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Rechargeable aqueous zinc metal batteries (AZMBs) are
considered to be a promising alternative for future energy

storage systems due to the merits of high capacity, low cost,
and excellent safety.1−6 Compared with other anodes, the
metallic Zn displays an ultrahigh theoretical capacity (820 mA
h g−1/5855 mA h cm−3) and suitable redox potential (−0.76 V
vs standard hydrogen electrode).7−10 However, the nonuni-
form Zn2+ ux at the electrode/electrolyte interface would
exacerbate random diusion and Zn0 plating, inducing
dendrite formation, “dead Zn”, and internal short-circuit.11−14

Meanwhile, the partially dissociated [Zn(H2O)x]2+ solvation
shell incurs the generation of active water in the low-
temperature surrounding, resulting in severe hydrogen
evolution reactions (HER) and corrosion when getting
electrons from the metallic Zn surface.15−17 Consequently,
the Zn anode usually encounters shortened cycling life and
very poor Coulombic eciency (CE), severely hindering
practical application of low-temperature AZMBs (LT-
AZMBs).18−20

Recently, eorts have been devoted to modulations of Zn
behaviors by tuning electrolyte components, constructing
functional electrodes or current collectors, and fabricating
interfacial protective layers.1,3,21−28 These strategies aim to
either inhibit HER through separating active water molecules
from a conductive Zn electrode or decrease deposition current
density to eliminate large aggregation of dendrite forma-

tion.5,29−34 Similar to a Li metal anode, the Zn plating
processes also involve several mass/charge transport steps of
Zn2+-related species, including the desolvation of [Zn-
(H2O)x]2+ clusters to release free Zn2+, bare Zn2+ transfer
across an electrolyte/electrode interface, diusion/migration of
Zn2+ or Zn0 along the electrode surface, and Zn0 nucleation
and deposition.35,36 Before plating, the initial dissociation of
[Zn(H2O)x]2+ clusters for generating free Zn2+ at the interface
is highly decisive to the subsequent electrochemical steps
including diusion, nucleation, and deposition of Zn
species.22,37−39 Integrating an interfacial modulation layer to
sieve and dissociate H2O species is benecial to uniformize
Zn2+ ux, thus suppressing the undesirable water-induced
HER.38,40−43 Despite porous metal−organic frameworks
(MOFs) enabled by physical pore sieving,44,45 the electro-
catalytic method has been proposed to decrease the related
barriers in other battery systems such as Li and Mg
batteries.46−52 Ideally, owing to the higher barriers existing in
dissociating [Zn(H2O)x]2+ clusters, the catalytic sites may also
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promote the dissociation kinetics of [Zn(H2O)x]2+ into free
Zn2+, separating water molecules through an energy-favorable
way and accelerating the diusion kinetics of Zn2+. However, it
is still a mystery whether it works prociently as expected in
the LT-AZMBs.
To produce more active sites, electron delocalization

engineering has emerged and is proposed to modulate
electronic density.53−56 Disturbing the local density may
cause the breakup of the original electronic distribution,
leading to electronic redistribution. Currently, the strategies of
defects, single metal atoms, elemental doping, and hetero-

structures are feasible to regulate the chemical environment via
delocalizing electron orbitals, enhancing adsorption capability,
and catalytic sites at the interface.8,57,58 To increase catalytic
eciency, delocalizing the interface formed by the heteroatom
introduction, i.e., metallic single atoms in defects can maximize
the capability,48,59−61 redistributing electronic structure. Under
the hybridization of delocalized electron orbitals around the
central metallic atoms and the substrates, many active sites
with tunable electronic capability are formed on the structure
interface to enhance the adsorption anity to ionic species and
electron acceptor/donor abilities to uniformize ion ux. In

Figure 1. Morphology and structural characterizations on the SAFe@MXene nanocatalyst. (A) Schematic illustration of the catalytic SAFe@
MXene layer in accelerating desolvation and further promoting smooth Zn plating at the Zn/electrolyte interface; (B) TEM image and (C)
HRTEM image of the crumpled SAFe@MXene nanosheets; (D) EDX elemental maps for the SAFe@MXene nanosheets; (E) HAADF-STEM
image and an inset showing the corresponding EDX map of elemental Fe distributed in the SAFe@MXene nanosheet; (F) Raman comparisons of
SAFe@MXene and MXene nanosheets; high-resolution XPS spectra of (G) Ti 2p regions and (H) Fe 2p region of SAFe@MXene and MXene
nanosheets, respectively.



comparison to articial layer construction, this emerging
catalytic modulation is temperature-insensitive, possessing
stronger adaptability to low-temperature operation than
conventional electrolyte engineering.62 MXene, possessing
abundant defect sites, has attracted wide attention as a 2D
material.5,63,64 Modifying the hybridization of electron orbitals
in the MXene by importing metallic single atoms will cause
more interface distortion to increase the number of active
sites,8,48,65,66 leading to fast kinetics of desolvation of
[Zn(H2O)x]2+, Zn2+ diusion, and successive Zn0 lateral
deposition. Therefore, it is necessary to develop an electron-
delocalization catalyst strategy to satisfy rapid ion/atom
exchange with a lower desolvation barrier to further enhance
interfacial Zn2+/Zn0 kinetics.
Herein, the kinetics of Zn2+ desolvation and diusion against

dendrite growth are promoted by adopting highly active single
atomic catalysts (SACs) on MXene and coating on a metallic
Zn electrode, which has rarely been reported before. As a
prototype in Figure 1A, iron atoms are anchored by defect-rich
Ti3C2Tx nanosheets (SAFe@MXene), constructing the cata-
lytic modulation layer and providing a catalytic eect.
Meanwhile, as illustrated in the optical image and by
wettability, the assembled atom-on-MXene also weakens the
interaction of Zn2+−H2O bonds with fast desolvation against
HER occurrence and dendrite growth simultaneously, as
investigated by theoretical simulation, Raman and electro-
chemical tests. Consequently, the SAFe@MXene-Zn anode

enables faster Zn2+ nucleation kinetics to achieve an over-
potential of 19 mV and long-term stripping/plating lifespan
above 1000 h at 2 mA cm−2. Even reducing the temperature to
0 °C, the optimized cell maintains reversible stability and lasts
for 800 h without any dendrite. The as-prepared SAFe@
MXene-Zn full cell coupled with MnO2 displays a high-rate
capacity and capacity-retention of nearly 100% at 1.0 A g−1

after 1000 cycles, demonstrating the eectiveness of the
catalytic modulation layer in inhibiting dendrite formation
toward practical LT-AZMBs.
The electron delocalization of SAFe@MXene was prepared

by thermolysis and ion-modulation, as detailed in the
Supporting Information. As showcased in scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), the atomic Fe decorated crumple layered Ti3C2Tx
(SAFe@MXene) nanosheets (Figure S1) were obtained after
the pyrolysis of melamine, and the Fe element was anchored
onto defect-rich MXene (Figure S2) with uniform distributions
(Figure S3). The TEM images in Figure 1B and S4 show the
sheet-like and crumpled structure morphology, illustrating the
well-assembled porous channel structure (Figures S4 and S5),
which is conrmed by the mesopores ranging from 4 to 50 nm
for sieving hydrated Zn(H2O)62+ groups to get rid of H2O to
release more free Zn2+ (Figure S6). A lattice fringe of 0.201 nm
in SAFe@MXene is observed, which is consistent with the
(106) crystal plane of MXene (Figure 1B and 1C).
Furthermore, the atomic resolution high-angle annular dark-

Figure 2. Dendrite-free Zn plating performance with the SAFe@MXene catalyst. (A) Comparison of EIS spectra of symmetrical cells based on the
dierent anodes; (B) comparison of Coulombic eciency tested on SAFe@MXene-Cu and pristine Cu; (C) comparison of Zn nucleation on the
SAFe@MXene-Zn, MXene-Zn, and pristine Zn electrodes at 0.2 mA cm−2 under room and low temperatures; (D) galvanostatic Zn stripping/
plating behaviors from 0.2 to 10 mA cm−2 under room temperature; (E) comparison of overpotential gap with shifting current density under room
and low temperatures; galvanostatic Zn stripping/plating process (F) at 1 mA cm−2 and (G) 5 mA cm−2 under the low temperature of 0 °C,
respectively.



eld scanning transmission electron microscopy (HAADF-
STEM) of the SAFe@MXene reveals the atomic presence. The
Fe atoms in the SAFe@MXene nanosheet retains a smooth
morphology without any obvious agglomerates (Figure 1D and
1E). Combining the high-resolution HAADF-STEM image
with the corresponding elemental dispersed X-ray (EDX)
spectrum of Fe mapping (Figures S7 and 1E), the elemental Fe
atoms indicated and highlighted by yellow spots on SAFe@
MXene are uniformly distributed, demonstrating the successful
location of isolated atomic Fe in the defect-rich MXene.
The enlarged interplanar spacing of SAFe@MXene is also

conrmed by X-ray diraction (XRD) in Figure S8. Figure 1F
provides the chemical surroundings of the defect-rich MXene
before and after introducing a metal atom. Apparently, an
observed red-shift of 210 cm−1 is created on the A1g
(symmetric out-of-plane vibrations) and Eg (in-plane vibra-
tions) vibrations in the SAFe@MXene, conrming that the Fe
atomic sites have triggered electronic density redistribution. To
further understand the electronic reconstruction, X-ray photo-
electron spectroscopy (XPS) was employed to inspect the
chemical valence changes (Figures 1G,H and S9). In
comparison to the Ti 2p spectrum of MXene (Figure 1G),
the introduction of Fe atoms shifts the dominant peak of Ti−C
species to 458.8 and 465.1 eV,64 indicating the reconstruction
of electron density states. Meanwhile, the high-resolution Fe
2p XPS spectrum of SAFe@MXene in Figure 1H exhibits Fe−
C (Fe2+ 2p3/2: 711.4 eV and Fe2+ 2p1/2: 719.3 eV) and Fe−N
(Fe2+ 2p3/2: 713.1 eV and Fe2+ 2p1/2: 725.1 eV) species,67,68

arming the formation of C−Fe−N bonds as heteroatomic
sites in defect-rich MXene. At the same time, the appearance of

an Fe−N bond (398.9 eV) in the N 1s spectrum (Figure S9A)
and M−C species (M = Ti and Fe) at 282.2 eV also arms the
existence of C−Fe−N bonds (Figure S9B).64 Overall, the
above results evidently showcase the presence of SAFe in the
defect-rich MXene and verify the regulation of intrinsic
electronic density for generating more catalytic sites.
Initially, the electrochemical impedance spectroscopy (EIS)

of symmetric cells was performed to inspect electron/ion
transport kinetics across the interface. The SAFe@MXene-
decorated Zn electrode exhibits a decreased charge-transfer
resistance (Rct) (25 vs 1025 Ω) (Figure 2A) and a smaller Zn2+
diusion resistance than the pristine Zn (Figure S10), implying
faster exchange kinetics. Successively, the cycling behaviors of
SAFe@MXene-Zn electrodes were evaluated in asymmetric
cells and symmetric cells. The Coulombic eciency value of
SAFe@MXene-Cu//Zn cell is evaluated as high as 99.8%,
while the pristine Cu only survives for 20 cycles (Figure 2B),
indicating the catalytic sieving eect in dissociating Zn2+-H2O
by SAFe@MXene. The SAFe@MXene-Zn electrodes present
remarkably decreased nucleation barriers at room and low
temperatures (Figures 2C and S11). For example, under a low-
temperature surrounding of 0 °C, the SAFe@MXene-Zn
electrode still obtains the lowest nucleation barrier (26 vs 35 vs
135 mV), indicating the fast desolvation toward [Zn(H2O)x]2+
clusters. In the successive stripping−plating behaviors, the
SAFe@MXene-Zn electrode displays gradually increased
voltage hysteresis when the current density increases from
0.2 to 10 mA cm−2 (Figures 2D,E and S12). The Zn//Zn
symmetric cell experiences increased voltage hysteresis under
low temperature or high current density (Figure S12).

Figure 3. Roles of the SAFe@MXene layer on inhibiting active water molecules. Comparison of contact angles of the electrolyte on the surface of
(A) bare Zn and (B) SAFe@MXene-Zn; (C) optical images of partially coated SAFe@MXene-Zn (C) before and (D) after electrolyte soaking; (E)
Zn image after removing the upper modulation layer; confocal microscopic 3D morphology of the soaked Zn (F) with and (G) without an upper
modulation layer; (H) Tafel plots and (I) linear sweep voltammetry (LSV) curves of SAFe@MXene-Zn, MXene-Zn, and bare Zn on a three-
electrode system.



However, the overpotentials of a symmetric cell with SAFe@
MXene-Zn are 80, 239, 356, and 545 mV at 0.2, 2, 5, and 10
mA cm−2 (Figure 2E), respectively, much lower than those of
bare Zn. To verify the electroplating stability, the SAFe@
MXene-modulated Zn anode is stabilized for 200 h with a
small overpotential around 76 mV at 0.5 mA cm−2, while the
pristine Zn is suddenly short-circuited after merely 70 h with
an overpotential larger than 1200 mV, exhibiting severe side
reactions and dendrite growth (Figure S13). Increasing to 2
mA cm−2 (2 mA h cm−2) in Figure S14, the SAFe@MXene-Zn
electrode retains an outstanding cycling life over 1000 h, which
is 5 times longer than that of a bare Zn electrode.

Decreasing the operation temperature to 0 °C, the solvated
[Zn(H2O)x]2+ clusters usually get larger and face higher
barriers owing to the signicantly increased steric hindrance
from expansion of the hydrogen bond networks as freezing
solidication of the electrolyte (Figure S15).1,16,29,30 The
SAFe@MXene-Zn electrode can achieve a cycling life of 800 h
and stabilize the overpotential around 170 mV at 1 mA cm−2

(Figure 2F). Even increasing to 5 mA cm−2 and 2 mA h cm−2

simultaneously, the SAFe@MXene-Zn electrode stabilizes the
overpotential of 350 mV within 200 h, while dendrite growth is
observed on the MXene-Zn electrode over 100 h (Figure 2G),

Figure 4. Mechanism of SAFe@MXene catalyst in accelerating Zn2+ desolvation for lateral Zn electroplating. SEM morphology of the cycled (A)
SAFe@MXene-Zn, (B) pristine Zn, and (C) MXene@Zn electrodes after striping/plating; (D) Raman spectra of v-SO4

2− and O−H bonds at
dierent electrode/electrolyte interfaces; (E) ionic conductivity test at the interface of SAFe@MXene-Zn/electrolyte and MXene-Zn/electrolyte;
(F) comparison of [Zn(H2O)6]2+ desolvation barriers with/without SAFe@MXene; (G) adsorption energies of Zn atoms on three dierent
surfaces; schematic illustrations of (H) dendrite growth and HER on pristine Zn and (I) synergistic desolvation mechanism of catalysis with porous
sieving from the SAFe@MXene nanosheets avoiding side reactions and dendrite growth.



further implying the atomic catalytic eect on promoting Zn2+
desolvation and diusion.
As known, poor interfacial wettability will undoubtedly lead

to slow kinetics of Zn2+ diusion due to the huge impedance.
Reducing the content of active water molecules in the solvation
shell would be benecial to enhance the desolvation of
hydrated Zn2+ and reduce the diusion space resistance of
Zn2+as well as the occurrence of HER. Figures 3A,B and S16
display the contact angle of the electrolyte on the dierent
electrodes, and bare Zn foil (90°) displays poor hydrophilicity
compared with MXene-Zn (52°) and SAFe@MXene-Zn
(26°), suggesting the zincophilic nature of atomic catalytic
sites (Figure 3B).38,41 Under natural soaking for 3 weeks
(Figure 3C−G), the Zn electrode after removing the SAFe@
MXene modulation layer still maintains a signicantly smooth
surface without obvious corrosion (Figure 3E and 3F). In
sharp contrast, a much coarser surface with severe corrosion
morphology is formed on the bare Zn electrode (Figure 3E
and 3G), suggesting the occurrence of possible severe side
reactions.
To further verify the anticorrosion eect, the Tafel curve was

recorded and a decreased corrosion current from 1.81 × 10−4

to 2.95 × 10−5 mA cm−2 with SAFe@MXene-Zn was depicted
(Figures 3H and S17). Also, the anti-HER capability of the

SAFe@MXene-Zn layer was compared (Figure 3I). The
decoration of SAFe@MXene dramatically decreases the
current density and extends the HER potential from −1.60
to −1.79 V at 10 mA cm−2, demonstrating the prohibition of
the HER via fast desolvation kinetics. Moreover, the roughly
estimated thickness of the coin cell with an SAFe@MXene
modulation layer increases the least without electrolyte leakage
after several repeated Zn stripping/plating behaviors (Figures
S18 and S19), additionally proving the inhibition of the
SAFe@MXene on HER at the interface. These results suggest
the remarkably improved corrosion resistance to the electrolyte
of the zinc electrode and well-restrained hydrogen evolution
reaction with the SAFe@MXene modulation layer.
To directly observe the optimization on Zn plating, the

surface morphologies of cycled Zn electrodes with/without
SAFe@MXene were inspected by SEM. As shown in Figure
4A, the surface of the Zn anode with SAFe@MXene
modulators remains at and has a smooth deposition. The
presented microakes are attributed to the typical hexagon
crystalline grains on the Zn (002) plane instead of any other
substance, which is veried by XRD of the cycled SAFe@
MXene-Zn (Figure S20).6,8,69 However, large amounts of
needle-like Zn dendrites appear on the bare Zn anode (Figure
4B) as well as a dendrite deposition trend on the MXene-Zn

Figure 5. Electrochemical performance of full batteries based on the SAFe@MXene-Zn anode. (A) EIS spectra and (B) CV curves at 0.1 mV s−1

for full cells based on pristine Zn and SAFe@MXene-Zn anodes; (C) plots of the peak current density recorded at the anodic current peak versus
the square root of the scan rates; (D) rate performance of the full cells based on pristine Zn and SAFe@MXene-Zn electrodes; (E) comparison of
long-term cycle stability of the two full cells; (F) comparison of rate performance under a low temperature of 0 °C; (G) long-term cycle stability of
the SAFe@MXene-Zn//MnO2 full cell under a low temperature of 0 °C.



anode (Figure 4C). Obviously, the generated Zn atoms are
capable of penetrating through the catalytic layer and reaching
the bottom Zn metal, which is consistent with our SEM results.
Thanks to the improved catalytic capability of the assembled
SAFe@MXene layer, the energy barriers for Zn2+ desolvation
and interfacial Zn2+ transfer are obviously decreased to prevent
side reactions and dendrite formation. As is known, the
desolvation behavior takes place at the electrode/electrolyte
interface, and the enhanced kinetics of [Zn(H2O)6]2+ desol-
vation is also proved by Raman spectra of v-SO4

2− and the O−
H bond vibration. Two types of ion-pair species of solvent-
separated ion pairs (SSIP, [Zn2+(H2O)6·OSO3

2−]) and contact
ion pairs (CIP, [Zn2+(H2O)5·OSO3

2−]) can be separated. As
illustrated in Figure 4D, with the electron delocalization by
SAFe, the percentage of CIP in SAFe@MXene progressively
increases (36.7% vs 31.2% vs 28.7%), indicating the SAFe@
MXene layer is capable of squeezing out more solvent
molecules. Alternatively, the variation trend of the O−H
stretch vibration is divided into two peaks, namely, a robust
hydrogen bond (O−H1) within 3100−3400 cm−1 and a
weaker hydrogen bond (O−H2) within 3300−3800 cm−1. A
repressed stretch peak of O−H1 with the SAFe@MXene
catalysis layer is found, corresponding to a larger stretch of O−
H2 (66.7%) than that at the unmodulated Zn/electrolyte
interface (55.3%). As a result, the corresponding Zn ion
conductivity (σ) of the SAFe@MXene layer is markedly
increased to 1.27 mS cm−1, 2.2 times greater than that for the
MXene layer (Figures 4E and S21), which is comparable to or
even better than the reported coatings (Table S1). Altogether,
the electrochemical measurements, spectral measurement, and
theoretical simulation comprehensively demonstrate the
facilitated desolvation kinetics accelerated by SAFe@MXene.
To elaborate the desolvation process of [Zn(H2O)x]2+ at the

electrode/electrolyte interface, density functional theory
(DFT) calculations were performed (Figure 4F). In each
desolvation step, the dissociation of [Zn(H2O)x]2+ at the
SAFe@MXene-Zn/electrolyte interface costs less energy than
that at the pristine Zn/electrolyte interface. For example,
[Zn(H2O)6]2+ at the SAFe@MXene-Zn/electrolyte interface
requires merely 5.21 eV to completely release the water
solvent, while as high as 7.02 eV is necessary for the pristine
Zn/electrolyte interface. As is known, the high anity between
the Zn atom and electrode surface can also eectively boost
the desolvation of [Zn(H2O)6]2+ and delocalize the Zn atom
plating. A higher adsorption preference (−1.26 eV) on the
SAFe@MXene layer is achieved in comparison to those of
MXene-Zn (−0.88 eV) and pristine Zn (−0.11 eV) (Figure
4G), further verifying the contribution of the SAFe@MXene
layer to promote Zn2+ desolvation. In detailed elaboration, in
comparison with severe side reactions of HER (Figure 4H),
the electron delocalization articial layer (SAFe@MXene)
serves as the functional catalytic layer to prevent the active
water in the hydrated [Zn(H2O)x]2+ to come into the HER.
When the SAFe@MXene nanosheets are developed as the
catalytic SEI layer for the Zn anode (Figure 4I), the active
water molecules are dissociated to extend the HER potential,
regulating the desolvation and Zn2+ transfer behaviors.
To explore the practical application of the SAFe@MXene-

Zn anode, a full cell employing MnO2 shows a dramatically
decreased Rct (20 vs 293 Ω) and higher diusion kinetics than
the control one (Figures 5A and S22). The two pairs of redox
peaks occur with a reduced voltage gap (0.34 vs 0.42 V), and
the good overlapping reects excellent reversibility with the

help of the SAFe@MXene catalyst (Figures 5B and S23). On
gradually increasing to 1 mV s−1, SAFe@MXene-Zn presents
higher Zn ion diusion kinetics with a larger linear slope
recorded on the oxidation peaks (1.05 vs 0.90) (Figures 5C
and S24). Consequently, the optimized full cell exhibits a
weaker voltage hysteresis of 190 mV (Figure S25) and superior
rate capacities of 140 and 88 mA h g−1 at 2 and 3 C,
respectively, signicantly higher than that of the control ones
(37 and 17 mA h g−1) (Figures 5D and S26). As is wellknown,
the capacity of a full cell is related to the thermodynamic and
electrochemical kinetics of Zn2+, and both the full cells based
on SAFe@MXene-Zn and the pristine Zn anode present a
comparable capacity at 0.05 A g−1 (Figure S27). The SAFe@
MXene-modied full cell stabilizes at 148 mA h g−1 after 700
cycles with a capacity decay rate as low as 0.053% per cycle at
1.0 A g−1 (Figure 5E). In sharp contrast, the pristine Zn one
sharply degrades to near failure at around 15 mA h g−1 after
700 cycles. On decreasing to 0 °C, the SAFe@MXene-Zn-
based cell still delivers an excellent rate performance of 252
mA h g−1 even at 0.3 A g−1, which maintains 161 mA h g−1 at 2
A g−1, whereas the pristine Zn//MnO2 cell decreases to merely
87 mA h g−1 (Figure 5F). Moreover, the cell with an SAFe@
MXene-Zn anode still delivers a high specic capacity of 193
mA h g−1 and stabilizes at 198 mA h g−1 with a high capacity-
retention of nearly 100% at 1 A g−1 after 1000 cycles due to
inhibited dissolution of Mn2+ into the electrolyte under the
low-temperature eect (Figure 5G), demonstrating superior
low-temperature operation potential to those reported in
recent literature (Table S2).
In summary, an electron redistribution strategy through

implanting atomic Fe into defect-rich MXene (SAFe@MXene)
is proposed as a catalytic layer, where the increased catalytic
sites enable lower barriers of interfacial dissociation of
[Zn(H2O)x]2+ to release auent free Zn2+, as revealed by
theoretical and electrochemical tests. Also, the sieving channels
assembled by crumpled SAFe@MXene nanosheets can
strengthen the sieving eect toward dissociating [Zn-
(H2O)x]2+. Consequently, under 0 °C, a long-term life of
800 h at 1 mA cm−2 with very stable overpotential is achieved
and low overpotentials even at a high current density of 5 mA
cm−2 or under high plating/stripping capacity are still retained.
The full cell delivers stability at 198 mA h g−1 after 1000 cycles
with a high capacity-retention of 100% at 1.0 A g−1, shedding
new insights to propel desolvation and diusion kinetics for
achieving LT-AZMBs under electron-delocalized engineering.
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