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a b s t r a c t 

The growth of Zn dendrites and self-corrosion reaction during electrochemical cycling is a long-standing issue 
impeding the practical application of zinc-ion batteries. Although various surface engineering strategies have 
shown great promise in suppressing zinc dendrites, the protective layers unavoidably hinder Zn 2 + diffusion, 
resulting in increased internal impedance/polarization. Therefore, constructing smart interface protective layers 
with fast Zn 2 + transfer kinetics is highly desirable but remains a key challenge. Here, an Mg-Al layered double 
hydroxide (LDH)-based artificial solid electrolyte interface (SEI) with Zn-ion diffusion channels is proposed. The 
well-aligned interlayer channels in the Mg-Al LDH skeleton is proved to efficiently engineer the distribution of 
Zn 2 + ions and facilitate Zn 2 + diffusion between the electrode/electrolyte interface, thus giving rise to stable Zn 
deposition. Moreover, the mechanically robust Mg-Al LDH artificial SEI acts as an interfacial layer to constrain 
H 2 O-induced corrosion and hydrogen evolution reaction. Consequently, the Mg-Al LDH artificial SEI improves 
the Coulombic efficiency to 99.2% for more than 2000 cycles, and an ultralong lifespan of 1400 h has been 
achieved at 0.5 mA cm 

− 2 . Notably, the zinc-ion capacitors by pairing the Zn@LDH anode and high-loading active 
carbon cathode deliver outstanding cycling stability with a high capacity retention of 93.7% up to 10000 cycles 
at the high areal current density of 37.5 mA cm 

− 2 , portending the feasibility of practical applications. 
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. Introduction 

Lithium-ion batteries (LIBs) have revolutionized the electrochemical
nergy storage market over the past decade. [1] Nevertheless, due to the
requently occurred fire and even explosion accidents of LIBs in electric
ehicles, mobile phones, and other electronic devices in recent years,
he quest for exploiting alternative reliable battery technologies is in-
reasingly aroused. Developing rechargeable aqueous battery system is
egarded as a promising solution owing to its intrinsic nontoxicity, low
roduction cost, high safety, and high ionic conductivity. [2] Among
arious aqueous battery technologies, aqueous zinc-ion batteries (ZIBs)
ave received tremendous attention owing to their advantages of high
heoretical capacity (820 mAh g − 1 ) and appropriate redox potential (-
.76 V vs. standard hydrogen electrode). [ 3 , 4 ] Despite this broad poten-
ial, the practical application of aqueous ZIBs still faces challenges due
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o dendrite formation of Zn metal anodes in mildly acidic electrolyte.
5] 

According to the diffusion-controlled metal deposition model, the
rowth of metal dendrites is strongly influenced by the distribution of
etal ions at the electrode/electrolyte interface. [6] Irregular Zn 2 + ion

oncentration gradient will cause uneven and insufficient Zn 2 + ion sup-
ly, and consequently, trigger Zn dendrite formation and proliferation
as illustrated in Fig. 1 a). Moreover, Zn metal anodes experience side
eactions during cycling, e.g., self-corrosion and hydrogen evolution re-
ction (HER), leading to the deterioration of Coulombic efficiency (CE)
nd the passivation of Zn anode surface. [7] Therefore, regulating uni-
orm Zn 2 + ion distribution and improving the thermodynamic stability
f Zn metal in aqueous electrolyte are the fundamental solutions to re-
lize uniform and stable Zn deposition. 

Various strategies have been addressed to tackle the inherent short-
oming of Zn metal anodes. Focusing on the electrolyte modification,
arious functional additives such as polyacrylamide, [8] acetonitrile,
21 
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Fig. 1. Schematic diagrams illustrating the Zn 
deposition process (a) on the bare Zn and (b) 
on the Zn@LDH electrode. (c) The crystal struc- 
ture of Mg-Al LDH and two types of layer struc- 
tures in Mg-Al LDH. Surface SEM images of (d) 
the bare Zn and (e) Zn@LDH electrodes. (f) 
Cross-sectional SEM image and (g) correspond- 
ing elemental mapping of the Zn@LDH elec- 
trode. 
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9] diethyl ether, [10] ethylene glycol, [11] polyethylene oxide [12] and
etrabutylammonium sulfate [13] have been adopted to suppress the
endrite growth by their electrostatic shielding interaction on Zn anode
urfaces. Additionally, designing salt-concentrated electrolytes helps to
liminate H 2 O from the [Zn(H 2 O) 6 ] 2 + solvation shell, which is veri-
ed to be effective for reducing HER and restraining the formation of
n dendrites. However, the high cost of these Zn salts and relatively
arge voltage polarization resulting from their high viscosity may be
nderlying obstacles for the practical application of these electrolytes.
n the other hand, a more simple and direct strategy is to fabricate in-
rganic, [14-19] organic, [ 20 , 21 ] or inorganic/organic hybrid [ 3 , 22-
4 ] interfacial layers to stabilize the deposition interface. For instance,
ui et al. innovatively designed a Zn(TfO) 2 /polyamide hybrid inter-
hase to regulate the Zn deposition behavior and restrain electrolyte
orrosion simultaneously. [23] Niu et al. assembled a uniform MXene
ayer to lower the Zn nucleation energy barrier and manipulate the sur-
ace electric field. [15] Despite great progresses have been made, cur-
ent performance of Zn metal anodes is still unsatisfactory. In addition,
he designed protective layers could inevitably cause increased internal
mpedance/polarization arising from its barrier effect on Zn 2 + ion diffu-
ion that occurs between the electrode and electrolyte. Therefore, there
s still extensive advancement space for designing smart protective lay-
rs with fast Zn 2 + transfer kinetics and the function of regulating Zn-ion
ux to improve the electrochemical performance of Zn metal anodes. 

It is well known that constructing the solid electrolyte interface (SEI)
lm as a functional protective layer on anodes to avoid the exfoliation of
raphite during Li + insertion is one of the most important technological
reakthroughs in the commercialization of LIBs. [25] Generally, an ideal
EI should meet the following requirements: (1) electron transference
umber t 𝑒 = 0; (2) high ion conductivity; (3) good mechanical strength
nd high stability in electrolytes. [26] Inspired by these, we propose the
agnesium-aluminum layered double hydroxide (Mg-Al LDH) coating

ayer as a multifunctional artificial SEI for Zn metal anodes, which is in
eeping with the above three criteria perfectly. As depicted in Fig. 1 b,
he layer structure with appropriate interlayer distance in Mg-Al LDH
erves as ion channels for facile transport of Zn 2 + ions. Abundant ion
hannels in Mg-Al LDH can effectively redistribute Zn-ion flux near the
f  

231 
nterphase at a fundamental level, just like the spillway of a dam to
redge the flood, leading to an ultra-stable Zn plating/stripping behav-
or underneath the artificial SEI. Moreover, the highly stable and insu-
ating LDH film can also substantially prevent electron tunneling and
liminate side reactions between Zn anode and electrolyte. Combining
he advantages of excellent mechanical property, good chemical stabil-
ty, and high ionic conductivity, the Mg-Al LDH artificial SEI allows high
E of 99.2% over 2000 cycles and ultralong cycle life ( > 1400 h) with
mall voltage polarization (~31.6 mV at 0.5 mA cm 

− 2 ). 

. Result and discussions 

Layered double hydroxides (LDHs) are a huge family of ionic lamel-
ar compounds, which are consist of positively charged brucite-like lay-
rs with an interlayer space containing solvation molecules and charge
ompensating anions. [27] Commercial Mg-Al LDH was used in this
ork, whose XRD patterns (Figure S1) show characteristic peaks of

003), (006), (012), (015), (018), (110) and (113) planes, in agreement
ith rhombohedral (Mg 0.667 Al 0.333 )(OH) 2 (CO 3 ) 0.167 (H 2 O) 0.5 (JCPDS
o. 089-0460). As shown in Figure S2, Mg, Al, C and O elements are ho-
ogenously distributed in Mg-Al LDH nanosheets. As shown in Fig. 1 c,

he Mg 2 + and Al 3 + cations are located at the center of the octahedron,
nd hydroxide anions occupy the vertexes which were connected to form
 2D infinite layer structure. Mg-Al LDH contains two different layer
tructures, in which the interlayer distance of the type I layer structure
7.70 Å) is slightly larger than that of the type II layer structure (7.36
) owing to the presence of interlayer CO 3 

2 − anions. Obviously, both
nterlayer regions are large enough to accommodate hydrated Zn 2 + ions
ith a diameter of ~ 5.5 Å, which makes Mg-Al LDH a suitable host for

acile Zn 2 + transport potentially. SEM images were further obtained on
he bare Zn and Zn@LDH electrodes to analyze the surface morphol-
gy ( Fig. 1 d-e). The surface of bare Zn is full of scratches and small
its formed during the manufacturing process ( Fig. 1 d). The rough sur-
ace of Zn foil will cause the concentration of Zn 2 + ions near pits and
revices, and immensely disturb the distribution of Zn 2 + ion flux at the
lectrode/electrolyte interface, consequently aggravating the growth of
n dendrites. On the other hand, the Mg-Al LDH nanosheets ranging
rom 200 ~ 400 nm in size form a uniform coating on the Zn substrate
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Fig. 2. (a) Photographs of corrosion morphology for the bare Zn and Zn@LDH electrodes after immersion in 2 M ZnSO 4 aqueous solution for 10 days. (b) Potentio- 
dynamic polarization curves and (c) chronoamperograms (CAs) of the bare Zn and Zn@LDH electrodes in 2 M ZnSO 4 aqueous solution. (d) XRD patterns of the bare 
Zn and Zn@LDH electrodes after 50 cycles. AFM images of (e) the bare Zn and (f) Zn@LDH electrodes after 50 cycles. (g-h) The surface and (i) cross-sectional SEM 

images of the bare Zn after 50 cycles. (j-k) The surface and (l) cross-sectional SEM images of the Zn@LDH electrode after 50 cycles. 
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 Fig. 1 e). The ultrathin nanosheet micromorphology of Mg-Al LDH is
xpected to provide reduced diffusion paths for ions, and endow rapid
n 2 + ion transport within the Mg-Al LDH interlayer spaces. The thick-
ess of Mg-Al LDH layer is measured to be ~ 47.5 𝜇m in the SEM im-
ge of Zn@LDH electrode on cross section view ( Fig. 1 f). Moreover, the
ierarchical structure of Zn@LDH electrode can be more clearly distin-
uished in the elemental mapping images of Zn, Mg, Al, and O ( Fig. 1 g).

Mg-Al LDH films have been widely studied as effective inhibitors to
mprove the anti-corrosion abilities of Mg and Al alloys. [28-30] There-
ore, it is reasonable to predict that the Mg-AL LDH film coating on Zn
etal anodes may enhance its stability in electrolytes. To verify this hy-
othesis, both the bare Zn and Zn@LDH electrodes were immersed in
he aqueous electrolyte containing 2.0 M ZnSO 4 . The bare Zn tarnished
fter 10 days and an off-white by-products film was visible on the surface
 Fig. 2 a). In comparison, the Zn@LDH electrode surface retained basi-
ally unchanged after 10 days and no cracks nor protuberances were
bserved, revealing the excellent mechanical robustness and chemical
tability of the Mg-Al LDH film. The polarization curves of the bare Zn
nd Zn@LDH electrodes in 2 M ZnSO aqueous electrolyte were also ob-
4 

232 
ained to determine the corrosion protection ability of the Mg-Al LDH
ayer ( Fig. 2 b). Typically, a more positive corrosion potential ( 𝐸 𝑐𝑜𝑟𝑟 ) or
 smaller corrosion current density ( 𝑖 𝑐𝑜𝑟𝑟 ) indicates a reduced corrosion
eaction rate and a better corrosion resistance. The 𝐸 𝑐𝑜𝑟𝑟 of Zn@LDH
lectrode (-1.015 V vs. SCE) is higher than that of bare Zn (-1.021 V
s. SCE). Moreover, the 𝑖 𝑐𝑜𝑟𝑟 of Zn@LDH electrode (0.235 mA cm 

− 2 )
s significantly lowered by almost 5 times compared with that of bare
n (1.029 mA cm 

− 2 ). The comparison clearly indicates that the anodic
issolution of Zn metal and cathodic HER in aqueous electrolyte is ef-
ciently inhibited by the introduction of Mg-Al LDH protective layer.
urthermore, the chronoamperogram (CA) tests of both electrodes were
lso conducted to get deeper insights into the Zn deposition behavior
 Fig. 2 c). Under the constant overpotential of -0.15 V, the drastic change
nd ever-increasing time-current profile of bare Zn during the whole
uration of 200 s suggests the rampant planar diffusion and rough de-
osition process. [31-34] For the Zn@LDH electrode, the incipient nu-
leation and two-dimensional diffusion behavior (corresponding to the
imilar slope portion of the time-current profile) exist within 20 s, and
hen the current density begins to increase extremely slowly in the lat-
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Fig. 3. Current-voltage profiles of the Zn//Zn and Zn@LDH//Zn@LDH symmetrical cells for 1 mAh cm 

− 2 at (a) 1 mA cm 

− 2 , (b) 2 mA cm 

− 2 and (c) 5 mA cm 

− 2 . 
The 100th cycle voltage profiles of the Zn//Zn and Zn@LDH//Zn@LDH symmetrical cells for 1 mAh cm 

− 2 at (d) 1 mA cm 

− 2 , (e) 2 mA cm 

− 2 and (f) 5 mA cm 

− 2 . (g) 
Long-term current-voltage profiles of the Zn@LDH//Zn@LDH symmetrical cells for 0.5 mAh cm 

− 2 at 0.5 mAh cm 

− 2 . (h) EIS of the Zn//Zn and Zn@LDH//Zn@LDH 

symmetrical cells. (i) CE of Zn plating/stripping on the bare Cu and Cu@LDH electrodes at 10 mA cm 

− 2 , 1 mAh cm 

− 2 . 
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er part of the time-current profile (20-200 s) through 3D diffusion pro-
esses, which is indicative of compact zinc deposition. [ 19 , 23 , 35 , 36 ] 

The bending test of the Zn@LDH electrode after 50 cycles show
hat no powder flakes off the Zn substrate, and no noticeable cracks
re observed (Figure S3), revealing the excellent mechanical strength
nd good adhesion between the Mg-Al LDH coating layer and Zn sub-
trate. To find out whether the enhanced corrosion resistance and com-
act Zn deposition mechanism of the Zn@LDH electrode will contribute
o the improved plating/stripping reversibility, both the bare Zn and
n@LDH electrodes after 50 cycles were disassembled from symmet-
ical cells and investigated by XRD, AFM, and SEM characterizations
 Fig. 2 d-i). Compared with the bare Zn before cycling, a strong peak lo-
ated at ~12.3° was observed in the XRD patterns of bare Zn after 50
ycles, corresponding to Zn 4 SO 4 (OH) 6 • 0.5H 2 O by-products. It is gen-
rally accepted that the HER may occur during cycling due to a high
esolvation energy barrier for the plating/stripping of solvated Zn 2 + 

t the electrode/electrolyte interface. The HER generates OH 

− locally
nd which will react with Zn 2 + to produce an irreversible phase of
n 4 SO 4 (OH) 6 • xH 2 O. The detailed reaction mechanism can be described
y the following processes: [37] 

n 2 + + 2e − → Zn (1)

 2 O + e − → 1/2H 2 (g) + OH 

− (2)
233 
Zn 2 + + 6OH 

− + SO 4 
2 − + xH 2 O → Zn 4 SO 4 (OH) 6 • xH 2 O (3)

On the contrary, the characteristic peak of Zn 4 SO 4 (OH) 6 • 0.5H 2 O by-
roducts is absent in XRD patterns of the Zn@LDH electrode after 50
ycles. It is worth mentioning that the (003) and (006) planes of Mg-Al
DH shift to lower degrees of 10.1° and 20.2°, respectively, suggest-
ng that the interlayer distance of Mg-Al LDH has been broadened after
ycling. This phenomenon may be associated with the ion-exchange be-
ween CO 3 

2 − in the interlamellar space and SO 4 
2 − in the electrolyte,

hich has been confirmed in previous reports about LDHs. [38] The ex-
anded interlayer space should be beneficial to the fast Zn 2 + diffusion
y virtue of the decreased electrostatic repulsive force between the LDH
ost and intercalated Zn 2 + ions. Furthermore, atomic force microscopy
AFM) was conducted to examine the surface topography of the bare
n and Zn@LDH electrode after cycling ( Fig. 2 e-f). The uneven surface
ith pores and protrusions can be seen in the AFM image for the bare Zn
fter 50 cycles. While the surface of Zn@LDH electrode is very smooth
nd uniform ( Fig. 2 f), demonstrating that the LDH layer is consistently
oated on the Zn substrate homogeneously during prolonged cycling.
his outstanding uniformity is favorable for homogenizing Zn 2 + ion flux
nd making Zn plating more smooth. SEM images were further obtained
o investigate the detailed morphologies ( Fig. 2 g-l). The surface SEM im-
ges of the bare Zn electrode after 50 cycles show vertical leaf-like Zn
endrites ( Fig. 2 g-h). What’s worse, porous and uneven Zn deposition
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Fig. 4. TEM images of Mg-Al LDH (a) before cycling and (b) after 50 cycles. (c) HAADF image and corresponding elemental mapping of Mg-Al LDH after 50 cycles. 
High-resolution XPS spectra of pristine and cycled Mg-Al LDH for (d) Mg 1s , (e) Al 2p , (f) O 1s , and (g) S 2p . (h-l) Zn plating/stripping curve obtained for the 
Zn@LDH//Zn@LDH symmetrical cell and its real-time Raman contour map. 
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ith severe agglomeration can be detected on the cross-sectional SEM
mages ( Fig. 2 i), which will aggravate the formation of dendritic Zn.

hile the surface morphology of the Zn@LDH electrode after cycling
s similar to the original one without distinct change, and no vertical
n dendrites or protuberances are observed ( Fig. 2 j-k). Furthermore,
he cross-sectional SEM image shows dense and smooth Zn deposition
 Fig. 2 l), indicating that regulated Zn plating can be achieved under-
eath the Mg-Al LDH protective layer. We also tried to peel off the Mg-Al
DH layer of the Zn@LDH electrode after 50 cycles by using the doctor
lade and ultrasonic treatment. As shown in Figure S4, the deposited Zn
nderneath the coating layer shows dense plate-like morphology rang-
ng from 10 to 30 𝜇m with the thickness of 1~2 𝜇m. And negligible
anosheet dendrite or corrosion was detected on the surface of Zn sub-
trate after 50 cycles. 

The Mg-Al LDH protective layer serves as an artificial SEI film to
rovide Zn 2 + diffusion channels and prevent the direct contact be-
ween electrolyte and Zn anode simultaneously, which is expected to
fford superior electrochemical performance. Thus, the Zn//Zn and
n@LDH//Zn@LDH symmetrical cells were assembled and evaluated
 Fig. 3 ). When subjected to a fixed plating/stripping capacity of 1
Ah cm 

− 2 at the current density of 1 mA cm 

− 2 ( Fig. 3 a, d), the
n@LDH//Zn@LDH symmetrical cell maintains superior stability and
maller voltage hysteresis (~37.7 mV) over 400 h compared with that of
he Zn//Zn symmetrical cell (~70.3 mV). While the current-voltage pro-
les of the Zn//Zn symmetrical cell fluctuated dramatically and failed
fter about 265 h. The more obvious comparison is also observed for the
234 
ime-voltages profiles of both cells at the higher current densities of 2
A cm 

− 2 ( Fig. 3 b) and 5 mA cm 

− 2 ( Fig. 3 c), demonstrating the enhanced
ycling stability and rate capability of the Zn@LDH//Zn@LDH symmet-
ical cell. As depicted in Fig. 3 e and f, the plating/stripping polarizations
f the Zn@LDH//Zn@LDH symmetrical cells at higher current densities
65.0 and 83.0 mV at 2 and 5 mA cm 

− 2 , respectively) are also much
maller than those of the Zn//Zn symmetrical cell (78.5 and 105.3 mV
t 2 and 5 mA cm 

− 2 , respectively), implying the fast Zn 2 + transport
inetics in the Mg-Al LDH film. Importantly, the Zn@LDH//Zn@LDH
ymmetrical cell delivers stable Zn plating/stripping voltage profiles of
mpressively long cyclability exceeding 1400 h with low voltage polar-
zation of 31.6 mV under 0.5 mA cm 

− 2 for 0.5 mAh cm 

− 2 ( Fig. 3 g). The
ycle life of Zn@LDH electrode is comparable to most modified Zn metal
nodes reported in literatures (Table S1). We also fabricated a Mg-Al
DH coating layer on the surface of Zn foil with the smaller thickness of
22.3 𝜇m (Figure S5) and evaluated its electrochemical performance.
he current-voltage profiles of the as-prepared Zn@LDH electrode main-
ains stably without dramatical fluctuation at the current densities of 1
nd 5 mA cm 

− 2 (Figure S6). Moreover, no Zn dendrites or cracks were
ound on the surface of the Zn@LDH electrode after 50 cycles (Figure
7), revealing that the MgAlO coating layer with a smaller thickness of

22.3 𝜇m can also prevent the growth of Zn dendrites effectively. 
The striking difference in voltage hysteresis of both symmetrical cells

ay be related to the interfacial stability. As shown in Fig. 3 h, the in-
erfacial impedance of the Zn@LDH//Zn@LDH symmetrical cell (195.2
) is significantly reduced compared with the Zn//Zn symmetrical cell
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Fig. 5. (a) The partial density of states (PDOS) of Mg-Al LDH. (b) The charge density distribution plots and (c) diffusion energy barriers of Zn 2 + ion within the Type 
I layer structure of Mg-Al LDH (inset is the diffusion path). (d) The charge density distribution plots and (e) diffusion energy barriers of Zn 2 + ion within the Type II 
layer structure of Mg-Al LDH (inset is the diffusion path). (f) Nyquist plots of the Mg-Al LDH film measured between 303 and 353 K. (g) Arrhenius plots of the ion 
conductivity for the Mg-Al LDH film (inset is the schematic of the measurement geometry). (h) The time-voltage profiles of Zn@MgAlO symmetrical cells at various 
current densities. (i) Typical voltage profiles of Zn@MgAlO symmetrical cells at different current densities before the internal short-circuit. 
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2021.0 Ω), demonstrating the stabilizing effect of the Mg-Al LDH coat-
ng. Besides, the CE is also a crucial indicator to evaluate the reversibil-
ty and durability of Zn metal anodes. Therefore, an Mg-Al LDH coating
ayer was fabricated on the surface of Cu foil to obtain the Cu@LDH
lectrode. As shown in Fig. 3 i, the CE of Cu//Zn half cell fluctuated vi-
lently after only 740 cycles at 10 mA cm 

− 2 , 1 mAh cm 

− 2 due to the
ontinuous accumulation of dead Zn. While a high average CE of 99.2%
s maintained for the Cu@LDH//Zn half cell over 2000 cycles, illustrat-
ng the effectively inhibited side reactions by the Mg-Al LDH coating. 

Building an ideal artificial SEI layer for Zn metal anodes should fol-
ow similar principles that have been extensively studied in LIB anodes.
 39 , 40 ] Accordingly, the structural stability of Mg-Al LDH during cy-
ling is an accepted prerequisite, which is confirmed by TEM and XPS
haracterization of pristine and cycled Mg-Al LDH ( Fig. 4 a-g). TEM im-
ge of Mg-Al LDH after 50 cycles at 1 mA cm 

− 2 , 1 mAh cm 

− 2 ( Fig. 4 b)
hows that LDH nanosheets are well retained without any morphologi-
al change compared with the original one ( Fig. 4 a). In addition, Mg, Al,
 and S elements are also homogenously distributed in the cycled Mg-Al
DH, and the presence of S element further corroborates ion-exchange
etween CO 3 

2 − and SO 4 
2 − . The distribution of C element is hard to be

istinguished due to the disturbance of carbon film. As shown in Fig. 4 d
nd e, the Mg 1s and Al 2p peaks of the pristine Mg-Al LDH are located at
304.7 eV and 74.5 eV, corresponding to the bonding energies of Mg-OH
nd Al-OH, respectively. These two peaks are also observed in the cycled
g-Al LDH without obvious shift and shape change, indicating the ro-
235 
ust host structure made of Mg(OH) 6 and Al(OH) 6 octahedron. Both the
 1s XPS spectra at different states can be deconvoluted into three peaks,
hich can be assigned to M-O bond (~530.1 eV), M-OH (~531.5 eV)
nd CO 3 

2 − (SO 4 
2 − )/H 2 O (~532.2 eV), respectively ( Fig. 4 f). Moreover,

he relative peak area ratio of the CO 3 
2 − (SO 4 

2 − )/H 2 O bond slightly
ncreased from 28.3% to 43.4% after cycling, contributing to the ion-
xchange process and the co-intercalated water. It is worth noting that
he S signal of S 2p 1/2 (~169.4 eV) and S 2p 3/2 (~168.4 eV) is detected
n the S 2p XPS spectra of Mg-Al LDH after 50 cycles ( Fig. 4 g), fur-
her confirming the ion-exchange effect. In situ Raman observation of
he electrochemical interface during Zn plating/stripping was also con-
ucted by using a home-made Raman electrochemical cell (Figure S8).
he pristine Zn@LDH electrode exhibits three broad peaks at 1123,
376, and 1514 cm 

− 1 in the range of 1050 ~ 1650 cm 

− 1 , matching
ell with the characteristic vibration modes of Mg-Al layered double
ydroxide reported by previous literature. [28] The spectrum intensity
f these peaks almost remains unchanged ( Fig. 4 i), and no Raman shift
s observed ( Fig. 4 j-l), revealing the superb electrochemical stability of
he Mg-Al LDH film during Zn plating/stripping. This evidence validates
hat Zn 2 + transport through the interlayer spaces of Mg-Al LDH does
ot damage its crystalline structure. On basis of these results, it can be
oncluded that the Mg-Al LDH artificial SEI film can well preserve the
tructural integrity and chemical stability, and effectively tolerate the
uge volume change during repeated Zn deposition/stripping. 
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Fig. 6. Contact angles of electrolyte (a) on the bare Zn and (b) on the Zn@LDH 

electrode. (c) Simulation results of the Zn-ion flux distribution on the surface 
of bare Zn and Zn@LDH electrode. In situ optical microscope observation of Zn 
deposition at 10 mA cm 

− 2 (d) on the bare Zn and (e) on the Zn@LDH electrode. 
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Besides the excellent chemical and mechanical stability, the Mg-Al
DH artificial SEI film is also expected to ensure facile Zn-ion trans-
ort at the interface through its interlayer ion channels. DFT calcula-
ions and corresponding experiments were conducted to confirm this
ssumption ( Fig. 5 ). As shown in Fig. 5 a, the bandgap of Mg-Al LDH is
alculated to be as high as 4.34 eV, which can serve as a highly electron-
nsulating shielding layer to avoid electron tunneling from electrode to
lectrolyte. In order to make clear the effect of the intercalated Zn 2 + 

on on the electronic structure of Mg-Al LDH, the charge density dis-
ributions were obtained ( Fig. 5 b and d), in which yellow and blue
egions represent charge accumulation and charge loss, respectively.
41] It is obvious that the charge density differences of Mg(OH) 6 and
l(OH) 6 octahedra change little after the intercalation of Zn 2 + ion into
oth types of interlayer spaces, implying the outstanding stability of
he crystal skeleton. Moreover, the low interaction energies between
n 2 + ions and the layer framework are beneficial to the fast ion diffu-
ion. It should be noticed that a strong electronic interaction is observed
etween the inserted Zn 2 + cation and CO 3 

2 − anions in Type II layer
tructure due to the electrostatic interaction ( Fig. 5 d). Strikingly, the
n 2 + diffusion energy barrier within the Type I layer structure of Mg-
l LDH is only 0.131 eV ( Fig. 5 c), which is significantly smaller than

hat of most ZIB electrode materials with intercalation mechanism such
s V 2 O 5 • H 2 O (0.66 eV), [42] V 6 O 13 (0.87 eV), [43] VO 2 (0.24-0.71
V), [44] VO 2 (B) (0.586 eV), [45] MnO 2 (0.32 eV), [46] Na 0.14 TiS 2 
0.55 eV), [47] KV 2 O 4 PO 4 • 3.2H 2 O (0.66 eV), [48] VSe 2 (0.91 eV),
49] K 2 V 8 O 21-x (0.63 eV), [50] . The Zn 2 + diffusion energy barrier within
he Type II layer structure is relatively higher (0.826 eV) owing to the
xistence of CO 3 

2 − anions in interlayer spaces ( Fig. 5 e), which is con-
istent with the charge density distribution analysis. 

DFT calculation results reveal that Mg-Al LDH can provide favor-
ble ion channels for fast Zn 2 + migration, which is further validated by
he measurement of temperature-dependent ion conductivities ( Fig. 5 f-
). The Mg-Al LDH film (thickness of ~110 𝜇m) with 2 drops of elec-
236 
rolyte added was sandwiched by two stainless steel plates (inset in
ig. 5 g), and used for the measurement of electrochemical impedance
pectroscopy (EIS). Nyquist plots of the Mg-Al LDH film obtained at dif-
erent temperatures can be fitted by using the equivalent circuit model
inset in Fig. 5 f), in which R 1 is the electrolyte resistance and R 2 repre-
ent the charge-transfer resistance. The Mg-Al LDH film achieves a high
onic conductivity ( σ) of 5.24 ×10 − 5 S cm 

− 1 at 30°C ( Fig. 5 g), which
s even comparable to that of many solid lithium-ion electrolytes such
s Li 0.34(1) La 0.51(1) TiO 2.94(2) (LLTO, 2 ×10 − 5 S cm 

− 1 ), [51] Li 7 La 3 Zr 2 O 12 
LLZO, 2 ×10 − 6 S cm 

− 1 ), [52] Li 4 + x + 𝛿–(Ge 1 − 𝛿 ′ − x Ga x )S 4 (6.5 ×10 − 5 S
m 

− 1 ), [53] and Li 2.88 PO 3.73 N 0.14 (LiPON, 3.3 ×10 − 6 S cm 

− 1 ). [54] In
ddition, the dependence of ionic conductivities for the Mg-Al LDH film
an be well fitted by using the Arrhenius formula: [ 55 , 56 ] 

= Aexp 
( 

− 𝐸 𝑎 

𝑅𝑇 

) 

here A is the pre-exponential factor, 𝐸 𝑎 is the activation energy, 𝑇 is
he absolute temperature and 𝑅 is the gas constant. Consequently, 𝐸 𝑎 

f the Mg-Al LDH film is calculated to be only 32.3 kJ mol − 1 . To vali-
ate the function of unobstructed ion channels in the artificial SEI, the
g-Al LDH was calcinated at 500°C for 3 h to destroy the layer struc-

ure. As shown in Figure S9, the as-prepared product is the mixture of
gO and Al 2 O 3 (denoted as MgAlO) with poor crystallinity, which was

oated on the surface of Zn to obtain the Zn@MgAlO electrode. Owing
o the insufficient ion pathway in the MgAlO film, the polarization of
n@MgAlO electrode increases continuously during cycling, and result-
ng in battery failure after 214 h at 1 mA cm 

− 2 with a plating/stripping
apacity of 1 mAh cm 

− 2 ( Fig. 5 h). The more apparent trend can be iden-
ified in the time-voltage profiles at higher current densities of 2 and 5
A cm 

− 2 . Before the occurrence of the internal short circuit, the voltage
aps of Zn@MgAlO symmetrical cells are approximately 209.8, 166.4,
nd 233.3 mV at 1, 2, and 5 mA cm 

− 2 , respectively, which are even
arger than that of Zn//Zn symmetrical cells ( Fig. 5 i). Due to the absence
f layered structure in MgAlO, the ionic conductivity ( σ) of the MgAlO
lm is only 5.24 ×10 − 7 S cm 

− 1 at 30°C (Figure S10a). In addition, 𝐸 𝑎 

f the MgAlO film is increased to 50.7 kJ mol − 1 (Figure S10b). The dis-
inct contrast of electrochemical performance between the Zn@LDH and
n@MgAlO symmetrical cells firmly demonstrates the important role of
ast ion channels in the protective layer. 

To investigate the wettability of both electrodes, contact angle mea-
urements were carried out using 2 M ZnSO 4 aqueous solution as the
lectrolyte. As shown in Fig. 6 a and b, the contact angle of electrolyte
n the Zn@LDH electrode (24.6°) is much smaller compared with bare
n (76.4°). The improved affinity between the LDH coating layer and
lectrolyte guarantees the homogenous concentration gradient of Zn 2 + 

ons at the electrode/electrolyte interface. The distribution of Zn 2 + ion
ux on the bare Zn and Zn@LDH electrode was further monitored by us-

ng the COMSOL Multiphysics software ( Fig. 6 c). And several protrudes
ere constructed on the planner substrate to simulate the roughness

urface of Zn foil. For the bare Zn, Zn 2 + ions tend to accumulate near
hese protuberances, causing uneven ion distribution. These red regions
ith much enhanced Zn-ion flux will undoubtedly induce amplified Zn
rowth, which can be seen as “hot spots ” for Zn dendrite formation.
57] By contrast, with an Mg-Al LDH coating layer on the surface, Zn-
on flux is effectively redistributed and homogenized, contributing to
he uniform Zn plating. The Zn deposition behavior on both electrodes
as further investigated by the in situ optical microscope observation
t the current density of 10 mA cm 

− 2 ( Fig. 6 d-e). Loose and isolated Zn
endrites were observed on the bare Zn after only 5 min of deposition,
hich forms serious mossy-like agglomeration after 35 min ( Fig. 6 d,
ideo S1). To make matters worse, H 2 bubbles were generated continu-
usly, severely perturbing Zn plating. In striking contrast, the Zn@LDH
lectrode exhibited a dense and smooth deposition morphology, and the
volution of H 2 bubbles completely disappeared during the whole Zn
lating process under the same condition ( Fig. 6 e, Video S2). Because
he optical microscope relies on the reflection of light by the object to ob-
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Fig. 7. (a) CV profiles of the MnO 2 //Zn and MnO 2 //Zn@LDH cells between 0.8 and 1.8 V at 0.1 mV s − 1 during the 2nd cycle. (b) Voltage gaps of the MnO 2 //Zn 
and MnO 2 //Zn@LDH cells at different scan rates. (c) EIS of the MnO 2 //Zn and MnO 2 //Zn@LDH cells after 5 cycles. (d) Rate performance and (e) cycling stability 
of the MnO 2 //Zn and MnO 2 //Zn@LDH cells at the current density of 1 A g − 1 . (f) The charge/discharge profiles and in situ Raman contour image of the 𝛽-MnO 2 

electrode recorded during the initial cycle in the MnO 2 //Zn@LDH cell. (g) Cycling performacne of the AC//Zn and AC//Zn@LDH ZICs at the current density of 2.5 
A g − 1 . 
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ain image, the pure white Mg-Al LDH coating layer is hard to be clearly
bserved in the optical microscope image due to its ultralow reflectiv-
ty. It should be noticed that the Mg-Al coating layer becomes more and
ore indistinct during the Zn deposition process, due to the continuous
n deposition from the boundary between the Zn substrate and Mg-Al
oating layer, which may disturb the observation of the coating layer. 

To verify the feasibility of the Zn@LDH electrode, the bare Zn and
n@LDH electrodes were paired with 𝛽-MnO 2 cathode to test the full-
ell electrochemical performance. As shown in Fig. 7 a, both the CV
urves of the MnO 2 //Zn and MnO 2 //Zn@LDH full cells at 0.1 mV s − 1 

xhibit two reduction peaks and the overlapped oxidation peaks, which
orrespond to the intercalation/deintercalation of proton and Zn 2 + ions.
owever, the voltage gap of the MnO 2 //Zn@LDH cell (1.38/1.55 V) is
237 
maller than that of the MnO 2 //Zn cell (1.38/1.57 V). More distinct dif-
erences of voltage gap can be found in CV curves at higher scan rates
 Fig. 7 b, S11), revealing the diminished electrochemical polarization of
he MnO 2 //Zn@LDH cell, especially at high rates. The electrochemical
olarization is related to the charge-transfer resistance (R ct ), which is
eflected by the semicircle in the high to medium frequency region in
IS. The R ct of the MnO 2 //Zn@LDH cell is much lower than that of the
nO 2 //Zn@LDH cell due to the stabilized interface by the functional
g-Al LDH coating layer ( Fig. 7 c). Rate performance of both cells are

isplayed in Fig. 7 d. The discharge capacity of the MnO 2 //Zn@LDH cell
fter 5 cycles activation at 0.1 A g − 1 is 331.9 mAh g − 1 , which is close to
hat of the MnO 2 //Zn cell (312.0 mAh g − 1 ). But the Zn@LDH anode af-
ords full cells with better rate capability. With the stepwise increasing
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urrent densities of 0.2, 0.5, 1, and 2 A g − 1 , the average capacities of
he MnO 2 //Zn@LDH cell can reach 319.5, 273.5, 226.1, and 168.0 mAh
 

− 1 , while those of the MnO 2 //Zn cell are only 275.6, 218.9, 154.0, and
9.6 mAh g − 1 . 

Besides improved rate performance, the MnO 2 //Zn@LDH cell also
xhibits superior cycling stability benefiting from the suppression of Zn
endrite formation and HER during cycling. Consequently, a high re-
ersible capacity of 150.6 mAh g − 1 with a high capacity retention of
5.3% can be retained after 400 cycles at 1 A g − 1 ( Figure 7 e). By com-
arison, the capacity of the MnO 2 //Zn cell decays dramatically from
82.6 mAh g − 1 to 63.4 mAh g − 1 , corresponding to a low capacity reten-
ion of 34.7%. In situ Raman spectroscopy was employed to investigated
he structure evolution of 𝛽-MnO 2 cathode in the MnO 2 //Zn@LDH cell
uring cycling ( Fig. 7 f). Two weak peaks located at 317 and 373 cm 

− 1 

region 1) are attributed to B g and E u vibrational active modes of MnO 2 ,
espectively, which are concerned with tunnel ions. And the strong peak
t 659 cm 

− 1 (region 2) is related to the A 1g vibration mode of MnO 6 oc-
ahedral double chains. [58-60] The strong peak in region 2 shows a
edshift trend during the discharge process, and gradually recovers to
ts initial position during the charging process. Moreover, the intensity
f these two peaks in region 1 remain unchanged during the flat volt-
ge curve range of AB but decay significantly in the sloping voltage
urve range of BC, indicating that the crystalline structure change in-
uced by ions insertion during the final discharge process is relatively
arge. However, these peaks basically recover to their initial states after
harging to 1.8 V, confirming the excellent stability of the MnO 2 host
tructure. These results provide strong evidence for the reversible ion in-
ercalation/deintercalation processes MnO 2 //Zn@LDH cell, which may
e also associated with the fast Zn 2 + plating/stripping kinetics on the
n@LDH anode. 

Owing to the intrinsic low electrochemical kinetics of MnO 2 cath-
de, Zn//MnO 2 -based zinc-ion batteries may not meet the requirement
or high power applications. Therefore, we also fabricated hybrid zinc-
on capacitors (ZICs) coupled with commercial active carbon (AC) cath-
des. Benefiting from the excellent Zn 2 + plating/stripping reversibility
f Zn@LDH electrode at high rates, the loading mass of AC in cath-
des can reach up to 15 mg cm 

− 2 . When cycled between 0.2 and 2.0
, the AC//Zn@LDH ZIC maintains 93.7% of its initial capacity (~34.8
Ah g − 1 ) corresponding to an average CE exceeding 99.9% after more

han 10000 cycles at the high areal current density of 37.5 mA cm 

− 2 

 Fig. 7 g, S12). While the AC//Zn ZIC decays to 13.3 mAh g − 1 after only
200 cycles, and the CEs are destabilized aggressively after 3500 cycles
wing to the ever-increasing formation of dead Zn. As shown in Table
2, the electrochemcial performance of the Zn@LDH//AC hybrid ZICs
re prominent compared with other Zn-based aqueous supercapacitors
n terms of loading mass, areal current densities and capacity retention.

. Conclusions 

In conclusion, an Mg-Al LDH-based artificial SEI was fabricated on
he surface of Zn foil to inhibit the growth of Zn dendrites and prevent
ide reactions. The well-aligned layer structure in Mg-Al LDH exhibit
he lowest diffusion energy barrier of only 0.131 eV, which can serve as
apid ion channels for redistributing Zn-ion flux at the interface. In ad-
ition, in situ Raman, ex situ XRD and ex situ XPS measurements of the
n@LDH electrode proved the excellent stability of the artificial SEI,
hich can effectively inhibit H 2 O-induced corrosion and HER during

lectrochemical cycling. The prominent advantages of Mg-Al LDH-based
rtificial SEI render an ultra-stable and dendrite-free Zn deposition be-
avior, verified by in-situ optical microscope observation, ex-situ SEM
nd COMSOL numerical simualtion. Consequently, the Zn@LDH elec-
rode exhibits high Coulombic efficiency of 99.2% over 2000 cycles and
ltralong cycle life ( > 1400 h) with low voltage polarization (~31.6 mV
t 0.5 mA cm 

− 2 ). Moreover, zinc-ion full cells and zinc-ion capacitors
sing the Zn@LDH electrode as anode display remarkable cycling stabil-
ty and rate capability. The rational design of Mg-Al LDH-based artificial
238 
EI provides a fundamental and fresh insight into the development of
ighly stable and reversible Zn metal anodes toward next-generation
queous electrochemical energy storage technologies. 
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