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Abstract: Aqueous zinc batteries (AZBs) show promising applications in large-scale energy storage
and wearable devices mainly because of their low cost and intrinsic safety. However, zinc metal
anodes suffer from dendrite issues and side reactions, seriously hindering their practical applica-
tions. Two-dimensional (2D) materials with atomic thickness and large aspect ratio possess excellent
physicochemical properties, providing opportunities to rationally design and construct practically
reversible zinc metal anodes. Here, we systematically summarize the recent progress of 2D materials
(e.g., graphene and MXene) that can be used to enable dendrite-free zinc metal anodes for AZBs.
Firstly, the construction methods and strategies of 2D materials/Zn hybrid anodes are briefly re-
viewed, and are classified into protecting layers on Zn foils and host materials for Zn. Secondly,
various 2D material/Zn hybrid anodes are elaborately introduced, and the key roles played by 2D
materials in stabilizing the Zn/Zn?* redox process are specially emphasized. Finally, the challenges
and perspectives of advanced 2D materials for advanced Zn anodes in next-generation AZBs are
briefly discussed.

Keywords: 2D materials; aqueous zinc batteries; zinc metal anode

1. Introduction

Aqueous zinc batteries (AZBs) are deemed as promising next-generation battery tech-
nology for wearable devices and large-scale energy storage applications [1-6], which is
mainly ascribed to several advantages of zinc metal anodes, such as low electrochemical
potential (—0.76 V vs. SHE) [7-10], high hydrogen evolution reaction overpotential, and
low cost. During the past decade, great efforts have been made to improve the conduc-
tivity of cathode materials and inhibit the cathode dissolution in mild electrolytes [11-13].
Unfortunately, notorious zinc dendrite issues and side reactions (e.g., hydrogen evolution
reaction and corrosion reaction) in traditional aqueous electrolytes seriously deteriorate
the reversibility of zinc metal anodes, which has been recognized as a major obstacle to
construct high-performance AZBs [14-18].

To address the above challenges, two effective strategies, including protecting lay-
ers on Zn [19-23], and advanced host materials for Zn [24-26], have been frequently
employed [12,27-30]. For example, a nitrogen-doped, graphene (NG)-based protecting
layer on a Zn anode could achieve dendrite-free Zn deposition with (002) plane orien-
tation; therefore, the resulting NG/Zn-based symmetrical cell could exhibit 600 and
150 cycles at 1 and 5 mA cm ™2 [31], respectively. Notably, two-dimensional (2D) materials
with atomic thickness and large aspect ratio possess excellent physicochemical properties;
specifically, graphene nanosheets possess excellent mechanical flexibility, a high theo-
retical specific surface area (SSA) of 2630 m? g’l, and superior electrical conductivity
of 107 Sm~! [32-41]. In addition, MXene nanosheets have abundant surface functional
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groups (e.g., -F, -O, -Cl), good electrical conductivity of 60-80 Sm~!, high Young’s modulus
up to 0.33 TPa, and a fast ion diffusion coefficient [42—44]. Remarkably, 2D materials can
be easily assembled into macroscopical films or aerogels, which can be further employed
as protecting layers on Zn or host materials for Zn. For example, MXene nanosheets
were assembled on Zn anodes, and the resulting hybrid anodes exhibited improved ion
transport kinetics, and suppressed Zn dendrites and side reactions; thus, excellent elec-
trochemical performance was achieved, such as a high capacity retention of 81% after
500 cycles (1 A g~ 1), and a low voltage hysteresis of 47 mV (0.2 mA cm2) [43,45]. As
another typical example, when covalent organic framework (COF) films with ultrathin
thicknesses of 10-200 nm and a large area were coated on Zn anodes, they could preclude
the formation of by-products and homogenize the Zn deposition; as a result, symmetrical
Zn cells delivered an extended cycling life of 400 h at 1 mA cm~2 and 1 mAh em~2 [46].
However, the rational design and construction of 2D material-based protecting layers on Zn
or host materials for AZBs remain challenging, which is mainly caused by the poor contact
between 2D materials and metal Zn, and limited zincophilic sites [1,47-53]. Therefore, it is
timely and necessary to systematically review the recent progress of 2D materials for Zn
metal anodes, and summarize the lessons to provide valuable and objective guidelines that
will be valuable for designing more advanced zinc metal anodes for AZBs [54-57].

Herein, the recent progress of dendrite-free zinc metal anodes enabled by 2D mate-
rials (e.g., graphene, MXene and other 2D materials) in AZBs is systematically reviewed.
Firstly, we summarize common construction strategies of 2D material /Zn hybrid anodes.
Then, various 2D materials/Zn hybrid anodes are specially elaborated to demonstrate the
enhanced electrochemical performance caused by the presence of 2D materials (Figure 1).
Finally, challenges and prospects of 2D materials for high-performance reversible Zn anodes
in the next-generation AZBs are briefly discussed.
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Figure 1. Schematic of 2D materials for Zn metal anodes in high-performance AZBs.
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2. Construction Strategies of 2D Material/Zn Hybrid Anodes

Various 2D materials possess unique physicochemical properties; however, the severe
agglomeration of 2D materials usually occurs because of the Van der Waals’ force and,
correspondingly, their excellent properties cannot be fully exploited. Therefore, it is of
great importance to adopt suitable strategies to construct 2D material /Zn hybrid anodes in
order to maximize the function of 2D materials. Common construction strategies mainly
include blade coating, the Langmuir-Blodgett method and dipping coating, electrochemical
deposition, three-dimensional (3D) printing, and other methods, which will be elaborately
introduced in this section.

2.1. Blade Coating

The blade coating method is frequently used for constructing protecting layers on Zn
anodes because of its easy operation, which generally involves two steps. The selected
2D material is firstly mixed with an appropriate amount of binder in suitable solvents to
prepare uniform slurry; subsequently, the slurry is uniformly blade-coated on the surface
of zinc foils. After drying, the targeted 2D material/Zn hybrids can be obtained. Using
such a facile method, the thickness of the protecting layers can be easily controlled via
changing the viscosity of the employed slurry or the space between the blade and the
substrate surface. Notably, the non-aqueous binders (e.g., polyvinylidene fluoride (PVDF))
are normally dissolved into N-methylpyrrolidone (NMP) solvent. For example, Hao et al.
mixed NG and PVDF in an NMP solvent with a mass ratio of 9:1, and the resulting slurry
was coated on Zn foil, resulting in an NG-based artificial protective layer on Zn anode [58].
Similarly, Li et al. blended MXene nanosheets with PVDF under a mass ratio of 95:5 in
NMP solvent, and then, the resulting slurry was blade-coated on pre-cleaned Zn foil [59].
In addition, graphene oxide (GO)-modified 2D boron nitride (BN) was selected to mix
with PVDF in an NMP solvent to evenly coat the Zn foil surface by means of a scraper
after continuous ultrasonic agitation [60]. As for aqueous binders, water is commonly
selected as the disperse solvent. For instance, Zhou et al. ultrasonically treated GO power,
a water binder, and water to prepare GO-based slurry for Zn anode coating [61]. Moreover,
N-richened surfactant-polydiallyldimethylammonium chloride (PDDA) was added into
an alkalized TizC,Tx MXene colloidal solution to disperse selenium powder (Se), giving
birth to a Ti3Cy Ty MXene@PDDA®@Se ink, which could be directly coated on the surface
of Zn foils [62]. Furthermore, chitosan was selected as a strong chelator to mix with
MXene suspension with a mass ratio of 1:5 to obtain a uniform and viscous suspension,
which was further coated on a Zn foil (Figure 2a) [63]. As another example, coating and
polymerization were integrated into a single step simultaneously; specifically, 2-acrylamido-
2-methylpropanesulfonic acid (AMPS) powder and acrylic acid (AA) can be polymerized in
an ice bath to generate P(AA-co-AMPS) hydrogel. When MXene nanosheets were added in
the reaction system, the P(AA-co-AMPS)-MXene hydrogel could be obtained, and based on
such a principle, the P(AA-co-AMPS)-MXene hydrogel could be directly coated and formed
on zinc foil [64]. Such a strategy is facile and facilitates the intimate interface between
P(AA-co-AMPS)-MXene and Zn metal.

2.2. Langmuir-Blodgett Method and Dipping Coating

Both the Langmuir-Blodgett method and dipping coating methods can achieve ultra-
thin films on the target substrate. In the case of the typical Langmuir-Blodgett method,
amphiphilic molecules with both hydrophilic and hydrophobic functional groups disperse
at the liquid/air interface, and gradually gather together to form a monomolecular layer;
subsequently, such an ultrathin layer can be transferred onto the target substrate. For
instance, NG dispersion in ethanol was added into water, and NG could be evenly spread
on the upper surface of water, generating a thin NG-based film. When Zn foil was pulled
out of the solution, NG could spontaneously coat on the Zn foil (Figure 2b) [31]. The
dipping coating method is another commonly used method to construct protecting coatings
on Zn anodes. Especially benefitting from the potential differences between the modifying
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materials and metal zinc, the 2D materials can be spontaneously and uniformly deposited
on Zn foils when they are pulled from the immersion solution, and the thickness of the
2D material-based protecting layers can be easily controlled by the concentration of 2D
materials and dipping coating times. Not limited to graphene, MXene nanosheets can
also be intimately deposited on Zn foils based on similar principles, and the amount of
deposited MXene nanosheets on Zn foil can be regulated by simply adjusting the reaction
time or the MXene concentration of the immersion solution [45,65].

2.3. Electrochemical Deposition

Electrochemical deposition is a facile and safe strategy to construct 2D material /Zn
hybrid anodes, in which 2D materials are usually employed as one electrode, and Zn
salts (e.g., ZnSQOy) are dissolved in the electrolytes, and when an electric field is applied,
Zn?* ions are reduced to Zn at the electrolyte/electrode. When porous host electrodes are
employed, 2D material/Zn hybrid anodes with high SSA can be obtained. Therefore, such
electrochemical deposition is frequently employed to construct 2D material based host/Zn
hybrid anodes. For a typical example, Wu et al. used graphene-like carbon film (GCF), Pt
foil, and Ag/AgCl as the working electrode, counter electrode, and reference electrode [66],
respectively, and metallic zinc was electrochemically deposited onto GCF in a solution of
0.2 M ZnSO4 and 0.5 M Na3CgH507-2H,0, giving rise to the Zn@GCF hybrid anodes. In
addition, Zn foils can be directly employed as the electrode substrate with the precursors
of targeted 2D materials existing in electrolytes. When a certain electrical field is applied,
due to the guide of the electrical field, 2D materials usually show vertical orientation on
Zn substrates. For example, Sanket prepared Zn@MoS; by using a three-electrode system
with a Zn working electrode, Pt counter electrode, Ag/AgCl reference electrode, and 5 mM
ammonium tetrathiomolybdate as the electrolyte (Figure 2c) [67]. Notably, during the
process of electrodeposition, heterogeneous nucleation and subsequent growth behaviors
determine the final structures of electrodeposited zinc.
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Figure 2. Construction strategies for 2D material /Zn hybrid anodes. (a) blade coating, reproduced
with permission from Ref. [63] Copyright 2022, Elsevier. (b) Langmuir-Blodgett and dipping coating,
reproduced with permission from Ref. [31] Copyright 2021, Wiley-VCH. (c) electrochemical deposi-
tion, reproduced with permission from Ref. [67] Copyright 2020, American Chemical Society. (d) 3D
printing, reproduced with permission from Ref. [68] Copyright 2021, Elsevier.

2.4. 3D Printing

3D porous electrodes allow ions to diffuse in random directions, facilitating faster
reaction kinetics than bulk counterparts; in this regard, 3D printing is an effective technique
to customize desired 3D structures for high-performance AZBs, and the advantages of
such a method includes customization of complex architectures and precise control of an
electrode’s shape and thickness. As a typical example, urea was employed to prepare g-
C3Ny4 mainly via a polycondensation reaction and ultrasonic peeling, and the as-fabricated
g-C3Ny-based ink could be 3D printed on the surface of a zinc anode (Figure 2d) [68].
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Importantly, the printed g-C3Ny layer could play a significant role in realizing the uniform
deposition of zinc. Notably, the key to 3D printing is the successful fabrication of 2D
material-based inks with suitable viscosity and surface tension; so far, only graphene and
MXene-based inks have been reported for 3D printing. Obviously, in the near future, other
2D materials will be ready to be exploited for 3D printing ink and further application in
advanced Zn metal anodes.

2.5. Other Methods

Apart from the mentioned approaches, other methods have also been developed to
achieve the application of 2D materials in high-performance Zn anodes. Specifically, when
2D materials are used as the host for metallic Zn, fast ion transport in a 2D direction can
be ensured; meanwhile, rich surface functional groups or atoms of 2D materials can be
used as zincophilic sites to lower the nucleation barrier energy and induce homogeneous
zinc deposition. Mechanically rolling or pressing ductile Zn metal with 2D materials under
external pressure is the most direct way to employ 2D materials as Zn hosts. For example,
zinc foam was firstly immersed into a GO solution, and GO nanosheets were reduced to
graphene oxide (rGO) by Zn to fill in the large pores of Zn [69]. Subsequently, the resulting
hybrid foam was mechanically compressed under a pressure of 8 MPa; thus graphene
interpenetrated Zn (GiZn) hybrid foils were obtained and, notably, the robust GiZn could
ensure the intimate interactions between graphene and Zn and avoid the falling off of
graphene, demonstrating the superiority of such a method for advanced Zn anodes.

3. Application of 2D Materials in Zn Anodes

As we mentioned above, zinc metal anodes have attracted great attention for AZBs
because of their high hydrogen evolution overpotential and suitable redox potential [36,70-72].
However, unlimited growth of zinc dendrites and side reactions between Zn and aqueous
electrolytes usually result in low Coulombic efficiency and undesirable cycling life, seriously
hindering their commercial applications. In this regard, 2D materials with ultra-thin thickness
and excellent properties can be employed to guide uniform Zn-ion flux via physical or
chemical effects when they are employed as protecting layers on Zn metal anodes, and local
current density can be reduced when 2D materials are employed as advanced Zn hosts
with high SSA. With the consideration of so many choices of 2D materials (e.g., graphene,
MXene), advanced 2D material/Zn hybrid anodes can be expected to achieve desirable
electrochemical performance. In addition, to better compare the differences of various 2D
materials and electrodes, various 2D material/Zn hybrid anodes and their key electrochemical
performances are summarized in Table 1.

Table 1. A summary of various reported 2D material/Zn hybrid anodes.

TK/}[):t:rfiiP Anode Name Voltage Hysteresis Olj:ri:f)::ﬁ?al Life Span Average CE Refs.
7Zn@PG 58 mV (1 mA cm™2) 40 mV 400 h (1 mA cm™2) 97.37%/100 [73]

7Zn@rGO - ~20 mV 300 h (1 mA cm™2) - [74]

FLG@Zn 69 mV (1 mA cm™2) 54 mV 500 h (1 mA cm™2) 98%/100 [75]

NG@Zn 372mV (1 mA cm2) 843 mV 500 h (1 mA cm™2) - [58]

NGO@Zn 17 mV (1 mA cm—2) 1200 h (1 mA cm~2) 99.5%,/250 [31]

Graphene MZn - 11 mV 2000 h (0.5 mA cm™2) - [76]
PEDOT:PSS/GS@Zn - 66 mV 500 h (1 mA cm—2) 98%/100 [771

ZGL@Zn 42 mV 108 mV >2180 h (0.5 mA cm—2) 99.6% /1450 [78]

GiZn 30.4 mV (0.5 mA cm~2) 35mV 792 h (0.5 mA cm™2) 96.8%/200 [69]

Zn/GCF - - 100 h (1 mA cm—2) ~100%/100 [66]

GQDs 50 mV (0.8 mA cm™2) 36.5 mV 2200 h (0.8 mA cm~2) - [79]
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Table 1. Cont.

Tﬁ:t:rfiiP Anode Name Voltage Hysteresis Olj:rc;z::;otri‘al Life Span Average CE Refs.
Ti3CoTx MXene@Zn 75mV (1 mA cm™2) - 300 h (1 mA cm™2) 94.13%/400 [80]
7ZnGaln//MXene 25 mV (1 mA cm™2) ~0mV 600 h (1 mA cm~2) - [81]

MCF@Zn 63 mV (10 mA cm~2) 14 mV 300 h (10 mA cm™2) 97.72%/500 [82]

LF-MXene 63 mV (5 mA cm~2) 32mV 280 h (5 mA cm2) - [83]

MXene@Sb - - 1000 h (0.5 mA cm—2) 97.2%/1500 [84]

MZn 47 mV (0.2 mA cm~2) 16 mV >800 h (0.2 mA cm™—2) - [45]

MXene TizCoClp.Zn <103 mV (2 mA cm~2) 40.7 mV >840 h 2 mA cm™2) 99.3%/200 [59]
S/MX@ZnS@Zn 27 mV (1 mA cm™2) - 1100 h (1 mA cm™2) - [85]
MXemI;]@/ZS;e@Zn 35mV (1 mA cm2) 20 mV 2500 h (1 mA cm~2) - [62]

MX-TMA@Zn ~60 mV (2 mA cm™2) - 3600 h (2 mA cm™2) - [65]

MX/CS@Zn 76 mV (0.5 mA cm~2) 31 mV 2100 h (1 mA cm™2) >99% /500 [63]

PASM-Zn - - >1900 h (0.2 mA cm~2) - [64]

MXene-mPPy/Zn 29 mV (1 mA cm~2) 10 mV 2500 h (0.2 mA cm2) - [86]

BN@Zn 254 mV (1 mA cm~2) 27 mV 3000 h (1 mA cm~2) 99.3%/150 [87]

BNNFs@Zn 51 mV (1 mA cm~2) - 1600 h (1 mA cm—2) - [88]

Other 2D S-BN@Zn 45 mV 26 mV 2500 h (2 mA cm—2) 99.5%/60 [89]
materials MoS,@Zn - 120 mV >150 h (2.5 mA cm™2) - [67]
LDH@Zn 37.7mV (1 mA cm~2) - 400 h (1 mA cm™2) 99.2% /2000 [90]

g-C3Ny@Zn 80 mV (2 mA cm~2) ~55 mV 500 h (2 mA cm—2) - [68]

GDY@Zn 25 mV (4mA cm~2) - >400 h (4 mA cm~2) 98%/200 [91]

FLG: a few layers of graphene; MCF: MXene-modified copper foam; GQDs: graphene quantum dots;
MZn: MXene-coated Zn; BNNFs: porous boron nitride nanofibers; S-BN: sulfonate-modified boron nitride
nanosheets; GDY: graphdiyne.

3.1. Graphene for Zn Anodes

Graphene possesses a large theoretical SAA and 2D ultrathin structure, greatly facil-
itating fast Zn ion transfer and parallel growth of Zn flakes caused by the crystal match
between graphene and (002) Zn. Importantly, graphene nanosheets can be grafted with
abundant functional groups, which can act as zincophilic sites to induce uniform Zn de-
position. In addition, graphene is also employed as a conductive host material for Zn,
reducing local current density and improving the electrical conductivity of the hybrid
anodes [92,93]. In the following content, typical examples of graphene/Zn hybrid anodes
will be elaborated to demonstrate the unique roles of graphene for advanced Zn anodes.

Graphene-based coating layers play a crucial role in inhibiting zinc dendrite growth
by providing abundant zincophilic sites and regulating uniform Zn-ion flux [94]. Moreover,
the thickness of the coating layers also determines the energy barriers for Zn?* ion transport
kinetics. For instance, Du et al. mixed pristine graphene (PG) with Zn for the synthesis of
hybrid anode (PG@Zn), in which Zn particles were well adhesive enough to integrate with
each other into one electrode without the help of adhesives (Figure 3a) [73]. As a result,
the notorious zinc dendrite issue was well solved since horizontal zinc flakes were evenly
deposited due to the matched hexagonal lattice structures between PG and Zn. Compared
with Zn foil-based symmetric cells with a cycle life of 70 h, Zn@PG based symmetric cells
could cycle steadily for more than 400 h (1 mA cm~2) (Figure 3b), which is superior to
most reported Zn anodes (Figure 3c). Another outstanding advantage of the Zn@PG anode
is the low mass loading and high utilization of Zn; correspondingly, the whole battery
showed a high energy density of 80 Wh kg !, which is twice than that of a pure Zn anode.
Meanwhile, a high rate capacity of 240 mA g~! (1 A g~!) was also achieved. Such an anode
design integrates well with graphene nanosheets with Zn particles (instead of traditional
Zn foils), demonstrating the promising application of graphene nanosheets for flexible and
high-energy-density AZBs.
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Figure 3. (a) The schematic diagram of the Zn deposition progress on Zn@PG. (b) Long-term cycling
performance of Zn@PG||Zn@PG and Zn||Zn symmetric cells at 1 mA cm~2. (c) A comparison of
electrochemical performance between Zn@PG symmetric cells and reported anodes. Reproduced with
permission from Ref. [73] Copyright 2022, Elsevier. (d) SEM image of FLG. (e) EIS curves of Zn||Zn
and FLG@Zn| FLG@Zn symmetrical cells. (f) Cycling performance of Zn/MnO, and FLG@Zn/MnO,
cells at 10 A g~!. Reproduced with permission from Ref. [75] Copyright 2022, Wiley-VCH.

Not limited to PG, GO nanosheets were also employed to modify Zn metal anodes.
Compared with a pure Zn anode, the GO-modified Zn exhibited faster transfer kinetics,
reduced the zinc dissolution problem in mild acid electrolyte, and greatly improved Zn
utilization [61]. It was worth noting that the optimal electrochemical performance was
achieved when GO accounted for 1.92 wt.% of the total anode mass. In contrast to the bare
Zn anode, the impedance of a GO-coated Zn electrode in its electrochemical impedance
spectroscopy (EIS) was significantly reduced. Moreover, GO nanosheets were sponta-
neously reduced by Zn, and the resulting rGO nanosheets uniformly distributed on the
surface of Zn, and greatly promoted the uniform Zn-ion flux for even Zn deposition [74].
Moreover, the thickness of the rGO layer could be adjusted by the Zn soaking time in GO
suspension; correspondingly, the voltage hysteresis of Zn@rGO anode varied. Notably,
the cycled Zn@rGO anode still maintained a smooth surface after 100 cycles, and in sharp
contrast, obvious dendrites could be observed in the case of bare Zn anodes. Importantly,
the Zn@rGO anode enabled the assembled full battery to stably cycle 2000 times with a
high capacity retention of 88%. With the consideration of the rich surface chemistry of
GO as well as its low cost, we believe that GO will play an increasingly important role in
constructing advanced Zn metal anodes.

Notably, the thicknesses of the protecting layers on Zn anodes can significantly influ-
ence the final electrochemical performance. For instance, FLG with few functional groups
was beneficial to reduce the energy barrier for zinc ion transport and homogenize zinc ions
uniformly [75]. Subsequently, the FLG was sprayed onto a Zn anode to prepare FLG@Zn
hybrid anodes (Figure 3d). Importantly, the impedance of a FLG@Zn-based symmetric cell
was only 150 Q) (Figure 3e), obviously smaller than that of the pure Zn based counterpart.
Moreover, the FLG@Zn-based Zn/MnO, batteries delivered a high capacity retention of
97% after 5000 cycles at 10 A g~ ! (Figure 3f).

To provide more active sites to regulate Zn deposition, NG was effectively synthesized
via annealing the graphene in an NH3; atmosphere [58]. Notably, the nitrogen species
were beneficial to interact with Zn ions for uniform Zn-ion flux; meanwhile, the nuclear
barrier of the NG@Zn-based symmetric cell was only 84.3 mV, much smaller than that of
the bare Zn-based counterpart (139.8 mV). In addition, Chen and co-workers prepared a
nitrogen-doped graphene oxide (NGO) coating layer using the Langmuir-Blodgett method
(Figure 4a) [31], and the thickness of the NGO layer could be easily adjusted by varying the
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concentration of precursor solution. Importantly, the NGO@Zn symmetric cell exhibited
a stable cycling life of 1200 h at 1 mA cm 2 (Figure 4b), and the capacity retention of
the NGO@Zn-based full battery was 94% after 300 cycles at 0.5 C (Figure 4c), indicating
the unique roles of NGO for enhanced electrochemical performance. Theoretically, other
heteroatom doping (e.g., S, P, and B) can play similar roles, which is ready to be confirmed
by experimental results in the future.
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Figure 4. (a) The SEM illustration of the surface of NGO; long-term cycling performance of
(b) NGO@Zn|[NGO@Zn and Zn|Zn symmetric cells at 1 mA cm™2? and (c) LMO||Zn and
LMOINGO@Zn full cells at 0.5 C. Reproduced with permission from Ref. [31] Copyright 2021,
Wiley-VCH. (d) SEM image of the surface of ZGL. (e) Voltage profiles of pristine Zn and ZGL@Zn
symmetric cell at 0.5 mA cm~2. (f) Self-discharge curves of the Zn|[MnO, and ZGL@Zn||[MnO, cells.
Reproduced with permission from Ref. [78] Copyright 2022, Elsevier.

To further widen the functionalities of the graphene-based protecting layers on Zn, other
functional materials were also selected to modify the graphene nanosheets. For example, a
bilayer composite consisting of a copper nanosheet and GO nanosheets was synthesized, and
subsequently coated on the surface of the Zn anode [76]. The as-fabricated hybrid possessed
several advantages. Firstly, the poor conductivity of GO avoided possible side reactions
between the Zn and the electrolyte. Secondly, copper nanosheets not only enhanced ion
transfer kinetics, but also reduced the nucleation barrier. Consequently, the modified Zn-based
symmetric cells achieved an ultra-long stable cycle of 2000 h, which is 10 times longer than that
of pure Zn. Importantly, the modified Zn endowed an AZB full battery with a high capacity
retention of 86% after 600 cycles at 1 A g~!, significantly higher than that of pure Zn (59%).
Conductive polymers were also employed as hybrids with graphene; for instance, conductive
poly(3,4-ethylenedioxythiophene)-poly(Styrenesulfonate) (PEDOT:PSS) was electrochemically
deposited on graphene nanosheets (GSs) [77] to synthesize the PEDOT:PSS/GS hybrid, and
the presence of PEDOT:PSS greatly improved the conductivity of the hybrid electrodes
and lowered the polarization. Consequently, when PEDOT:PSS/GS was coated on Zn, the
resulting hybrid anode (PEDOT:PSS/GS@Zn) endowed the corresponding symmetric battery
with a cycling life of 500 h, obviously longer than the bare Zn-based counterpart (85 h),
and the as-assembled PEDOT:PSS/GS@Zn|MnO; battery displayed an impressive cycle
life of 8000 h at 1 A g~!. Furthermore, Prasit and co-workers coated polypyrrole/rGO
composites (PPy/rGO) on Zn surfaces [95]. Specifically, PPy had a better wetting ability
than its inorganic counterparts, facilitating fast Zn-ion diffusion kinetics. As a result, when
PPy /rGO was coated on a Zn anode, the resulting hybrid anode (Zn-PPy/rGO) endowed
the corresponding symmetric cell with a voltage hysteresis of 25 mV, which is much smaller
than the value of a Zn||Zn symmetric cell (89 mV). Importantly, the Zn-PPy/rGO|[MnO,
battery exhibited a high initial discharge capacity of 325 mAh g~! at 0.5 A g ! and a capacity
retention of 50% after 300 cycles. Moreover, GO nanosheets were firstly modified by a
zeolitic imidazolate framework (ZIF-8) (Figure 4d); subsequently, with the help of PVDF, a
multifunctional protective layer (ZGL) was built on Zn foil [78]. Specifically, the presence of
a ZGL layer could isolate zinc from the electrolyte to a large extent, effectively avoiding the
occurrence of side reactions. Therefore, no dendrites and by-products could be observed in
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the as-fabricated ZGL@Zn || ZGL@Zn symmetric cell; importantly, the symmetric cell exhibited
a cycling life of over 2000 h at 0.5 mA cm ™2, longer than the control cell with bare Zn (150 h)
(Figure 4e). In addition, the ZGL@Zn|MnO, full battery displayed an anti-self-discharge
ability (Figure 4f), as evidenced by 98% of the original voltage after a rest time of 48 h,
higher than that of the Zn|[MnO; cell (87%). Despite the great progress of graphene—based
hybrids for Zn metal anodes, the synergistic effects between graphene and its modification
have not yet revealed; therefore, in the future, more efforts should be exerted to screen
the best modification material and disclose the mentioned synergistic effects for enhanced
electrochemical performance.

Not limited to protecting layers, graphene-based materials can act as advanced hosts
for Zn [78]. As a typical example, rGO nanosheets were firstly assembled on the Zn
skeletons, and then, the obtained hybrid was subjected to mechanical compression for the
synthesis of graphene-interpenetrated zinc anode materials (GiZn) [69]. Specifically, rGO
not only provided zincophilic sites, but also induced homogeneous Zn deposition. Conse-
quently, GiZn-based symmetrical cells exhibited enhanced Zn electrochemical performance,
such as a low voltage hysteresis of 30.4 mV and a high areal capacitance of 30 mAh cm 2
at 0.5 mA cm~2. Meanwhile, the as-fabricated GiZn|[MnO, cathodes delivered a specific
capacity of 168 mAh g~ ! at 8 C, much higher than that of the counterpart with pure Zn
anodes (72 mAh g_l). Furthermore, Wu et al. firstly synthesized GCF from graphite
paper using the electrochemical intercalation method [66], and the GCF possessed a unique
2D-3D hybrid grid, and thus could work as conductive hosts for Zn. Therefore, Zn was
electrochemically deposited on GCF to prepare Zn/GCEF hybrid anodes. Importantly, the as-
sembled AZBs displayed high capacities of 381.8 and 379 mAh g~! at 100 and 3000 mA g~ !,
respectively, demonstrating the unique roles of GCF for advanced AZBs.

In addition, graphene can be used as an electrolyte additive to optimize the electro-
chemical performance of a Zn anode. For example, GQDs with abundant oxygen-containing
functional groups in electrolytes were conducive to bind with Zn?* ions, promoting uniform
Zn deposition of Zn [79]. As a result, GQDs were endowed with the as-assembled AZBs
with a high capacity retention of 70% at 0.5 A g~ ! after 500 cycles, higher than the value of
the counterpart without GQDs (58%). Such pioneer works may enlighten researchers to
rationally design advanced electrolytes with 2D material-based additives.

3.2. MXene for Zn Anodes

MXene possesses excellent conductivity and hydrophilicity, and the presence of MXene
nanosheets on Zn foils may improve the anode/electrolyte interface, distribute the Zn-ion
flux, and provide abundant zincophilic sites to induce dendrite-free Zn deposition [96-98].
Notably, MXene nanosheets with high aspect ratio can be assembled into porous films or
aerogels, which could be further employed as hosts for Zn deposition, effectively avoiding
the excessive Zn in traditional Zn foil anodes with low energy density. When MXene
nanosheet-based coating layers are chosen to modify the Zn anode surface, rapid ion and
electron transfers could be simultaneously ensured; moreover, the direct contact between
the electrolyte and Zn is effectively prevented, physically inhibiting the growth of dendrite
and the occurrence of corrosion reactions. In the following section, MXene hosts for Zn and
MXene coatings on Zn will be elaborated in detail.

3.2.1. MXene Hosts for Zn

As we mentioned above, MXene nanosheets can be assembled into flexible papers
without auxiliary materials and employed as advanced hosts for Zn. For example, after a
Zn plating time of 20 h, the as-fabricated MXene|Zn hybrid anode (Ti3CoTx MXene@Zn)
maintained a smooth surface without obvious protrusions and filaments [80]. Importantly,
the Ti3CyTx MXene@Zn||Zn asymmetric battery achieved a high Coulombic efficiency
of 100% after 400 cycles at 5 mA cm—2. Furthermore, MXene film was selected as a
substrate for zinc-enriched liquid metal (ZnGaln) loading, in which metal indium could
act as the nucleation sites to induce uniform Zn deposition [81]; correspondingly, the
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nucleation barrier of Zn was greatly reduced. Specifically, compared with the nucleation
overpotentials of MXene (10 mV), Al foil (39 mV), Ti foil (43 mV), and Zn foil (46 mV), the
fabricated ZnGaln//MXene anode showed negligible nucleation overpotential at 0.1 mA
cm 2 (Figure 5a). Impressively, the ZnGaln/ /MXene also showed excellent flexibility, and
no capacity decay could be observed for the bent ZnGaln//MXene-based symmetric cells
(Figure 5b), demonstrating their promising application in flexible devices.

T ey b
3 Mass vanster-conbroed

Voltage (V)
°
=
Voltage (V)

—— ZnGain/MXene
& MXene layers

-“:‘: o :
éf 4 :—ZnGaInI/M:Xene
— Z0Galn//Ti;

200

60 CF
* MCFE

20 1 mAh cm? 5 mA em?

Coulombic efficiency (%)

=

100 pm 0 100 200 300 400 500
Cycle number

‘giﬂo' « JamA cm? ~ 1.0 mAh cm?]
3 .s

v1oo:-5‘(' s 7

)

c

2

O s0fs

E v

W 40

o

L 20 ]

o S 0’ * MXene@Sb-300

Time (h) 3 ° g e oo

o Cycle Number

Figure 5. (a) Nucleation overpotential of Zn deposition on ZnGaln|MXene and other foils at
0.1 mA cm—2. (b) Voltage profiles of ZnGaln|MXene and ZnGaln||Ti symmetric cells at different
bending angles, reproduced with permission from Ref. [81] Copyright 2022, Wiley-VCH. Cross-
sectional SEM images of (c) cycled CF@Zn and (d) MCF@Zn. (e) Coulombic efficiencies of Zn | CF
and Zn | MCF half cells at 5mA cm~2 and 1 mAh cm 2, reproduced with permission from Ref. [82]
Copyright 2022, Elsevier. (f) Long-term cycling performance of Zn@MXene@Sb || Zn@MXene@Sb
and Zn||Zn symmetric cells at 0.5 mA cm~2 and 0.5 mA cm~2. (g) Coulombic efficiencies of
Zn|MXene@Sb and Zn||Ti cells at 10 mA cm ™2 and 1 mAh cm~2, reproduced with permission
from Ref. [84] Copyright 2021, Elsevier.

MXene nanosheets are also applied as modified layers on current collectors/hosts
to induce dendrite-free Zn deposition. As a typical example, MXene nanosheets were
firstly employed to modify copper foam (CF), and the corresponding hybrid (MCF) could
provide abundant Zn nucleation sites and homogenize Zn-ion flux [82]. Furthermore,
after Zn deposition, the thickness of the resulting MCF@Zn hybrid anode (342 pm) was
obviously thinner than that of CF@Zn electrode (408 um) (Figure 5¢,d), indicating that
volume expansion of electrodes during charge/discharge cycles was effectively alleviated.
Furthermore, with the help of MCEF, an average Coulombic efficiency of 97.72% could
be achieved at 5 mA cm~2 (Figure 5e). In addition, functional groups of MXene can
significantly influence the final electrochemical performance. For example, when MXene
nanosheets with less F-contained function groups were deposited on Zn foils, MXene
could effectively accelerate Zn?* ion transfer and homogenize local current distribution
and nucleation sites; interestingly, the horizontal growth of Zn with a flat surface was
achieved at 2.5 mAh cm~2. Importantly, the resulting hybrid anode could achieve a cycling
life of 280 h with a low voltage hysteresis of 63 mV at 5 mA cm~2 and 5 mAh cm~2 [83].
Those advances demonstrate the superiority of MXene nanosheets for high-performance Zn
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anodes well; however, the chemical stability of MXene nanosheets should not be ignored
since MXene nanosheets tend to be oxidized to corresponding metal oxides; meanwhile,
the conductivities of MXene nanosheets decrease rapidly.

Some anti-corrosive metals (e.g., Cu, Sb) were also reported as composites with
MXene to synergistically inhibit side reactions between the Zn and the electrolyte. For
instance, MXene paper was employed as a Zn host, and Sb was introduced into the
hybrid anode, which could be used in-situ to transform the ZnSb phase during the Zn
deposition process; as a result, the assembled symmetrical cell could operate for 1000 h
(0.5 mA cm~2 and 0.5 mAh cm~2) and 500 h (5 mA cm~2 and 5 mAh cm~2) (Figure 5f) [84],
respectively. Benefitting from the synergistic effect between antimony and MXene, the
MXene@Sb || Ti electrode guaranteed a cycling life of 600 times with good Coulombic
efficiencies at 10 mA cm~?2 (Figure 5g). In the future, the feasibilities of other anti-corrosive
metal/MXene hybrids are ready to be evaluated for dendrite-free zinc anodes.

3.2.2. MXene Coatings on Zn

Not limited to MXene-based hosts for Zn, MXene nanosheets are frequently applied
as protecting layers on Zn foils to greatly improve the wettability of electrolyte/electrode
interfaces, and homogenize the dispersion of Zn-ion flux for uniform Zn deposition. For
example, the Zn foils with an MXene coating (MZn) exhibited better electrolyte wettability
than pure Zn, and a long cycling life of 800 h with a low voltage hysteresis of 47 mV at
0.2 mA cm~2 could be achieved, indicating the key roles of MXene in promoting uniform
Zn-ion flux and electric field distribution [45]. In addition, function groups on MXene
nanosheets greatly influence the functions of MXene-based protecting layers. For instance,
MXene nanosheets with different halogen function groups (Ti3C,Cly, Ti3CyBr; and TizCply)
were employed as coating layers on Zn [54], and TizC,Cl, MXene could achieve homo-
geneous Zn deposition and promote the formation of a coherent non-uniform Zn-MXene
interface to restrain Zn dendrites; therefore, the TizCyCly-Zn-based symmetric battery
delivered a cycling life of 840 h at 2 mA cm~2, which is about 13 times longer than of its
counterpart with bare Zn (65 h).

To provide more zincophilic sites, heteroatoms are frequently introduced to MXene
nanosheets. For instance, since sulfur or selenium can react with Zn to produce ZnS or
ZnSb nanoparticles with high ionic conductivity, sulfur-doped MXene nanosheets were
coated on a Zn anode, and ZnS was generated in-situ, resulting in the highly reversible
and dendrite-free hybrid anode (S/MX@ZnS@Zn) [85]. Importantly, the S/ MX@ZnS@Zn-
based symmetric cell exhibited a lower polarization of 27 mV and longer cycling life
of 1100 h (1.0 mA cm~2 and 1.0 mAh cm~2) than that of the Zn foil-based counterpart
(Figure 6a). Benefiting from the synergistic effect between ZnS and MXene, a relatively
smooth surface was observed even under a high Zn deposition capacity of 20 mAh cm 2
(Figure 6b). Further, N and Se co-doped MXene-based protecting layers on Zn foils (N /Se-
MXene@ZnSe@Zn) were also reported to enhance the hydrophilicity of Zn metal, and
the in-situ formed ZnSe nanoparticles acted as abundant zincophilic sites to improve the
reversibility of the Zn anode [62]. Importantly, the N /Se-MXene@ZnSe@Zn hybrid anode-
based symmetric battery exhibited better electrochemical performance than pristine Zn, as
evidenced by a long cycle life over 2500 h and a low polarization of 23 mV at 1.0 mA cm 2
and 1.0 mAh cm~2. Moreover, tetramethylammonium (TMA) with nitrogen-containing
functional groups was intercalated into Ti3Cy Tx MXene, and when the MXene (MX-TMA)
was coated on a Zn anode, the resulting MX-TMA@Zn anode facilitated rapid Zn ion
diffusion and enhanced electrochemical performance [65]. In this regard, other heteroatoms
doped or intercalated MXene as protective layers for Zn anode are expected to demonstrate
equally excellent performance.
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Figure 6. (a) Long-time cycling performance of S/MX@ZnS@Zn and Zn symmetric cells at 1.0 mA cm 2
and 1.0 mAh cm~2. (b) SEM image of S/MX@ZnS@Zn anode, reproduced with permission from
Ref. [85] Copyright 2021, American Chemical Society. (c) Photographs of MX/CS@Zn foils with different
states. (d) Coulombic efficiencies of the Zn||Cu cells at 0.5 mA cm~?2, reproduced with permission from
Ref. [63] Copyright 2022, Elsevier. (e) SEM image of MXene-mPPy nanosheets. (f) Electrochemical
stability of MXene-mPPy/Zn|MnO, battery at 10 A g~ !. (g) Charge/discharge curves of MXene-mPPy
at different current densities from 0.2 to 4 A g~!, reproduced with permission from Ref. [86] Copyright
2022, Wiley-VCH.

To improve the interfacial contact between MXene-based layers and Zn foils, poly-
mers are also employed to composites with MXene nanosheets. For example, a protective
layer (MX/CS) consisting of MXene and chitosan showed extraordinary fastness between
MX/CS and Zn foil even under folding and twisting conditions (Figure 6¢) [63]. Mean-
while, a long cycling life of 2100 h and low polarization of 100 mV could be achieved at
1 mA cm~2 in MX/CS@Zn-based symmetric cells, and a high Coulombic efficiency of 99%
was maintained after 500 cycles in the MX/CS@Zn|/Cu battery (Figure 6d). Notably, the
aggregation of MXene usually occurs during the MXene coating on Zn. In this regard, the
rapid polymerization of monomer in an aqueous solution is an effective method to avoid the
above circumstance. For instance, acrylic acid and 2-acrylamido-2-methylproanesulfonic
acid reacted in the presence of MXene for the synthesis of P(AA-co-AMPS)-MXene, which
was then coated on Zn foil (PASM-Zn) [64]. Notably, a Zn?* transference number (tz,2*) of
0.21 was achieved in bare Zn; in sharp contrast, the tzn2* increased to 0.49 in the case of
PASM-Zn, indicating that the transport of Zn ions tended to be near the adsorption site
rather than along the interface; thus the concentration gradient was reduced, further pro-
moting the ion transport kinetics; therefore, respectable electrochemical performance was
achieved, such as a long cycling life of 1900 h and 900 h at 0.2 and 1 mA cm~2. In addition,
the PAMS-Zn||NaV30s-1.5H,0 battery also showed high capacity retentions of 86.2% and
85.0% after 1000 and 2600 cycles, respectively. To improve the electrical conductivity of
the MXene/polymer hybrids, conductive polymers (e.g., polypyrrole) are ideal choices.
The artificial layer of the MXene-based mesoporous polypyrrole (MXene-mPPy) on a Zn
anode could effectively homogenize Zn-ion flux (Figure 6e); correspondingly, the MXene-
mPPy/Zn symmetric battery exhibited a long service life up to 2500 h at 0.2 mA cm ™2,
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superior to its counterparts with polypyrrole/Zn and pure Zn [86]. Notably, the presence
of abundant mesopores greatly facilitated the uniform concentration gradient near the
Zn anode; thereby, a high capacity of 307 mAh g~! at 0.2 A g~! and a long-term cycling
life over 3000 times (10 A g~!) were achieved (Figure 6f,g), demonstrating the promising
application of MXene-mPPy/Zn for high-performance AZBs.

3.3. Other 2D Materials for Zn Anodes

In addition to the aforementioned graphene and MXene, other 2D materials
(e.g., BN, Mo05S;, g-C3Ny4) have also been reported for zinc metal anodes. Those 2D materials
mainly show inferior conductivity to graphene and MXene, but display other unique physic-
ochemical properties (e.g., high mechanical stiffness and semiconductor properties); thus,
such 2D material-based protecting layers on Zn foils can physically distribute Zn-ion flux
and inhibit Zn dendrites, penetrating separators. Meanwhile, the crystal match between
2D materials and metal Zn may guide the horizontal Zn deposition. As a typical example,
BN was physically vapor-deposited onto Zn foil for the synthesis of BN@Zn electrodes [87].
Importantly, the thickness of the BN film could be precisely controlled in a nanoscale range.
With the help of in-situ optical microscopy, obvious dendrites could be visually observed on
the surface of cycled Zn; in sharp contrast, the surface of BN@Zn remained flat and smooth.
Correspondingly, the activation energy of BN@Zn was determined to be 37.2 K] mol !,
much lower than the value of Zn (67.8 K] mol '), indicating the key roles of the BN layer
in reducing de-solvation energy. Importantly, the BN@Zn | MnO, battery could be cycled
steadily for 3000 h at 1 A g~!, longer than that of a Zn|[MnO, cell (2000 h). Furthermore,
porous BN nanofibers (BNNFs) with negatively charged surfaces were coated on Zn an-
odes for the synthesis of BNNFs@Zn anodes, in which the uniform Zn-ion flux could be
achieved via chemical coordination between BNNFs and Zn?* ions [88]. Consequently, the
BNNFs@Zn-based symmetric cells could cycle stably for 500 h at a high current density of
10 mA cm 2, which was about three times longer than that of the Zn-based symmetric cells.
In addition, the BNNFs@Zn endowed the corresponding full battery with an initial capacity
of 293 mAh g~ ! at 1 A g~! and a high capacity retention of 97% after 400 cycles. Moreover,
sodium dodecylbenzenesulfonate (SDBS) was employed to modify boron nitride, and the
resulting sulfonate-modified boron nitride (S-BN) nanosheets were further spray-coated on
Zn foils (Figure 7a) [89]. Notably, the strong interaction between the sulfonate group and
Zn?" ions greatly facilitated ion mobility. Meanwhile, the presence of S-BN could greatly
suppress the corrosion reaction of Zn. Therefore, the corrosion potential of S-BN@Zn was
as low as —0.986 V, which is smaller than that of bare Zn (—0.993 V). Meanwhile, the
S-BN@Zn electrode displayed a smaller nucleation overpotential of 26 mV, greater than
bare Zn (112 mV) (Figure 7b). When the current density was increased to 1 A g’l, and the
S-BN@Zn-based full battery displayed a long-term cycling life of 1000 times, which was
obviously longer than the counterpart with a bare Zn anode (100 cycles) (Figure 7c).

As another kind of functional material, 2D transition metal sulfides can also enhance
the reversibility of Zn anodes. For example, Sanket et al. electrochemically deposited
vertical 2D MoS; on Zn anodes (MoS,@Zn) [67], in which MoS; greatly facilitated the
diffusion of zinc ions and uniform electric field distribution near the electrode. In a
chronoamperometry test, the current-time graph of the MoS,@Zn electrode was relatively
stable and showed no significant increase compared with the Zn electrode, indicating the
limited 2D diffusion for uniform Zn deposition (Figure 7d). At the same time, the MoS,@Zn
electrode showed lower series resistance than the Zn electrode in an EIS test (Figure 7e),
indicating enhanced electrochemical kinetics. As a result, the AZBs with MoS,@Zn anodes
achieved a capacity of 150 mAh g~! at 1 A g¢~! and a long cycling life of 2000 h; in contrast,
the counterpart with a bare Zn anode failed only after 750 h (Figure 7f).
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Figure 7. (a) TEM image of S-BN. (b) Nucleation overpotentials of bare Zn and S-BN@Zn electrodes at
1mA-cm~2. (c) Long-term cycling performance of S-BN@Zn|[NVO and Zn|[NVO batteries at 1 A g~1,
reproduced with permission from Ref. [89] Copyright 2021, Elsevier. (d) Current density vs. time profiles
of Zn and MoS,.Zn electrodes. (e) EIS curves of Zn and MoS,.Zn-based symmetrical cells after 10 cycles.
(f) Cycling performance of a Zn-MnO, battery using MoS, Zn anodes at 1 A g~!, reproduced with
permission from Ref. [67] Copyright 2020, American Chemical Society. (g) Contact angles of Zn and
Zn-GDY electrodes. (h) Cycling performance of Zn| | Zn and Zn-GDY||Zn-GDY symmetric cells at
4mA cm~2, reproduced with permission from Ref. [91] Copyright 2021, IOP Publishing.

In addition, layered double hydroxides (LDHs) are also import functional 2D materi-
als, and can be employed to construct solid electrolyte interface (SEI) films for Zn anode
protection. For instance, Mg-Al LDH (Mg-Al LDH) displays superior stability and insu-
lation features, and the appropriate layer spacing of Mg-Al LDH can act as ion channels,
and the presence of Mg-Al LDH can also alleviate the dissolution of the Zn anode in an
acid electrolyte [90]. By analyzing the polarization curves, the Zn anode with an LDH
coating layer (LDH@Zn) only showed a corrosion current density of 0.2 mA cm~2, which
is one-fifth of the value of the bare Zn electrode, demonstrating the anti-corrosion ability
of the LDH-based protecting layer. Meanwhile, the polarization of the LDH@Zn-based
symmetric cell is 65 mV at 2 mA cm 2, lower than that of the Zn-based counterpart (78 mV).
Importantly, the assembled LDH@Zn||MnO; battery exhibited better cycling performance,
as evidenced by a capacity retention of 75% after 400 cycles at 1 A g~ !, higher than that of
the control battery with a bare Zn anode (~35%).

As another important functional material, semiconductive g-C3N4 nanosheets possess
high N content and a suitable band gap when the g-C3Ny.based protecting layer was con-
structed on Zn via 3D printing technology [68]. The unique porous structure and defects
of g-C3Ny nanosheets facilitated the Zn ion transfer. Notably, the interaction between Zn?*
ions and N species of g-C3N4 nanosheets induced a homogeneous distribution of Zn-ion flux.
Density functional theory further disclosed that the binding energy of g-C3N4 and Zn?* ion
was —1.24 eV, and potential-current density analysis showed that the g-C3N;4@Zn electrode
had a lower overpotential than the Zn electrode. Most importantly, the g-C3N4@Zn based
full battery showed a cycling life over 500 h at 1 A g~! and a high capacity retention of 94%,
which is significantly higher than the bare Zn-based counterpart (84%).
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As a new carbon nanomaterial, graphdiyne (GDY) possesses unique pore structures
and excellent electrical conductivity, which can be directly synthesized on Zn metal sub-
strates [99]. As a typical example, Zhang and co-workers synthesized GDY films with the
help of a radio frequency generator [91]. Notably, the contact angle between GDY@Zn and
water was only 43°, which is much smaller than that of bare Zn and water (105°), indicat-
ing improved hydrophilicity (Figure 7g). Importantly, the GDY@Zn displayed negligible
capacity decay over 95 cycles, whereas in the case of bare Zn anode, obvious capacity decay
was observed within 20 cycles. Meanwhile, the GDY@Zn-based symmetric battery cycled
stably for more than 2000 h at 4 mA cm~2, obviously longer than that of the control cell
with a bare Zn anode (~50 h) (Figure 7h).

4. Conclusions and Prospects

In summary, we systematically summarized the research progress of 2D materials
(e.g., graphene, MXene, BN, g-C3Ny) for Zn metal anodes in high-performance AZBs.
Firstly, the construction strategies of 2D material /Zn hybrid anodes were briefly introduced.
Secondly, the enhanced electrochemical performance of various 2D material/Zn hybrid
anodes were elaborated, highlighting the unique roles of 2D materials in protecting layers
on Zn and host materials for Zn. Although significant progress has been made in this field,
some challenges and opportunities of 2D material/Zn hybrid anodes coexist, which can be
summarized as follows:

(1) New strategies remain to be developed to precisely construct ultra-thin and stable 2D
material-based protecting layers on Zn. At present, 2D materials are usually mixed
with polymer binders, and then coated on Zn foils to construct 2D material /Zn hybrid
anodes, in which the thickness of protecting layers is relatively thick. Meanwhile, the
interfaces between the protecting layers and Zn anodes are usually weak, seriously
deteriorating their cycling stability. In this regard, physical vapor deposition and
atomic layer deposition may be the feasible strategies since the deposition time and
other parameters can be precisely controlled, and the interfaces between deposited
films and substrates are intimate [100]. Moreover, other advanced strategies can also
be considered, such as 3D printing [101,102], magnetron sputtering [87,103,104], and
laser etching.

(2) To fabricate flexible and wearable battery devices, it is indispensable to construct Zn
host materials with high mechanical strength and innoxious and zincophilic features.
In this regard, some 2D materials can be ideal materials for Zn anode supports.
However, the research on 2D material-based hosts for Zn is still in its infancy, because
only graphene and MXene nanosheets have been reported to serve as Zn host materials
so far. Therefore, other 2D materials with unique physicochemical properties are
highly needed to be exploited and evaluated their potentials for high-performance Zn
metal anodes in the near future; in this regard, controllable synthesis and assembly
of 2D materials with desirable structures and properties (e.g., flexibility) are of great
importance to construct flexible AZBs.

(3) Two-dimensional material/Zn hybrid anodes should be evaluated in harsh conditions
for practical applications. At present, most reported works on 2D materials for Zn
anodes conduct electrochemical tests under gentle conditions. To meet the require-
ments of practical application, 2D material/Zn hybrid anodes should be evaluated
in harsh conditions, such as high-capacity Zn deposition, high areal current density,
and even extreme temperatures. In this regard, 2D materials will definitely play key
roles in improving the reversibility of Zn anodes under such harsh conditions since it
is feasible to rationally select one 2D material with specific properties from the large
pool of candidates.

(4) Advanced characterizations are highly needed to understand the real roles of 2D mate-
rials for enhanced electrochemical performance. The understanding of the mechanism
of Zn dendrite formation is still in the initial stage. The issues of Zn dendrite formation
and HER can be suppressed at the source only by truly exploring the root causes of
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them. Therefore, advanced technologies (e.g., in situ synchrotron radiation and spheri-
cal aberration-corrected electron microscope) are needed to insightfully disclose the
structural evolution of 2D materials, the interfacial interactions between 2D materials
and Zn, and the mechanisms of 2D materials on the de-solvation behaviors of Zn%*
ions. Meanwhile, theoretical calculations and simulations should be combined to
better understand the relative results in terms of thermodynamic and dynamic views.

In summary, with the development of the controllable preparation technology of
existing 2D materials and the exploitation of new 2D material systems, we believe that
2D materials play a momentous role in realizing practically feasible high-performance Zn
anodes. Lastly, AZBs require different components (cathodes, anodes, and electrolytes) to
work cooperatively to achieve excellent electrochemical performance; with the considera-
tion of the great progress of cathodes and electrolytes, practical AZBs are expected to be
realized in the near future.
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