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ABSTRACT: Zinc-based aqueous energy storage technology has sparked widespread interest because of its low cost, high
energy density, high safety, and environmentally benign manufacturing process. However, progress has been severely im-
peded by H: evolution and Zn dendrite formation. Interface engineering is a promising avenue for addressing these issues.
Herein, molecularly thin Tio.s702 nanosheets were deposited on a Zn electrode surface via spin coating to form a monolayer
film with a thickness of ~1 nm. The electrode surface was fully covered with neatly tiled Tios702 nanosheets and thus effec-
tively suppressed the Hz evolution side reaction and reduced the Zn nucleation potential, resulting in uniform electrochemi-
cal deposition and reversible plating/stripping of Zn. As a consequence, the cycle life was drastically improved from 105 to
over 1400 h at 1 mA cm=2/1 mAh cm-2 This study has established an economical and efficient molecular-scale interfacial
engineering strategy enabling practical applications of Zn metal electrodes, and it also shows great promise for use with

other metal electrodes in Li, Na, Al, and Mg metal batteries.

Energy storage technology has played an important role
in improving the environment and the quality of human
lives because it provides electricity and allows the use of
electrical devices anywhere and anytime, significantly
promoting the utilization of renewable energy.!* Due to
the abundant reserves, low cost, high stability, and high
specific capacity (5855 mAh cm=3 or 823 mAh g-1), zinc-
based energy storage technology has attracted wide atten-
tion and shown promise for application in portable elec-
tronics, electric vehicles, and large-scale energy storage.5”
However, Zn dendrite growth, Zn corrosion, and the Ha
evolution side reaction are the intractable challenges that
hinder practical development.?® Nonuniform Zn plat-
ing/stripping results in protrusions, which may pierce a
separator and cause a short circuit. These protrusions may
also fall off from the substrate to form “dead zinc”, reduc-
ing the amount of the active material because of the small
contact area and weak adhesion. Moreover, side reactions,
such as Zn electrochemical corrosion and H: evolution,
lower the energy efficiency substantially. In addition, these
reactions produce passivation layers or massive amounts
of gas, reducing the Kinetics and reversibility of the zinc
electrode. Furthermore, battery expansion and even crack-
ing may occur.

Various strategies, such as electrolyte additives,101! sep-
arator modification,!213 design of a 3D porous structure!415
or alloy,’6 and interfacial engineering,'”18 have been ap-
plied to address these problems. Among these, interfacial

engineering is the most promising. It directly controls the
interfacial state for Zn plating/stripping reactions, thereby
accelerating the reaction Kkinetics, suppressing side reac-
tions, and homogenizing the ion distribution and electric
fields.! Thus, it may improve the morphology of deposited
Zn and current efficiency, leading to a dendrite-free elec-
trode with high cycling stability. A variety of interface lay-
ers have been fabricated using a wide range of materials,
including inorganic materials such as CaCO0320 Ti0,2!
Zr02,22 NaTiz(P04)3,22 montmorillonite,2* and ZnSe;25 or-
ganic polymers such as poly(vinyl butyral)2é and polyam-
ide;?” and inorganic-organic hybrids.2832 These interfaces
function as either physical separators to suppress side
reactions by avoiding direct contact between Zn and the
electrolyte or as controllers to adjust the transport, distri-
bution, and interaction of ions/electrons, leading to uni-
form deposition of Zn with high efficiency and stability.
However, the majority of interfacial layers have a microm-
eter-scale thickness, resulting in a high proportion of inac-
tive materials and a long migration distance for electrons
and ions, which significantly reduce the specific capacity
and increase the cost and resistance. Recently, thinner in-
terfacial layers have been fabricated through atom-
ic/molecular layer deposition,?3 but the need for a costly
facility and the limited number of applicable materials
make this technique unfavorable. Thus, it is of considera-
ble importance to develop ultrathin interfaces for Zn elec-
trodes via a simple and versatile method. In particular, an
interfacial layer with a molecular-scale thickness would



allow for sophisticated engineering and ultimate perfor-
mance.

Two-dimensional (2D) materials, which are character-
ized by their molecular thinness and large aspect ratios,
have been important targets in materials science in recent
decades, and promising applications have been proposed
in a wide range of fields, such as optics,3435 electronics,3¢
thermotics,37-38 and magnetics.3%4% In particular, 2D metal
oxide nanosheets are versatile functional blocks that ex-
hibit outstanding potential for constructing advanced ma-
terials and devices, including ultrathin film electronics.*1-45
They have “organic-material-like” solution processability
in addition to robust inorganic stability. These 2D oxide
nanosheets are monodispersed in liquids and thus can be
assembled into a variety of nanostructured films on vari-
ous substrates by simple solution-based methods, such as
the Langmuir-Blodgett process (LB),*¢47 layer-by-layer
assembly (LBL),*8-5° spin coating,51-53 and droplet assem-
bly.5¢ More importantly, the film thickness can be con-
trolled stepwise at the molecular level (1-2 nm), while the
coating area can cover square centimeters or more. Thus,
we can expect high feasibility and application potential in
fabricating molecularly thin interfacial layers for zinc elec-
trodes based on the above-mentioned materials and meth-
ods to achieve advanced zinc-based energy storage sys-
tems. Nevertheless, such studies have not yet been report-
ed.
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Scheme 1. (a) Schematic illustration for fabrication of a zinc
electrode covered with a monolayer film of neatly tiled
Tio.8702 nanosheets.55 Schematic illustrations of
plating/stripping processes of (b) a bare zinc electrode (Zn)
and (c) a zinc electrode covered with a monolayer film of
Tio.s702 nanosheets (Tios702@Zn) in aqueous electrolyte for
use in a zinc-based energy storage system.

Although TiO: coating has been verified to act as an ef-
fective protecting layer for Zn electrodes due to its highly
stable and insulating nature,?! the TiO: layers are rather
thick, which would largely reduce the specific capacity of
the Zn electrodes. In this study, we employ unilamellar 2D
titania nanosheets of Tios702 because we can precisely de-

sign the ultrathin coating layer at a step of ~1 nm, corre-
sponding to the nanosheet thickness. As a proof-of-concept,
a 1 nm-thick and centimeter-wide interface comprising
Tios702 nanosheets was fabricated on the Zn metal elec-
trode via spin coating, expecting excellent stability and
reversibility for Zn-based energy storage devices. Microm-
eter-sized unilamellar Tios702 nanosheets, which were
obtained by delaminating a layered titanate,>6-58 were de-
posited as a monolayer film on the Zn electrode surface.
Upon spin coating of the nanosheet suspension under op-
timized conditions, Tios702 nanosheets were neatly packed
into a centimeter-sized monolayer film intimately bound to
the substrate. This thin interface, with its molecular-level
thickness, preserved the electrical conductivity and specif-
ic capacity of the Zn electrode while considerably enhanc-
ing stability and reversibility. Because of the high stabili-
ties and negatively charged surfaces of Tios702 nanosheets,
they serve not only as protective layers to prevent direct
contact between Zn and the electrolyte but also as efficient
Zn2* enrichers and distributors to supply sufficient and
uniform sites, leading to a dendrite-free and reversible Zn
electrode with high stability and current efficiency. As a
result, the Zn electrode with a 1-nm thick interface of
Tios702 nanosheets significantly suppressed side reactions
while greatly enhancing the cycling performance from 105
to over 1400 h at 1 mA cm-2/1 mAh cm-2, showing the ap-
plicability of this strategy.

Cc
3 {Tip570,@2Zn \
z
2
o olow S
= Ne - ‘9 go T
o O by
7nm Zn ?] ‘ 8’18
2 20 40 60 80
26 (°)
d
35
s
z g
@ [
5 o
Oonm 2 S N
= — £ e 5 &
©
] ~1nm
Ty
0 3 6 9 12 4 6 8 10
Distance (um) d’ (nm™)

Figure 1. (a) SEM image of Tios70:@Zn. (b) AFM image and
height profile along the black line of Tio.s70.@Si (monolayer
and overlapped nanosheets (outlined) are indicated by 1 and
2, respectively). (c) XRD data of Zn and Tios702@Zn. (d) In-
plane XRD pattern of Tio.8702@Si.

Unilamellar Tios702 nanosheets were prepared by exfoli-
ating the layered titanate precursor KosgTi173Lio2704
through a soft-chemical exfoliation process (Scheme 1a).
As shown in Figure S1, X-ray diffraction (XRD) data for
Ko.sTi1.73Li0.2704 and its acid-form, H1.07Ti1.7304-H20, indicat-
ed orthorhombic lepidocrocite-related structures, con-
sistent with reported results.>6-58 Scanning electron mi-
croscopy (SEM) images exhibited a platy morphology with
particle sizes of tens of micrometers (Figure S2, S3). Reac-
tion with an aqueous tetrabutylammonium (TBA) hydrox-
ide solution promoted delamination into colloidal single
layers (Figure S4a). Images produced with atomic force
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microscopy (AFM) after drying the suspension on a Si plate
showed micrometer-sized 2D nanosheets. The unique
thickness of 1.2 nm indicated the unilamellar nature.5® The
suspension of Tios702 nanosheets dispersed in dimethyl
sulfoxide (DMSO) was prepared by recovering the
nanosheets from the aqueous suspension by high-speed
centrifugation, followed by redispersion in DMSO. The
nanosheet content was adjusted to 0.1 wt% for film fabri-
cation. The Zn substrate used as an electrode showed a
smooth surface except for some pits (Figure S5). The rota-
tion speed of the spin coating process was optimized to
achieve full coverage with the monolayer film.>3 Higher
rotation speeds of 1400 and 2000 rpm left the central re-
gion of the zinc substrates uncovered (Figure S6a and b).
In contrast, coating at 1200 rpm was found to produce a
uniform and intact film fully covering the area of the cen-
timeter-scale substrate (Figure S6c). As shown in Figure 1a,
Tios702 nanosheets with sizes of several to tens of microm-
eters were well packed side by side with leaving small gaps
between them. This neat tiling was also visualized by AFM
(Figure 1b), confirming the formation of a flat, dense, and
intact film with a thickness of 1 nm. On the basis of the
analysis of height histogram (Figure S7), the areas of mon-
olayer and bilayer regions were estimated to be 85.2% and
14.8%, respectively, and the amount of the Tios702
nanosheets on the substrate is 1.15 times the amount for
complete coverage with the Tios702 nanosheets in a mono-
layer. The mass of the Tios702 nanosheet per area is calcu-
lated as 2.2 x 10~* mg/cm? on the basis of the 2D rectangu-
lar unit cell (0.3760 nm x 0.2976 nm) which contains two
formula units of Tios702.5° Hence, the mass loading of the
Tios702 nanosheets was estimated as 2.5 x 10-* mg/cmz2.
Various substrates, such as zinc sheets (Zn), silicon wafers
(Si), and stainless steel (SS), were employed for various
characterizations and electrochemical tests, and their sur-
faces were successfully covered with monolayer films of
neatly tiled Tios702 nanosheets. They are named
Tios702@substrate  (Tios702@Zn,  Tios70:@Si,  and
Tios70@SS).

Zn
substrate

Figure 2. (a) TEM image of the cross-sectional profile of
Tio.8702@Zn. (b) Electron diffraction pattern of a Zn area in
Tio.s702@Zn. (c) STEM image and EDS mapping of the cross-
section for Tio.s70.@Zn: (d) O, (e) Zn, and (f) Ti.

The XRD pattern shown for Zn in Figure 1c was con-
sistent with Zn metal exhibiting a hexagonal structure. No
new peak appeared after a single spin-coating (red line in

Figure 1c), while repeated spin-coating processes gave rise
to a new peak at 5°. This peak showing an interlayer spac-
ing of 1.5 nm can be attributed to the restacked Tios70:
nanosheets accommodating TBA*, and its intensity in-
creased with increasing spin-coating cycles (Figure S8).51
These results demonstrated that the nanosheets were de-
posited layer-by-layer upon repeating the spin-coating
process, which is consistent with our previous reports.5:52
The in-plane XRD technique could not be applied to
Tios702@Zn because the surface was not sufficiently flat.
Instead, after one spin-coating, the sample on Si (Figure
1d) exhibited sharp peaks, which were indexed as the 2D
rectangular lattice of Tios702 nanosheets with unit cell di-
mensions of a = 0.3760 nm and ¢ = 0.2976 nm, supporting
the presence of Tios702 nanosheets on the substrate sur-
face. The interface structure of Tios702@Zn was character-
ized with scanning transmission electron microscopy
(STEM), transmission electron microscopy (TEM), and
energy-dispersive  X-ray spectroscopy (EDS). The
nanosheets with a thickness of 1 nm and bound to the sub-
strate were clearly resolved (Figure 2a). The selected-area
electron diffraction pattern from the substrate (the area on
the left side of Figure 2a) was consistent with Zn metal
exhibiting a hexagonal structure (Figure 2b). EDS mapping
revealed a uniform distribution of Zn in the area corre-
sponding to the Zn substrate and a thin layer of the ele-
ments of the O and Ti on top of the Zn substrate (Figure 2c-
f). These results confirmed the presence of a monolayer
film of Tios702 nanosheets on the Zn substrate.
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Figure 3. (a) XPS survey spectra of Zn and Tios702@Zn
surfaces. High-resolution (b) Zn 2ps/2, (c) O 1s, and (d) Ti 2p
XPS spectra for Tio.s70:@Zn.

The compositions and surface chemical states of the Zn
substrates with and without the coating layer were exam-
ined by X-ray photoelectron spectroscopy (XPS). The Zn
substrate displayed signals for Zn, C, and O (Figure 3a),
while Tio.s702@Zn gave a Ti signal in addition to those for
the above three elements. The signal from Zn was not sig-
nificantly reduced after coating with the Tios70:
nanosheets, consistent with coverage by an ultrathin
Tios702 layer on the Zn substrate. The peak observed at
1021.8 eV was ascribed to the Zn 2ps,2 binding energy,
indicating the metallic state of Zn in the Tios702@Zn sub-

3



strate (Figure 3b). The high-resolution O 1s spectrum was
deconvoluted into two peaks at 531.7 and 530.3 eV, which
were attributable to C-O and Ti-O bonds, respectively
(Figure 3c). The peaks at 464.3 and 458.7 eV were due to
the Ti 2p1/2 and Ti 2ps/2 binding energies of Ti-0, verifying
the presence of tetravalent titanium in the nanosheets
(Figure 3d).

Tios702@Zn was further examined by time-of-flight sec-
ondary-ion mass spectrometry (TOF-SIMS), which is char-
acterized by superhigh sensitivity and small detection
depths of ~1-2 nm. As shown in Figure 4a, the Zn and Ti
species were detected in the TOF-SIMS spectrum. The in-
tensity of the Ti signal was much higher than that of the Zn
signal, which should be due to monolayer coverage of the
Zn electrode with Tios702 nanosheets (Figure 4b-d). Map-
ping of these positive ions verified the homogeneous dis-
tributions of the Zn and Ti species, suggesting the presence
of uniform and intact Tios702 interfaces on the Zn substrate
(Figure 4e-g).
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Figure 4. (a) TOF-SIMS spectrum and the enlarged spectra for
Tio.8702@Zn with mass numbers of (b) 64, (c) 66, and (d) 68 in
the positive mode. Distributions of fragment positive ions of
(e) all, (f) Ti, and (g) Zn ions on Tio.s702@Zn. The lines (shown
by arrows) in the images (e-g) are scratches possibly formed
during sample preparation.

The effect of this monolayer Tios702 film on Zn plating
and stripping performance was examined with galvanos-
tatic charge/discharge tests. As shown in Figure 5a, Zn/Zn
and Tios702@Zn/Tios702@Zn symmetric batteries were
charged and discharged at different current densities. With
increasing current density, the voltage hysteresis, or the
potential difference between charge and discharge, in-
creased, which indicated increasing polarization due to Zn
plating and stripping in these two symmetric batteries. The
Tio.8702@Zn/Tios70.@Zn battery worked well at all current
densities from 0.5 mA cm2 to 10 mA cm-2 and upon return
to 0.5 mA cm2 In contrast, the Zn/Zn battery short-
circuited before accomplishing all of the steps, indicating

that the Zn electrodes suffered severely from dendrite
growth, especially upon cycling at larger current densities.
Note that the Tios702 nanosheets as well as the TBA* ions
adsorbed on them are electrochemically inert in the poten-
tial range observed.5® The galvanostatic charge/discharge
cycling stabilities of Zn electrodes and Tios70:@Zn elec-
trodes were also tested at 1 mA cm-2 through all of the
cycles. As shown in Figures 5b and S9, the Zn/Zn battery
short-circuited after cycling for 105 h, while the
Tio8702@Zn/Tios70:@Zn battery worked well for more
than 1400 h without a short circuit. During the cycling for
1400 h, the number of electrons (2.52 x 103 C cm-2) passed
across the electrode surface for the deposition of Zn is >1.9
x 10¢ times larger than that is necessary if four-electron
reduction of the Tios702 nanosheets (1.31 x 10-3 C cm-2) is
assumed. Since the electrodes showed the cycle perfor-
mance without a short circuit even after such a large num-
ber of electrons flowed, it is inferred that the nanosheet is
intact during the cycle. The cycling stability time was im-
proved over 13-fold by covering the electrode with the
unilamellar Tios702 nanosheets, which surpassed most of
interfaces reported with much larger thicknesses for Zn
electrodes (Table S1). The voltage hysteresis was de-
creased for both the Zn/Zn and Tios702@Zn/Tio.s702@Zn
batteries over the initial several cycles, indicating decreas-
es in battery polarization (Figure S9a). Compared with the
In/Zn battery, the Tios702@Zn/Tios702@Zn battery
showed a smaller voltage hysteresis, which reached a sta-
ble value as low as 67 mV and was maintained until 1400 h
(Figure S9b, c). As shown in Figure 5c, uneven Zn dendrites
(marked with red ellipses) were obviously formed on the
surfaces of the Zn electrodes. In addition, the uneven Zn
dendrites were intersected with the glass fibers peeled
from the separator (indicated by blue arrows), suggesting
the penetration of Zn that finally causes a short circuit. In
contrast, the surface of the Tios702@Zn electrode after cy-
cling showed a smoother morphology (Figure 5d). The
thickness of the deposited Zn layer is estimated to be 1.7
pm at the maximum under the present charge/discharge
conditions (1 mAh cm-2), by assuming that all of the elec-
trons are used for the two-electron reduction of Zn?* into
the deposition of Zn (density: 7.14 g cm-3). Stable repeti-
tion of the plating/stripping processes of this large amount
of Zn may indicate that Zn is deposited on or above the
Tios702 layer, which is empirically supported by the XPS
data that the Ti signal for the Tios702@Zn became negligi-
ble after Zn deposition (Figure S10). The deposition of Zn
may start on the Zn substrate exposed to the electrolyte in
the gaps between the nanosheets and laterally grow to
cover the nanosheet, which is suggested by the preferen-
tial enhancement of the 002 peak in the XRD data (Figure
S11). These results demonstrated the positive effects of the
Zn electrode coverage with Tios702 nanosheets. We also
examined the charge/discharge curves for the Zn elec-
trodes coated with 2- and 5-layer nanosheet films (Figures
S12-S13). The resistivity of the Zn substrates hardly in-
creased with increasing the number of the Tios702
nanosheet layers (Table S2). Their cycling stabilities were
also improved compared to the bare Zn electrodes, where-
as the lifetime declined with an increase in the layer num-
ber of nanosheets. As the number of Tios702 nanosheet
layers increases and the abundance of exposed Zn sub-
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strate decreases, a part of the deposited Zn may remain on
the nanosheets during the stripping process, which causes
uneven deposition of Zn, leading to the formation of Zn
dendrite. Hence, the monolayer coverage is the best of
choice for the reversible Zn electrodes.
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Figure 5. (a) Galvanostatic charge/discharge curves for Zn/Zn
and Tios702@Zn/Ti0.8702@Zn symmetric batteries at different
current densities. (b) Long cycling tests at a current density of
1 mA cm-2 and capacity of 1 mAh cm-2. SEM images of (c) Zn
and (d) Tios702@Zn electrodes after charge/discharge cycles
run for 105 and 1400 h, respectively.

The physicochemical and electrochemical properties of
Tios702@Zn electrodes were studied to explore the under-
lying mechanism. The zeta potential of the Tio.s702 suspen-
sion was -27 mV (Figure S14), indicating negative charges
on the Tios702 nanosheets. This colloid undergoes floccula-
tion upon in contact with the ZnSOs solution, which is
commonly used as the electrolyte of zinc-ion batteries; this
reaction is promoted by restacking Tios702 nanosheets,
accommodating Zn?* between them via the electrostatic
attraction (Figure S4b). Elemental analysis of the flocculat-
ed product recovered indicated the uptake of ~0.49 Zn?*
per formula weight of Tios702 nanosheets. On the structur-
al consideration, this composition corresponds to approx-
imately one Zn?* ion per one 2D unit cell area (indicated
above) of nanosheet. These data indicate that the mono-
layer Tio.s702 film can attract Zn?* ions near the electrode at
a high density comparable to that of the basal plane of the
Zn crystal, which contributes to a uniform Zn?2+ distribution
on the surface.

The hydrophilic nature of the electrode was also exam-
ined because it affects the electrochemical performance in
an aqueous electrolyte. As shown in Figure S15a, a water
droplet on the Zn surface showed a hemispherical shape
with a contact angle of 90°, suggesting low surface hydro-
philicity. In contrast, a water droplet spread out on the
Tios702@Zn surface with a contact angle of 4.5°, indicating

that the monolayer Tios702 film improved the electrode
hydrophilicity (Figure S15b). The higher hydrophilicity
may be ascribed to formation of hydrogen bonds between
Tios702 and H20, contributing to good contact between the
electrode and electrolytes as well as a reduction in the
ohmic polarization of the electrode.6162

The current efficiency for Zn plating can be substantially
reduced by H: evolution via the main side reaction.
Evolved H: bubbles are adsorbed on the electrode surface,
blocking active sites and promoting the formation of loose-
ly bound or dead Zn. In addition, H2 gas accumulated and
encapsulated in the cell during cycling could break the cell
and cause malfunction. Then, the effect of monolayer cov-
erage with the Tios702 nanosheets on the suppression of Hz
evolution during Zn plating was examined by linear sweep
voltammetry (LSV). The LSV curves measured in the
NazS0s electrolyte only reflected the Hz evolution reaction,
while the combined reactions of Hz evolution and Zn plat-
ing can be monitored in the ZnSOs electrolyte. In the
NazS0s electrolyte, the Zn electrode showed a current den-
sity larger than that of the Tios702@Zn electrode at -1.2 to
-1.9 V, indicating higher H: evolution activity (Figure
S16a). In addition, a nonsmooth curve profile with occa-
sional spikes for the Zn electrodes may be associated with
violent gas evolution. In the ZnSOs electrolyte, the Zn and
Tios702@Zn electrodes showed similar current densities,
indicating similar activities for the combined Zn plating
and H: evolution processes (Figure S16b). Accordingly,
these results indicated that the Tio.s702@Zn electrode had a
higher Zn plating reaction activity and a lower Hz evolution
side reaction activity than the Zn electrode. Specifically,
monolayer coverage of the Zn electrode with unilamellar
Tios702 nanosheets promoted Zn plating and suppressed
H: evolution. Preferential adsorption of Zn?* as opposed to
that of H* on the Tios702 nanosheets may contribute to this
behavior.

Since Zn nucleation is the initial and essential step for
the Zn plating process, Zn nucleation on stainless steel (SS)
and Tios702@SS was monitored by the galvanostatic cur-
rent technique. As shown in Figure S17, the nucleation
overpotential corresponded to a difference between the tip
and the platform potentials. The nucleation overpotential
of Tios70:@SS was smaller than that of SS, proving that
monolayer coverage with unilamellar Tios702 nanosheets
promoted the effective nucleation of Zn. These results
strongly suggest that the monolayer Tios70: film efficiently
reduced the electrochemical polarization of the Zn elec-
trode. Evolution in the morphology of Zn deposited on the
electrodes was monitored in situ with an optical micro-
scope in a homemade setup (Figure S18). As shown in
Movie S1, a large difference in brightness was observed for
the surface of the Zn electrode after deposition, indicating
that the deposition rate on the surface of the Zn electrode
was locally dependent. These local fluctuations could even-
tually develop dendrites. Compared with the bare Zn elec-
trode, the surface of the Tios702@Zn electrode after depo-
sition was much more uniform, suggesting suppression of
Zn dendrite formation (Movie S2). These results have
proven that monolayer coverage with unilamellar Tios702
nanosheets effectively suppressed electrode polarization,
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realizing dendrite-free, highly reversible, and highly stable
Zn-metal-based electrodes. This nanoscale surface engi-
neering maintained the benefits of the Zn electrode, such
as the high energy density and high electrical conductivity
of the Zn metal.

Finally, we examined the performance of the Tios702@Zn
electrode as an anode for Zn-MnO: batteries. As shown in
Figure S19, the Tios702@Zn anode exhibited a lower volt-
age plateau (1.51 V) in the charging process and a higher
plateau (1.28 V) in the discharging process compared to
the bare Zn anode (1.56 and 1.25 V, respectively). As a re-
sult, the Tios70:@Zn  anode  delivered larger
charge/discharge capacities (151 mAh g-1/115 mAh g1)
than the Zn anode (118 mAh g-1/108 mAh g-1). While the
charge/discharge capacity was decreased as the charge
current was increased for both, the Tios70:@Zn anode ex-
hibited a better rate performance than the Zn anode (Fig-
ure S20). These results verified that the Tios702@Zn anode
is promising.

In summary, a 1 nm-thick monolayer film of Tio.s702
nanosheets was successfully deposited on a Zn sheet via
spin coating to provide dendrite-free and reversible elec-
trodes for zinc-based energy storage devices. The Tio.s70:
nanosheets with negatively charged surfaces enabled ef-
fective adsorption, uniform redistribution, and enrichment
of Zn?* near the electrode. Thus, the overpotential for Zn
nucleation was reduced and the H: evolution side reaction
was suppressed, resulting in uniform Zn deposition. As a
consequence, dendrite-free, reversible, and extremely sta-
ble electrodes were realized. Moreover, this molecularly
thin interface preserved the high electrical conductivity of
the Zn electrode, and largely improved the cycling stability
of the Zn electrode from 105 to 1400 h at 1 mA cm2/1
mAh cm-2 without sacrificing energy density or cost. This
work has presented a feasible interfacial engineering
strategy for developing Zn electrodes with application
promise. This approach will also be applicable to other
metal electrodes, such as those of Li, Na, and Al metals.
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