy (EIS, from 100 kHz to
0.01 Hz), cyclic voltammetry (CV) and chronoamperometry (CA) were
measured using an electrochemical work-station (BioLogic SP-150e).
The electronic resistivity measurement, LSV and Tafel plot were

performed by a CHI760E electrochemical workstation. Corrosion
property was tested by Tafel plot from -1.2V to -1.8 V with the scan
speed of 5mVs™, HER was tested by in situ gas chromatography (GC)
with homemade bare Zn and MPVMT@Zn symmetric cells at
20 mA cm%/2 mAh cm™ for 90 min, and LSV from -1.2V to -1.9 V with
the scan speed of 2mVs™.

The volumetric energy density of MPVMT@Zn ||IMnO, pouch
cells are calculated as follows:

E- % 3)

where E, I, U, dt and V represent the volumetric energy density, dis-
charging current, discharging voltage, time differential and total
volume of the MPVMT@Zn | IMnO, pouch cell.

Materials characterization

Transmission electron microscopy (TEM, FEI Tecnai G2 F30) was used
to observe the morphology and microstructure of MPVMT. Cold-field-
emission spherical aberration corrected transmission electron micro-
scope (STEM, Thermo Fisher Scientific, Spectra 300) operated at
200 kV. The number of atomic layers of samples and surface rough-
ness were examined by atomic force microscope (AFM) and their
surface potential was determined by KPFM, both of which were per-
formed on Bruker Dimension Icon. The zeta potential of MPVMT sus-
pension was analyzed by Malvern Zetasizer Nano S90. The surface
morphology and composition were characterized by scanning elec-
tron microscopy (SEM, 5kV, Hitachi SU8010) with a super energy-
dispersive X-ray spectroscopy detector. One-dimensional and two-
dimensional XRD was performed on Bruker D8 Advance with Cu Ko
radiation at a scan rate of 10° min™ to characterize the phase compo-
sition and preferred orientation. The contact angles of MPVMT@Zn
and bare Zn were measured on the Ossila contact angle system. In situ
optical observation was conducted by an optical microscope (BX53M,
OLYMPUS). A confocal laser scanning microscope (CLSM, VK-X1000,
KEYENCE) was used to analyze the roughness of the surface after
cycling at a large area. XPS measurements were conducted by a PHI
5000 Versa Probe II In-Situ XPS. In situ HER observation was per-
formed by GC (ZhongJiaoJinYuan GC7920). All electrochemical tests
were performed in the atmosphere at room temperature (-25 °C).

Density functional theory (DFT) calculations

First-principles DFT calculations were carried out to reveal the growth
mechanism of Zn metal on MPVMT. All of the calculations were per-
formed using the projector-augmented wave method as implemented
in the Vienna Ab initio Simulation Package (VASP 5.4.4)". The energy
cutoff for the plane-wave basis expansion was set to 500 eV. And the
generalized gradient approximation with the Perdew-Burke-Ernzerhof
exchange-correlation functional was used. The self-consistent electron
density was determined using iterative diagonalization of the
Kohn-Sham Hamiltonian, with the occupation of the Kohn-Sham
states being smeared according to a Fermi-Dirac distribution with a
smearing parameter of kgr=0.1eV. For all of the calculations, the
convergence criteria were set as 107 eV for electronic loops and
0.02 eV A™ for ionic loops. The CIF data of bulk Zn and eight typical 2D
phyllosilicate clay materials were obtained from Crystallography Open
Database. Zn(100), Zn(101) and Zn(002) surfaces, in accordance with
the three strong peaks of Zn metal, were employed to evaluate the
adsorption strength of Zn atom on bare Zn plates using a slab model
consisting of three atomic layers with the thickness of the vacuum set
at 15A along the z-axis to avoid the interaction between periodic
structures. Based on the average atomic fractions of MPVMT obtained
from EDS maps (Si: Al = 3:1, Mg: Fe = 5:1, see Supplementary Table 3 for
details), Zn(002)/MPVMT(002) was constructed as Fig. 3n. The com-
posite model consists of two layers of Zn (002) atoms and a single layer
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of MPVMT (002) with five atom layers. The Brillouin zone of the
supercell was sampled using a 3 x 4 x 1 uniform k-point mesh. All of the
adsorption sites for Zn on MPVMT(002) were considered. Van der
Waals interaction was taken into account at DFT-D3°. The adsorption
energy was calculated as follows:

Eads = Etota] - Esub - EZn (4)

where E, is the total energy of Zn adsorbed system, E,;, and E, are
the energies of the pure substrate structure and the isolated Zn atom,
respectively.

Finite element simulation
Utilizing the COMSOL Multiphysics 6.0 software, the finite element
analysis was conducted to scrutinize the electrochemical behavior of
Zn?. The underlying simulation equations are as follows:

The diffusion and migration of Zn*" within the electrolyte domain
adhere to the Nernst-Planck equation:

Ny = — Dyo2o <Vc0 - %vq)) )

where Nz;?* represents Zn** flux, Dz;** denotes the diffusion coeffi-
cient, z is the number of electron transferred, and ¢, is the con-
centration of Zn?". The constants F and R represent Faraday’s constant
and the ideal gas constant, respectively, while T is the absolute tem-
perature in Kelvin and @ is the potential of the electrolyte.

In maintaining mass and charge conservation within the electro-
lyte, each species including Zn?* adheres to the respective equations:

6(:an‘

ot

+VXNy 20 =0 (©)

Zzi CiZO 7)

where ¢; refers to the concentration and z; to the valence of each
species.

The deposition of Zn?* at the electrode-electrolyte interface can
be described by the following simplified representation:

Zn** +2e” < Zn

The local deposition rate of Zn?* is quantified through the local
current density which follows the Butler-Volmer equation:

ee(G) el

with iy being the exchange current density, 1 representing the over-
potential, a, and a, denoting the anodic and cathodic charge transfer
coefficients, and cz;** signifying the Zn** concentration proximal to the
anode surface.

Consequently, the boundary conditions adjacent to the substrate

can be defined as:
_ l& o,Fn _ Czn2+ o.Fn
sl () - e ()| @

where n signifies the normal vector of the boundary.

In the two-dimensional geometric simulations model for Zn*
deposition, to simulate the growth of dendrite, we set an inhomo-
geneity of the current density at the top of the electrode surface and

NZn2+ -n=

assumed that the current density presents a Gaussian distribution:

. . —x?
loc = — IO* €xp <ﬁ> (10)
where o is the standard deviation, and x is the lateral distance.

The two-dimensional and three-dimensional geometric simula-
tions model and scales are in Supplementary Fig. 17 and Supple-
mentary Fig. 19, respectively. Both the anodic and cathodic charge
transfer coefficients are assigned as 0.5, the exchange current den-
sity is set as 100 mA cm™, the applied current density is 1mA cm™
and 10 mA cm™, and the temperature is 298 K. The diffusion coeffi-
cient of Zn?" in the electrolyte is defined as 1le® m?s™. The equili-
brium potential of Zn is set to OV and the equilibrium potential of
MPVMT is set to -300 mV.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are presented in the
Manuscript and Supplementary Information, or are available from the
corresponding author upon reasonable request. Source data are pro-
vided with this paper.
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