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Recent progress in MXene-based nanomaterials for high-perform-
ance aqueous zinc-ion hybrid capacitors
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Abstract:  Aqueous zinc-ion hybrid capacitors (ZHCs) have an intrinsic safety and low cost, and are promising for use in large-
scale energy storage devices. However, traditional porous carbon cathodes have inappropriate pore structures for zinc ion storage and
diffusion. Moreover, zinc foil anodes suffer from the growth of Zn dendrites and side reactions, so that traditional ZHCs usually have
a non-competitive energy density and unsatisfactory service life, seriously inhibiting their practical use. Two-dimensional transition
metal carbide/nitride MXenes with a highly conductive matrix and abundant surface functional groups are good choices for con-
structing high-capacity cathodes and long-life Zn anodes for high-performance ZHCs. Recent progress in MXene-based nanomateri-
als as electrode materials of advanced ZHCs is summarized. The fundamentals of ZHCs are first introduced, such as working prin-
ciples and key electrochemical parameters. The use of various MXene-based cathodes and anodes in high-performance aqueous
ZHCs are then considered and, finally, the challenges and prospects for MXene-based nanomaterials for next-generation ZHCs are
briefly discussed.
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1 Introduction (865 kWh™' vs. $300 kW h™' of metal Li), high theor-
etical capacity of 820 mAh g™ and low redox poten-
tial of —0.76 V (vs. standard hydrogen electrode),
which guarantees outstanding compatibility in mild

Batteries usually provide high energy density and
operating voltage, nevertheless their power density

1 1 [l’ 2] 1 - . . . . . .
and cycle life are not satisfied . While, supercapa aqueous electrolytes with high ionic conductivity and

citors have advantages in power output, rate capabil- effectively avoids the safety concerns of organic elec-

ity and cycle life, unfortunately, low energy density is trolytes!!''9. Generally, ZHCs are usually composed

a bottle-neck for their practical applications™-. Hybrid of capacitive electrodes, battery electrodes, electro-

capacitors not only have the advantages of high en- lytes, and separators. The capacitive electrode materi-

ergy density of batteries, but also possess the long life als mainly refer to carbon materials or pseudocapacit-

of supercapacitors, which are promising in large-scale ive materials"*'¥. The battery electrode materials
energy storage applications (e.g., electric vehicles)*. mainly include metal zinc, or vanadium/manganese-
The past decade has witnessed the fast development of based oxides. However, the low capacity of tradition-
various organic electrolyte based hybrid capacitors, al carbon cathodes and dendrite problems are the fatal
such as lithium-ion hybrid capacitors'™ ", sodium-ion challenges of present ZHCs, which leads to unsatis-
hybrid capacitors'”), potassium-ion hybrid capacitors, fied electrochemical performance, such as low energy
however, the safety concerns of organic electrolyte density and short service lifet't 191,

based hybrid capacitors may seriously impede their As a type of emerging two-dimensional (2D) ma-
commercial applications. In this regard, the emerging terials after graphene, MXenes have the chemical for-
aqueous zinc-ion hybrid capacitors (ZHCs) have at- mula of M, X T, (n=1-3), where M, X, and T refer to
tracted more attention owing to their advantages of early transition metals (e.g., Ti, V, Cr, Zr, Nb) and
long cycle life, high energy density and high power carbon and/or nitrogen, and the surface terminations
density[“]. Moreover, metal zinc possesses low cost (e.g., —O, —OH, —F, —CH, respectively.

Received date: 2022-03-02;  Revised date: 2022-04-19
Corresponding author: DONG Yan-feng, Associate Professor. E-mail: dongyanfeng@mail.neu.edu.cn
Author introduction: "ZHANG Ming-hui and XU Wen contributed equally to this work.


https://doi.org/10.1016/S1872-5805(22)60611-5
https://doi.org/10.1016/S1872-5805(22)60611-5
mailto:dongyanfeng@mail.neu.edu.cn

553 1]

ZHANG Ming-hui et al: Recent progress in MXene-based nanomaterials for high-performance:-----

* 509 -

MXenes are usually synthesized by selectively etch-
ing away a atomic layer in the MAX phase, where A
represents elements in groups 13-16 of the periodic ta-
ble (e.g., Al, Si, Sn)i*Y, Ti,C, MXene was for the first
time synthesized by etching Ti,AlC, with HF acid in
2011 (Fig. 1a). MXenes possess atomically thin nano-
sheets, high conductivity (6 000-8 000 S cm ")*> *!,
high Young's modulus up to 0.33+0.03 TPa for
Ti,C,T,*", and fast ion diffusion coefficient (e.g.,
10" to 10~ cm® s~ for Li* in Ti,C,T,)*", and good
dispersibility in a variety of solvents™*. Consequently,
MXenes have been frequently employed as electrode
materials in various energy storage devices” "
MXenes possess good hydrophilicity and conductiv-
ity simultaneously, showing promising applications in
aqueous ZHCs. However, the first work on MXene for
ZHCs was not reported until 2019. Since then,
MXenes were widely employed in both cathodes and
anodes of ZHCs (Fig. 1b-i)** ). For example, Sn*"
was inserted into MXene to enlarge its interlayer spa-
cing, which effectively avoided the restacking of
MXene to achieve an ultralong lifespan of up to 2 800 h
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(Fig. 1c)"¥. N-doped MXene-based heterostructure
could prevent MXene from easy oxidization at high
potentials, and even in a wide voltage range from 0.2
to 1.8 V, the capacity retention rate remained 87.1%
after 9 000 cycles (Fig. 1d)**. Yang et al.”” prepared
nanoscale Zn anodes by vertically depositing Zn
nanosheets on Ti,C, films, which were degradable in
waste devices during recycling (Fig. 1f). Although
several literatures have focused on the carbon cath-
odes, anodes and electrolytes in ZHCs™ ***! the ap-
plication of MXene-based nanomaterials for both
cathodes and anodes in advanced ZHCs in terms of
material preparation and structural design has not
been reported yet.

Herein, we systematically review the latest ad-
vance of MXene-based nanomaterials for cathodes
and anodes in the state-of-the-art ZHCs. Specially,
MXene based cathodes are divided into pure MXenes,
intercalated MXenes, doped MXenes, and MXene
based hybrids, and MXene based Zn anodes are elab-
orated as MXene coatings on Zn and MXene based
hosts for Zn (Fig. 2). Finally, the challenges and pro-
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Fig. 1 Main progress of MXene-based nanomaterials for ZHCs. (a) MXene was firstly obtained by selective etching of Al in Ti,AlC, with HF acid*” (Reprin-
ted with permission by copyright 2011, Wiley). (b) MXene-reduced graphene oxide aerogels as the cathode®”(Reprinted with permission by copyright 2019,
Wiley). (c) Sn** pre-embedded MXene cathode™! (Reprinted with permission by copyright 2020, Wiley). (d) Nitrogen-doped MXene-based heterostructure
cathode™ (Reprinted with permission by copyright 2021, RSC). () Nanofibrillated cellulose adhered Ti,C, T, flake cathode™(Reprinted with permission by
copyright 2022, Elsevier). (f) Zn nanosheets vertically deposited on Ti,C, MXene **! (Reprinted with permission by copyright 2019, ACS). (g) Ti,C,T, MXene
paper host for Zn 7' (Reprinted with permission by copyright 2021, ACS). (h) Heterolayer of MXene and ZnS on Zn"® (Reprinted with permission by copy-
right 2021, ACS). (i) Ti,C,T, MXene wrapped Zn powder™” (Reprinted with permission by copyright 2021, ACS).
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Fig.2 Schematic diagram of the applications of MXene based nanomateri-

als for aqueous zinc-ion hybrid capacitors.

spects of MXene based nanomaterials for next-genera-

tion ZHCs are briefly discussed.

2 Fundamentals of ZHCs

2.1 Working principles

Basic knowledge about electric double layer
(EDL) and pseudocapacitance in supercapacitors
(SCs) is presented to facilitate the understanding the
working principles of ZHCs. As shown in Fig. 3a, the
charge storage mechanism of SCs is mainly revers-
ible accumulation of ions on the electrode surface,
specially, a Helmholtz layer can be formed when the
electrode is polarized, correspondingly, charge separa-
tion occurs at the electrode/electrolyte interface. In or-
der to maintain charge neutrality, electrolyte ions will
approach to the surface of the electrode, which results
in a diffusion layer. And the above charge adsorption
process is named as an EDL mechanism. Therefore, in
a typical EDL based SCs, cations and anions are ad-
sorbed on the surface of anodes and cathodes, respect-
ively. Apart from EDL mechanism, pseudocapacit-
ance involves the Faraday charge storage mechanism,
which mainly includes redox and intercalation
pseudocapacitance (Fig. 3b-c)*’!. Notably, in the case
of intercalation pseudocapacitance, the intercalation of
ions into the channels or layers of the host materials

do not change the crystalline phase of the host materials

(Fig. 3¢)™*.

A conventional ZHC mainly consists of a bat-
tery-type anode as an energy source and an EDL capa-
citor-type cathode as a power source, which is obvi-
ously different from aqueous zinc-ion batteries (ZIBs)
with battery cathodes and Zn anodes*". As shown in
Fig. 3d, a typical ZHC consists of a porous carbon
cathode, a Zn anode, and aqueous electrolyte (e.g.,
ZnSO0,, Zn(CF,S0,),, ZnCl,, Zn(NO,),)*"*, in which
Zn*" ions are mainly stored in the surfaces or micro-
pores of the carbon cathode via physical adsorption/
desorption of Zn*" ions (similar to the EDL mechan-
ism)“*> ¥/ and reversible Zn plating/stripping pro-
cesses occur on the surface of the zinc anode!™. Fur-
thermore, other zinc storage mechanisms have also
been reported in ZHCs, such as chemical adsorption/
desorption process'™ >
processes  of
(Zn,SO,(OH),)-xH,0)"”. Moreover, chemisorption/

desorption of Zn>/H" may occur simultaneously in the

, and precipitation/dissolution

zinc hydroxide sulfate hydrate

case of heteroatom-doped carbon cathodes, which
may provide additional pseudocapacitance for ZHCs.

Apart from the mentioned type of ZHCs, the
second type ZHCs can be constructed with a battery-
type cathode with Zn>" ion insertion/extraction reac-
tions and a capacitor-type anode (e.g., active carbon
(AQC)) with reversible adsorption/desorption of Zn*
ions (Fig. 3e). Although the second type ZHCs can
eliminate the use of commercial Zn foil anodes,
avoiding the unsolved challenges of zinc metal an-
odes (e.g., uncontrollable growth of zinc dendrites),
many advantages of Zn metal anodes can not be util-
ized, moreover, few works have focused on this type
ZHCs, therefore, the first type ZHCs will be elabor-
ated in the following content, while the second type
ZHCs is not included.
2.2 Main electrochemical parameters

Several important parameters are employed to
evaluate the overall electrochemical performance of
ZHCs, such as capacity/capacitance, energy density,
and power density, which will be briefly introduced in
this section to better understand the zinc storage

mechanisms of ZHCs, and provide guidelines to reas-



3 ZHANG Ming-hui et al: Recent progress in MXene-based nanomaterials for high-performance:----- - 511 -

Electric double layer capacitance

i (a) Solvated ions Separator(b) Redox type material (e.g. MnO,, RuO,, etc.) (c) Insertion material (e g. Nb,Os, etc.)

j % ®® JIonsin
y ® clegtrolyte
.._/

1
]
]
H
H i -
(1 (=] S J
= ® i E g L = ® g/
= ] o ™ = »
e | —1 3 ® - [ ]
P g : g : *e ®
E :Et : = g E ®
: @ | § ® g :
Pk ¢ 5 .
® ! &) - % ® “ a
\ ! °
........... =l J
Helmholtz Ia '
elmholtz layer Diffusion layer Distance Redox pseudocapacitance Intercalation pseudocapacitance

Cations in
e‘ectrulyte

Pseudocapacitance

E (d) \ ,

Cathode Anode
‘e
D
o
Qe
: o o O
S (%)
0% oo

Adsorption Desorption Deposition Stripping

Capacitor-type material
Zn metal

Cathode "

Anode

Q =

Moo ., o
g ® ° £
£ .0 2
g LE] B
Ml e® o OF:
= ]
: e *ol:
& Q9 S
& 00 @ o 9]

—o 1—@ ol O
—o I—0

Insertion Extraction Adsorption Desorption

Fig. 3 Schematic of the storage mechanisms of (a) electric double layer capacitance, (b) redox pseudocapacitance, and (c) intercalation

pseudocapacitance'!!(Reprinted with permission by copyright 2021, Wiley). (d-e) Schematic diagrams of

energy storage mechanisms of (d) the first type and (e) the second type ZHCs.

onably evaluate the performance of ZHCs, especially
for the beginners in this field. Specific capacitance (C
in F g'), as the most basic parameter, can be calcu-
lated by the Equation (1) and (2) Y, in which 7, At, m,
and AV represent the discharge current (A), discharge
time (s), active material mass (g), and discharge
voltage window (V), respectively.

However, for ZHCs containing battery elec-
trodes, capacity (mAh g ') is also employed to evalu-
ate the electrochemical performance of ZHCs due to
the presence of battery electrodes, and capacity may
be the appropriate expression especially for two-elec-
trode devices”. It is valuable to provide the values of
specific capacity of individual electrodes, even for

commonly used EDLC materials”*. For pseudocapa-

citive materials, the use of capacitance to express per-
formance could avoid obtaining higher-than-theoretic-
al performance®. In addition, when potential win-
dows or electrode materials are inconsistent, capacit-
ance values are unreliable for comparison, whereas
mAh g ' can be used as a consistent indicator for com-
paring the properties of different materials®.

When the charge and discharge curves are linear,
the specific capacity (C,, mAh g')is calculated ac-
)[40, 56]:

IAt
C,=—— 1
3.6m M

where [ is the current (A), At is the discharge time (s),

cording to Equation (1

and m is the mass of the active material (g).

When the charge and discharge curve are nonlin-
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ear, the specific capacity (C,, mAh g ') should be cal-

culated by integrating the area under the discharge
curve with Equation (2):

21 [ v

Cn= 3omAV 2)

The Coulombic efficiency (7) is calculated by

Equation (3):
Iy

U:Z

A3)
Where ¢, represents the discharge time and ¢, repres-
ents the charging time.

The energy density (E, Wh kg™") and power dens-
ity (P, W kg ") are calculated according to the follow-

ing formulas:

E= %CAV (4)
3600E

pP= 5

A (5)

Where AV is the potential window (V).

3 MXenes for cathodes

Compared with hydrophobic porous carbon cath-
odes in traditional ZHCs, MXenes possess high con-
ductivity and superior hydrophilicity simultaneously,
showing promising application in ZHCs with aqueous
electrolytes. Further, layered MXenes with large inter-
layer spacing ( ~ 1 nm) are favorable for the adsorp-
tion of a large number of Zn**. In addition, the vari-
ous MXenes with different chemical compositions and
functional groups can be doped with heteroatom
atoms or composited with other functional nanomater-
ials, providing great opportunities to reasonably
design and construct high-performance MXene-based
cathodes for ZHCs"™" !, In this section, MXene based
cathodes will be elaborated with four types of cath-
odes, which are pure MXenes, intercalated MXenes,

heteroatom-doped MXenes, and MXene based hy-

brids including MXene/metal sulfide hybrids,
MXene/carbon hybrids, and MXene/polymer hybrids
(Table 1).

3.1 Pure MXenes
MXenes with diverse functional groups possess
unique electronic properties. As a new type of 2D ma-

terials, MXenes can significantly improve the mech-

anical stability and speed up the movement of elec-
trons or ions, making it a good choice for electrode
materials'”". Moreover, compared with traditional car-
bon materials, MXenes not only have excellent elec-
trical conductivity and abundant surface functional
groups, but also may make full use of the pseudocapa-
citance mechanism to store charge. For example,
Yang et al.’® designed a fully degradable and re-
chargeable Zn-MXene capacitor with electrodepos-
ited zinc nanosheets and Ti,C, MXene as electrodes in
the hydrogel electrolyte, and the capacitor exhibited
excellent self-discharge resistance. Moreover, the 2D
structure and rich surface chemistry of Ti,C, MXene
enabled the Zn-MXene capacitor to store Zn>" at high
rates, resulting in high capacitance of 132 F g at
0.5 A g ' and capacity retention of 82.5% after 1 000
cycles at 3 A g'. Interestingly, based on the fact that
hydrogen peroxide can degrade Ti,C, MXene, Yang et
al. designed Zn-MXene capacitors that can be fully
degraded by a H,O, induced phosphate buffered sa-
line. The degradable and rechargeable MXene based
ZHCs not only increased energy density, but also sup-
pressed the self-discharge of ZHCs, which may
provide a new direction to develop degradable and
high energy density ZHCs in the future.

MXene nanosheets can be assembled into self-
supporting flexible films easily by vacuum filtration.
Therefore, the Mo, ,;CT,-Ti,C,T, mixed MXene film
showed a high capacitance retention of 90% after
8 000 cycles, superior to pure MXene electrodes®”.
Specifically, the CV curves clearly exhibited that the
available capacity of pure MXene was far smaller that
of the Mo, ;CT,-Ti,C,T,. However, agglomeration
and restack of MXene nanosheets usually lead to the
reduction of exposed active sites for Zn*" storage and
long distance transfer for Zn*"> ™, To address the

above issues, Li et al.l®"!

adopted a freeze-casting tech-
nique to prepare a 3D porous H-MXene film (3D-
PHMF) for ZHCs, in which the introduction of H"
from HCI solution can effectively alleviate the elec-
trostatic repulsion of MXene nanosheets. As-fabric-
ated 3D-PHMF cathode demonstrated superior zinc

storage performance, such as high capacities of 105
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Table1 A summary of various reported MXene based cathodes for ZHCs.

Type of cathode Sample Voltage (V) Electrolyte Capacity Capacity retention Energy density Power density ~ Ref.
MXenes Ti,C, T, 0.05-135 2M ZnSO0, 132Fg'at0.5Ag"  82.5%after 1000 cycles - - 36]
Mo, ;iCT,-Ti,C,T,  0.01-1.3 3 M Zn(CF,S0;), 115mAh g at1Ag’  90% after 8000 cycles 103 Whkg' 0.143KWkg'  [60]
3D-PHMF 0-13 2MZn(CF,80;),  105.6mAhg™at02Ag" 90% after 20000 cycles  53.6 Whkg™ 1045Wkg'  [61]
3DP MXene 0.1-12 2M ZnSO, 259.7F g at0.1Ag"  86.5%over 6000 cycles  0.10mWhem™  5.90mWem™  [62]
Zﬁﬁ;z(gg:r) 012 I5MZnSO,  2M4mFem’atSmVs' 83.58%afierS000cycles 428 yWhem® 064 mWem®  [63]
Intercalated 2 M ZnSO, 1244F ¢ at02A g’ 85%after 10000 cycl 38Whkg' 4500 Wkg'
MXenes PDA-MXene 0.2-1.1 nSO, AFg at02Ag o after cycles . g g [64]
In-situ pillared Ti,C,  0.2-1.2 0.1 M ZnSO, 73mAhg'at02Ag"  96% after 1000 cycles - - [65]
Sn*-Ti,CT,/C 0.1-2.0 2 M ZnSO0, 138mAhg"at0.1Ag" >96% after 12500 cycles - - [33]
”e‘eg\‘;f)‘("el;‘;:‘)ped NTiC, 0.05-12 1 M ZnSO, UIIFg at01Ag'  $8.34%after 6000 cycles  45.54 Whkg' 4093 Wkg'  [66]
MXene/metal Ti,C,T/ -l -1 o -1 -1
qulfide hybrids Bi,S,@N-C 0-1.4 7nS0, 653Fg'atlAg 85.7% after 2000 cycles  46.98 Whkg 750 W kg [51]
Ti,C,T /BiCuS, 0-0.8 1 M ZnSO, 840Cg'at1Ag’ 82% after 10000 cycles  298.4 Whkg' 7200Wkg'  [67]
MZXene/carbon - -

hybrids V,C/CNTs 0.1-1.1 1M ZnSO, 902Fg'atl0Ag 68]
MXene-rGO 0.2-1.6 2 M ZnSO0, 1286Fg'at04Ag"  95%after 75000 cycles  34.9 Whkg'' 27199Wkg' 3]
NMXC 0.2-1.8 2 M ZnSO, 83.9mAhg'at0.1 Ag" 96.4 % after 10000 cycles  64.5 Whkg™ 3.9kW kg [34]

MXene/polymer B 921 mAhg" M _ _
hybrids MN-80 2M ZnS0O, a1 0.5 mA o’ 94.31% after 10000 cycles [35]
MXene/BCF 012 2MZn(CESO)PAMgel  L786mFem’ 72.3% after 3000 cycles  34.0 {Wh cm’ - [69]

: 32 at0.5mA cm” ’ )
2 M Zn(CE,S0;),-0.1 M S 9 2 o
MXene/BC@PPy 0-1.9 MnSO,/PAMhydrogel 388 mF cm “at I mA cm” 95.8% after 25000 cycles  145.4 yWh cm 3.78 mW cm [70]
Note: M: mol L™

and 62.7 mAh g' at 0.2 and 5 A g ', respectively.
Taking advantage of the easy assembly of MXene
nanosheets, high-mass-loading MXene based elec-
trodes can be expected to achieve high-energy-dens-
ity ZHCs.

MXene nanosheets with negatively charge sur-
face possess outstanding hydrophilicity, facilitating

the formation of stable ink!""

. As a typical example,
the MXene gel ink was firstly obtained through a gen-
eral divalent cation (M>") assisted gelation strategy, in
which a small amount of M** (e.g., Zn>") acted as ef-
fective cross-linkers to enhance the interaction
between MXene nanosheets (Fig. 4a-b)*?. Zn*" gelled
MXene nanosheets provided multi-dimensional Zn**
diffusion paths, and abundant voids, ensuring the easy
penetration of electrolytes. Therefore, 3D printed
(3DP) MXene electrodes enabled the corresponding
ZHCs with a high capacitance of 1844 F g' at
10 A g ' (Fig. 4c). Notably, the 3DP electrodes pos-
sessed highly interconnected frameworks, customiz-
able mass loading and capacitances, meanwhile, 3DP
also facilitated the construction of high-mass-loading

electrodes for high-energy-density ZHCs, thus 3DP

would be a promising choice for high-performance
ZHCs in consumer electronics.

With the thriving development of wearable elec-
tronics, flexible energy storage devices are requested
to exhibit excellent flexibility””> ", To this end, Shen
et al”! fabricated fiber-shaped ZHCs by braiding
shell zinc fibers anode on the surface of Ti,C,T, fibers
core cathode, forming an ultralong tubular structure
with excellent flexibility. Most importantly, the shape
of CV curves under different curvature diameters
were well maintained, correspondingly, 95% of its
original capacitance was recorded in the case of twis-
ted (180°) counterparts. This work provides a direc-
tion for the mass production and practical applica-
tions of wearable energy storage devices.

Despite the great progress of MXenes for ZHCs,
the construction of high-performance MXene cath-
odes is still in its infancy since the influence of thick-
ness and functional groups of Ti,C,T, nanosheets in
zinc storage performance is still elusive, and other
type MXene nanosheets (e.g., Nb,CT,) are rarely em-
ployed for ZHCs, because Nb,CT, exhibited different

electrochemical properties under different scanning
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voltage windows!””). Therefore, MXene cathodes still
provide many opportunities for high-performance
ZHCs.
3.2 Intercalated MXenes

MXenes with expanded interlayer spaces can
provide more zinc storage sites, shorten the diffusion
distance of zinc ions and greatly facilitate zinc inter-
calation kinetics, thus intercalated MXene cathodes
usually exhibit superior electrochemical performance
to traditional MXene counterparts. Organic molecules
are frequently employed to intercalate into MXenes,
in which electrostatic attraction between negatively
charged MXene hosts and positively charged guests
plays a key role during the intercalation process. As a

typical example, Peng et al.[¥

used small organic
diamine molecules to precisely control the interlayer
spacing of MXene (Fig. 4d-e). Ethylenediamine
(EDA), 1, 3-propylenediamine (PrDA), 1, 4-butylene-
diamine (BDA) and p-phenylenediamine (PDA) can
interact with oxygen-containing functional groups on

the surface of MXene to form the wrinkled MXene

(@)

surface and 3D porous architecture, which can effect-
ively avoid the agglomeration of MXene nanosheets.
Because the expanded interlayer spacing enabled by
the intercalated PDA molecules matched the size of
Zn** jons best, the PDA intercalated MXene cathode
showed the best electrochemical stability and cycling
life among MXene and all the intercalated MXenes
with diamine molecules (Fig. 4f), as confirmed by a
high capacitance of 84.4 F g' at 10 A g ' and a capa-
citance retention of 85% after 10 000 cyclesat 1 A g’
(Fig. 4g). Moreover, Philip et al.* adopted an in-situ
pillaring method by dissolving surfactants (hexadecyl-
trimethy-lammonium bromide, CTAB) in the electro-
lyte and inserted them into Ti,C, MXene, correspond-
ingly, the interlayer spacing could be increased from
0.15 to 0.55 nm, greatly facilitating zinc storage per-
formance, as evidenced by an average capacity of
86 mAh g ' at 20 mA g ' and a high capacity reten-
tion of 96% after 1 000 cycles at 0.2 A g . In this re-
gard, the layer spacing of MXene can be precisely

controlled by rationally selecting suitable organic mo-
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Fig. 4 (a) Schematic diagram of 3DP MXene electrodes. (b) SEM image of 3DP MXene. (c) Specific capacitances based on mass and area at different current

densities"”(Reprinted with permission by copyright 2021, ACS). (d) Schematic diagram of the preparation process of diamine-intercalated MXene. (¢) SEM

image of PDA-MXene. (f) Specific capacitances of MXene electrodes intercalated with different diamine molecules at different current densities. (g) Cycling

—1[64]

performance of PDA-MXene electrodes at 1 A g

!(Reprinted with permission by copyright 2021, Wiley).
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lecules with different sizes, correspondingly, the zinc
storage performance of MXene cathodes can be ef-
fectively optimized.

Apart from organic molecules, metal ions are
also frequently employed as the intercalation species.
For example, Sn*" ions were intercalated into Ti,CT,
MXene (Sn**-Ti,CT,/C), and the interlayer spacing of
Ti,C MXene was expanded from 1.15 to 1.27 nm, and
the specific surface area was increased from
6.1 to 6.4 m* g '**1. Correspondingly, the specific dis-
charge capacitance of the Sn*'-Ti,CT,/C based ZHCs
was 138 and 92 mAh g ' at 0.1 and 5.0 A g ', respect-
ively, obviously higher than the values of Ti,AlC/C
and core-shell Ti,CT,/C sphere electrodes. Moreover,
Sn*-Ti,CT /C also displayed a long lifespan up to
12 500 cycles at 0.5 A g', superior to Ti,AIC/C and
Ti,CT,/C counterparts. With the consideration of vari-
ous metal cations with different radius (e.g., Zn™,
Cu”™, K"), such interlayer engineering by metal cation
intercalation may pave the way to tune electrochemic-
al performance of MXene based ZHCs.

3.3 Heteroatom-doped MXenes

It is well known that heteroatoms (e.g., N, S) can
provide more active sites for MXenes, and these het-
eroatoms can effectively tune the band structures of
MXenes for enhanced conductivity!”®. Moreover, the
introduction of heteroatoms (e.g., N) increases the in-
terlayer repulsion, which greatly inhibits the aggrega-
tion of MXene nanosheets and improves the structur-
al stability of MXene cathodes during cycling. For ex-
ample, Jin et al.'* synthesized a N-doped Ti,C, (N-
Ti,C,) with a N element content of 3.3 at.% by a hy-
drothermal method using urea as a nitrogen source.
Owing to the additional pseudocapacitance generated
by the redox of pyrrolic nitrogen, the cyclic voltam-
metry (CV) curve of N-Ti,C, had a distinct hump at
10 mV s, while, in the case of Ti,C, electrode, no
peak could be found. The advantages of N doping
were mainly reflected in its electrochemical perform-
ance. As a result, the N-Ti,C, electrode achieved a
long cycle life of 6 000 cycles at 1.5 A g', and a high
capacitance retention of 88.34% after 1 000 cycles,
which is higher than the value of Ti,C, electrode

(78.12%). Other type heteroatom doped MXenes are
highly needed to develop and evaluate their zinc stor-
age performance. Moreover, a synergistic effect may
be expected in the case of heteroatom co-doped
MXene cathodes for enhanced electrochemical per-
formance with new storage mechanisms. The key is to
develop new strategies to controllably synthesize de-
sirable heteroatom co-doped MXene materials.
3.4 MXene based hybrids

As mentioned above, MXenes have excellent
conductivity, hydrophilicity, unique 2D structure and
MXene

nanosheets can serve as ideal substrates for electro-

chemical composition, thus conductive
chemical active material loading for improved con-
ductivity. The combination of MXenes with other
high capacitance materials can not only prevent the
self-stacking of MXene nanosheets, but also improve
the electrical conductivity of the hybrid electrodes. In
this section, MXene-based hybrids are classified into
three parts in terms of the types of active materials,
which are MXene/metal sulfide hybrids, MXene/car-
bon hybrids, and MXene/polymer hybrids.
3.4.1 MXene/metal sulfide hybrids

Metal sulfides usually possess poor conductivity,
the presence of MXene can effectively accelerate the
electron transport in MXene/metal sulfide hybrid elec-
trodes, meanwhile, MXene nanosheets can prevent the
agglomeration of metal sulfide particles to improve
their utilization rate in high-capacity ZHCs. For in-

stance, Zhang et al.’"!

successfully prepared a ternary
N-doped carbon wrapped Bi,S, intercalated Ti,C,T,
(Ti,C,T,/Bi,S;@N-C) with a pizza-like heterostruc-
ture by an in-situ growth and calcination. With the
help of the dopamine derived N doped carbon (N-C)
membrane, Ti,C,T, and Bi,S; could be better com-
bined and the internal resistance was effectively re-
duced, thus Ti,C,T,/Bi,S;@N-C electrodes achieved
excellent electrochemical performance, such as high a
power/energy density of 750 W kg'/46.98 Wh kg™',
and a remarkable capacitance retention of 85% after
2 000 cycles.

Further, Li et al.*” adopted an in-situ deposition
and “baton relay” method to obtain a Ti,C,T,/BiCuS,
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hybrid electrode (Fig. 5a). Interestingly, when the ra-
tio of Bi to Cu reached 1 : 1, the bimetallic sulfide
showed a layered structure, thus the specific capacity
and the oxidation/reduction reaction Kinetics were
greatly increased. Notably, the synergistic effect in the
Ti,C,T,/BiCuS, ; with strong interactive interface ef-
fectively accelerated the ion transport rate. As shown
in Fig. 5b, the Ti,C,T,/BiCuS, s cathodes showed an
energy/power density of 298.4 Wh kg '/7.2 kW kg’
and a high capacity retention of 82% after 10 000
cycles (Fig. 5c), demonstrating their excellent zinc
storage performance. In this regard, other metal sulf-
ides are expected to exhibit high performance in their
corresponding ZHCs.
3.4.2 MZXene/carbon hybrids

Various carbon nanomaterials are reported to be
composited with MXene nanosheets to prepare
MXene/carbon hybrids, in which the presence of car-
bon nanomaterials can provide abundant zinc storage
sites and prevent the stack of MXene nanosheets for
high-capacity ZHCs, and 2D MXene nanosheets ef-
fectively facilitate fast electron transfer between adja-

cent carbon particles. As a typical example, Wang et

al.’® used V,C MXene and carbon nanotubes (CNTs)
as raw materials to prepare a composite material with
a cross-staking structure (V,C/CNTs) (Fig. 6a-b). The
successful introduction of carbon nanosheets can
largely prevent the self-stacking of V,C MXene, form
excellent conductive networks, and improve the inter-
layer accessibility of V,C. Thus, the multilayer por-
ous V,C MXene exhibited a high specific capacitance of
902 F g'at 10 A g, and the Coulombic efficiency
approached to 100% after 4 000 cycles, showing the
excellent stability and rate performance. Notably, X-
ray absorption fine structure (XAFS) characterization
showed that the K-edge spectrum of Zn did not
change much within the voltage window of 0.1-1.1 V,
indicating that the (Zn(OH),);(ZnSO,)(H,0), was al-
ways deposited on the cathode. Further observation
indicated that the precipitate flakes on the cathode of
V,C/CNTs had a more regular shape and larger flakes
at a discharge voltage of 0.1 V than the counterpart at
0.5V.

Not limited to CNTs, graphene nanosheets were
also employed to composite with MXenes. For ex-

ample, Wang et al."* prepared reduced graphene ox-
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Fig. 5 (a) Schematic diagram of preparation of Ti,C,T,/BiCuS, ;. (b) Ragone plot of Ti,C,T,/BiCuS, s and other reported electrodes. (c) Cycling performance

of Ti,C,T,/BiCuS, 5 electrodes at a current density of 20 A g '*/(Reprinted with permission by copyright 2021, Elsevier).
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ide (rGO) aerogels by a hydrothermal and freeze-dry-
ing process, subsequently, porous MXene-rGO aero-
gels (Fig. 6¢) with excellent conductivity and hydro-
philicity were synthesized by the similar synthesis
route to rGO aerogels. Moreover, MXene-rGO can
eliminate the usage of conductive additives. Import-
antly, the CV area of MXene-rGO cathode was larger
than that of rGO electrode. Meanwhile, MXene-rGO
cathode delivered a specific capacitance of 128.6 F g
at 0.4 A g' and an energy/power density of 34.9
Wh kg '/279.9 W kg '. In addition, the capacitance re-
tention was as high as 95% after 75 000 cycles at
5Ag.

Further, N-doped MXene coated by N-doped
amorphous carbon (NMXC) was developed through
the self-assembly of melamine formaldehyde micro-
spheres (MF) and MXene and subsequent calcination
processes (Fig. 6d)*. The MF microspheres could be
electrostatically adsorbed on the surface of MXene.
After pyrolysis, a wrinkled N-doped MXene based
heterostructure was obtained, in which the formed car-
bon layers could prevent MXene from being oxidized
at high potential, and the wrinkled porous frame-
works could ensure a high specific surface area of
143.3 m* g'. Based on the above advantages, the
Zn//NMXC ZHSCs achieved a high capacity reten-

tion of 87.1% after 9 000 cycles at 5 A g'. This work
may shed light on the rational construction of MXene-
based cathodes for high-performance ZHCs.
3.4.3 MXene/polymer hybrids

Synergistic effects can also be expected in
MXene/polymer hybrid cathodes. For example, Chen
et al.’” first modified Ti,C,T, by an alkalization and
post-rolling method to effectively reduce the —F and
—OH functional groups to decrease active sites. The
mechanical properties of Ti,C,T, can be significantly
enhanced by the combination of the soybean stack de-
rived nanofibrous cell (NFC). Moreover, the NFC as
the support of Ti,C,T, can greatly alleviate the stack-
ing problem of Ti,C,T,, and optimize the mechanical
and electrochemical properties. ZHC was assembled
with zinc foil as the anode, Ti,C,T, composite film
with a mass percentage of 80% (MN-80) as the cath-
ode and ZnSO, as the electrolyte, which maintained a
high-capacity retention of 94.31% after 10 000 cycles
at 8 mA cm’ in charge and discharge tests, showing
excellent cycle stability. This study provides guid-
ance for the applications of high-performance elec-
trodes.

In addition, the uniform insertion of polymer will
increase the layer spacing between MXene sheets and

accelerate the transfer rate of ions. Therefore, Cao et
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al.l”
to evenly insert bacterial cellulose fibers (BCFs) into
MXene nanosheets to prepare MXene/BCF hybrid
films with larger layer spacing than pure MXene. The
transfer kinetics of Zn’" on the MXene/BCF hybrid

film electrode was faster than that of the pure MXene

used the vacuum assisted self-assembly method

film electrode. With the advantage of significantly re-
duced electrostatic barrier, Zn®>" can be intercalated
quickly and reversibly in MXene, significantly im-
proving the rate performance and cycle stability of
Zn-ion micro-supercapacitors (ZMSCs). Compared
with pure MXene, MXene/BCF showed a higher areal
capacitance, indicating that MXene/BCF has a better
charge storage capacity. After 3 000 cycles, the capa-
citance retention of the hybrid film could reach 71.8%,
2.5 times as much as that of pure MXene film. With
the voltage window of 0-1.2 V, the CV curve of the
MXene/BCF hybrid film electrode was more rectan-
gular than that of pure MXene, indicating better elec-
trochemical reversibility. It is worth noting that the
MXene/BCF hybrid electrode can well suppress the
generation kinetics of hydrogen/oxygen, resulting in a
high working voltage of ZMSCs.

1.7 polymerized pyrrole

Furthermore, Cheng et a
monomers (PPy) on the surface of 1D bacterial cellu-
lose (BC) nanofibers through chemical oxidation to
prepare BC@PPy hybrids, which were evenly inser-
ted into Ti,C,T, nanosheetsto prepare MXene/
BC@PPy hybrid films. Specifically, BC@PPy, as an
electrically active material, improved the storage ca-
pacity of charge. At a current density of 1 mA cm >,
the MXene/BC@PPy based ZMSCs showed an areal
capacitance 388 mF cm°, which is 10 times that of
the pure MXene film electrode. After 25 000 cycles,
the capacitance retention was as high as 95.8%. In or-
der to meet the requirements of wearable electronic
products, ZMSCs were further combined with liquid
metal to realize a scalable ZMSC array, notably, a ca-
pacitance retention rate of 90.6% was still achieved
after 18 000 cycles, during which the ZMSC array
was stretched with an elongation rate of 400 % every
200 cycles. This research provides a new technique to

construct stretchable ZHCs for wearable microelec-

tronics.

4 MXenes for Zn anodes

Generally, zinc metal can be directly used as the
anode for ZHCs because of its suitable potential and
high hydrogen evolution overpotential. However, non-
uniform electrical field and Zn*" ion flux usually leads
to random nucleation and uncontrollable growth of
zinc dendrites, which may pierce through the separat-
or and result in the failure of ZHCs""*", In this re-
gard, the emerging MXene nanosheets can physically
guide Zn*" ion flux by the unique 2D nanostructure,
and induce uniform nucleation and growth of Zn due
to the zincophilic surface of MXene nanosheets.
Therefore, the presence of MXenes can greatly sup-
press Zn dendrites and prolong the cycling life of
ZHC:s. In this section, the applications of MXenes in
the anodes of ZHCs are divided into MXene hosts for
Zn and MXene coating for Zn in terms of the func-
tionalities and roles of MXene nanosheets (Table 2).
4.1 MXene hosts for Zn

When MXene nanosheets serve as Zn hosts, the
conductive MXene nanosheets provide fast electron
transfer pathways in 2D directions, and the abundant
functional groups on MXene can act as zincophilic
sites to induce uniform zinc deposition. Further,
MXene nanosheets can be assembled into 3D porous
networks with high pore volume by hydrothermal or

metal cation induced assembly strategies®* ™’

, provid-
ing sufficient space to accommodate deposited Zn.
Flexible Ti,C,T, MXene can be made from the
Ti,C,T, colloidal solution without any additives, and
as-synthesized Ti,C,T, MXene possesses high elec-
trical conductivity (15 100 S cm '), mechanically flex-
ible and environmentally friendly, which makes it a
promising candidate for metal current collectors and
ideal hosts for zinc metal to construct high energy
density ZHCs"". Tian et al.’” prepared advanced
Ti,C, T, MXene@Zn anodes with 3D lamination by
deposition of Zn nanosheets on Ti,C,T, MXene,
which effectively prevented the growth of Zn dend-
rites by virtue of its excellent hydrophilic and mech-

anical properties (Fig. 7a). Therefore, Zn plating/strip-
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Table 2 A summary of various reported MXene-based anodes for ZHCs.

Role of MXenes Anode name Voltage hysteresis

Nucleation overpotential

Life span Coulombic efficiency Ref.

Zn host materials  Ti,C,T, MXene@Zn
MCI-Zn
MGA@Zn 64 mV(10 mA cm™)
Protecting layers S/MX@ZnS@Zn-350 0.03 V(0.5 mA cm™)
MXene-mPPy/Zn
AMX-Zn -
MXene@Zn (Zn-p) 30 mV(1 mA cm™)

75 mV(l mA cm?) 83 mV
103 mV(10 mA cm?)  40.7 mV(1 mA cm?)

22 mV(0.2 mA cm?) 10 mV

27.4 mV(l mA cm™)

300 h(l mA cm™?)  94.13% at 5 mA em™ (400 cycles) [37]
840 h(2 mA cm?) 99.50% at 1 mA em™ (50 cycles)  [82]
1050 h(10 mA cm™®) =99.67% at 10 mA cm ™ (600 cycles) [83]
1600 h(10 mA cm™) - [38]
]

1

]

2500 h(0.2 mA cm?) - [84
- - [81
200 h (1 mA cm ™) - [31

ping process was stable after 50 cycles and showed
better cycling stability and Coulombic efficiency over
400 cycles than bare pure Zn (Fig. 7b), which could
be ascribed to the stable and compatible interface
between Ti,C,T, and Zn.

During the deposition process of Zn, the Zn*
ions firstly interact with the outermost layer of MXene
rather than the inner transition metal layer”".
However, the underlying subtle mechanisms in-
volving lattice matching and surface termination in-
duction remain a challenge due to limited synthesis
strategies of MXene nanosheets with desirable termin-

82 synthesized halogenated

ation. Recently, Li et al.
MXenes (Ti,C,Cl,, Ti,C,Br,, and Ti,C,l,) by a copper
halide based molten salt etching approach. Due to the
joint action of halogen terminal adjustment and high
lattice matching between MXene and Zn, the uniform
nucleation and growth of zinc on the MXene crystal
plane was guaranteed, effectively avoiding the forma-
tion of zinc dendrites. Importantly, Ti,C,Cl,-Zn exhib-
ited excellent cyclic stability and fast redox kinetics as
indicated by the lowest polarization voltage of
103 mV. Impressively, the MXene modified zinc an-
ode could operate for 9 000 cycles (Fig. 7¢).

With the consideration of degradable ZHCs for
environmental protection, Yang et al.”® firstly used
the constant voltage deposition technology to vertic-
ally deposit Zn nanosheets on Ti,C, films. When as-
fabricated Zn-MXene hybrid anode was immersed in
a phosphate buffered saline (PBS) triggered by medic-
al H,0, at 85 °C, it could be degraded within 4 days,
obviously shorter than the commercial Zn foils (30
days). Notably, part of the Zn nanoflakes were con-
verted into Zn containing inorganic salts, and when

the immersion time was prolonged to 7 days, the Zn

nanosheets completely disappeared. Importantly, the
electrochemical performance of the ZHCs assembled
with the MXene film cathode and Zn-MXene hybrid
anode was almost the same regardless of its bending
angels of 0° and 180°. This work may trigger the de-
velopment of fully degradable ZHCs in the future.
Further, MXene nanosheets can be assembled in-
to 3D porous networks with high pore volume™ *”,
providing sufficient space for Zn deposition. As a typ-
ical example, MXene and graphene nanosheets were
hydrothermally assembled into a bendable aerogel
(MGA), and MGA can be employed as Zn host mater-
ials®, in which bulk Zn was firmly anchored within
MGA by one-step electrodeposition for MGA@Zn
hybrid anodes. Interestingly, the ZnF,-rich surface
could be in-situ generated by the reaction of the F-
MXene

nanosheets with primally deposited Zn, which tre-

containing  functional  groups  on
mendously promoted the diffusion kinetics of Zn**
ions, avoiding the occurrence of side reactions due to
the non-contact between Zn and the electrolyte. Con-
sequently, the corrosion potential of Zn in MGA@Zn
hybrid electrodes increased from —0.988 to —0.961 V.
Compared with the Cu@Zn electrode, the surface of
the MGA@Zn anode was relatively flatter. Therefore,
in contrast to commercial Zn foil anodes with limited
surface area, the MXene/Zn hybrid anodes may pos-
sess rough surface or high specific area, thus high-rate
ZHCs with high power density can be expected in
such MXene/Zn hybrid anodes.
4.2 MXene coatings on Zn

MXene nanosheets can be assembled into 2D
films on Zn anodes. The presence of MXene-based
coating layers plays unique roles in suppressing zinc

dendrites by homogenizing Zn>" ion flux and local
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Fig. 7 (a) Schematic diagram of the preparation of a flexible layered Ti,C,T, MXene@Zn paper. (b) Coulombic efficiency of Zn plating/stripping of

Zn|Ti@Zn batteries and ZnMXene@Zn batteries at an areal capacity of 1 mAh cm > and a current density of 1 mA cm **"(Reprinted with permission by copy-
right 2021, ACS). (c) Cycling performance of Zn//Ti,C,1I, and MCI-Zn//Ti,C,, batteries at a current density of 3 A g '™,
(Reprinted with permission by copyright 2022, ACS).

electric field for uniform zinc deposition, meanwhile,
low polarization voltages are usually achieved due to
the high conductivity of MXenes. Moreover, MXene
can also reduce the deformation of zinc anodes and
improve the utilization rate of zinc, thus improving
the cycle stability and Coulombic efficiency of Zn an-
odes. As a typical example, An et al.”* used a protect-
ive layer consisting of S-doped MXene frameworks
ZnS on Zn
(SMX@ZnS@Zn) to induce uniform growth of Zn
nanosheets (Fig. 8a). Specifically, ZnS on the Zn sur-

and ionic conductive anode

face effectively avoided the occurrence of side reac-
tions, and accelerated the ion migration ability to in-
duce uniform deposition of zinc. Meanwhile, S-doped
3D MXene could distribute electric field uniformly,

reduce local current density and adapt to volume

changes during plating and stripping cycles. Com-
pared with the Zn||Zn battery with a pristine Zn anode
with alarge polarization voltage of 0.145 V and a
short cycle lifetime of 545 h at 0.5 mA cm, the
S/IMX@ZnS@Zn electrodes treated at 300 and
350 °C, which were labeled as S/MX@ZnS@Zn-300
and S/MX@ZnS@Zn-350, respectively, exhibited a
low polarization voltage of about 0.030 V and a long
cycling life of 1 600 h (Fig. 8b). The superior electro-
chemical performance was further confirmed by the
smooth surface of the cycled S/MX@ZnS@Zn-350
anode (Fig. 8c), indicating the unique roles of MXene
nanosheets in suppressing Zn dendrites.

Apart from pure MXene materials, MXene-based
hybrids are also good choices to serve as Zn coating

layers. For instance, Zhang et al® employed a
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diagram of Zn-p and MXene@Zn symmetric batteries at 1 mA cm ***((Reprinted with permission by copyright 2021, ACS).

MXene-based mesoporous polypyrrole layer (MXene-
mPPy) to spray on Zn foil (MXene-mPPy/Zn), and the
MXene-mPPy/Zn cell outstandingly ran over 2 500 h
at 0.2 for 0.2 mAh cm’, far exceeding the cell with
the polypyrrole sprayed Zn foil (PPy/Zn) and pure Zn
foil. Meanwhile, the MXene-mPPy layer possessed
flat and smooth surface.

Alkalized MXene (AMX) was also reported to
composite with Zn for AMX-Zn hybrid anodes™".
Specially, a 3D metal/MXene derived composite ma-
terial with a nanoribbon structure was synthesized
through an alkalization and metal ion pre-intercala-
tion strategy. The corresponding ZHCs exhibited a
high capacitance retention of 92.5% after 10 000
cycles at 3.3 A g' and a high energy density of
21.08 Wh kg ' at a power density of 7.04 kW kg .
Moreover, uniform Zn nanosheets were deposited on
the surface of the AMX-Zn anode, and no obvious Zn
dendrites could be observed, indicating that MXene-
derived materials offered abundant active sites and ion
transport channels.

In contrast to Zn foils, Zn powder (Zn-p) stands
out because of its cheap price and easy processing.
Different from the conventional short circuit behavior
of Zn foils due to the growth and accumulation of Zn
dendrites, Zn-p failure is related to the rapid deteriora-
tion of overpotential, which could be addressed by

Ti,C,T, MXene. Ti,C,T, MXene-

wrapped zinc powder (MXene@Zn) anodes were pre-

Specifically,

pared by a self-assembly method (Fig. 8d)"". Com-
pared with Zn foil batteries with overpotentials up to
83 mV, the Zn-p||Zn-p and MXene@Zn|MXene@Zn
cells exhibited reduced overpotentials of 38.1 and
27.4 mV at 1 mA cm > (Fig. 8e), respectively. Mean-
while, the MXene@Zn anode exhibited a small over-
potential of 30 mV at 1 mA cm > and a lifetime of
200 h (Fig. 8f). This work provides new insights into
the potential application of Zn-p anodes in practical

zinc-based energy storage devices.

5 Conclusions and prospects

ZHCs well integrate high energy density of ZIBs
with high power density of supercapacitors, and have
become a type of promising energy storage devices.
However, traditional porous carbon cathodes and
commercial Zn foil anodes are faced with low capa-
city and limited cycling life, respectively. As a new
type of 2D materials with a unique layered structure,
MXenes have been gradually used as electrodes of
ZHCs due to their excellent conductivity and hydro-
philicity. This paper systematically reviews the recent
progress of MXene-based nanomaterials in cathodes

and Zn anodes of ZHCs. Despite the great progress of
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MXene electrodes for ZHCs, some challenges and is-
sues are still unsolved.

(1) The stability of MXene during its ZHC ap-
plication. MXene products especially for ultrathin
MXene nanosheets tend to be oxidized during their
storage and charge/discharge cycles, which mainly
origins from the easy oxidation of the intrinsic sur-
face functional groups (—O, or —F) on MXene by
dissolved oxygen in the dispersed solution (e.g.,
H,0)"* *!. The deterioration of MXene quality seri-
ously degrades its excellent conductivity and leads to
capacity decay of corresponding ZHCs. Recent study
indicates that hydration chemistry of inorganic salts
enabled the storage life of MXene up to 400 days,
which may provide a feasible way to use MXenes in
ZHCs without their degradation concerns™?.

(2) Controllable synthesis of MXenes with suit-
able structures and terminal groups for MXene-based
cathodes. Pure MXenes deliver low capacity due to
their high molecular weight and limited zinc storage
sites. One effective strategy to improve the zinc stor-
age performance is to introduce electrochemical act-
ive functional groups on MXenes, which require the
new and controllable synthesis of MXenes. And mol-
ten salt synthesis of MXenes may be the right
choices” ", because electrochemical active I termin-
al groups significantly promote the capacity of corres-
ponding devices”” **. Further, controllable synthesis
macroporous MXene aerogels with high pore volume
without sacrifice of conductivity are highly needed for
high-mass-loading active materials, in this regard,
template methods with controllable sizes and shapes
of templates are feasible to construct ideal MXene-
based hosts for high-performance cathodes®™ '!.
MXene nanosheets based coating layers show great
potentials for durable and dendrite-free Zn anodes. In
contrast to MXene-based hosts for Zn, MXene
nanosheets could be easily coated on commercial Zn
foil anodes by available industrial technologies, such
as spray coating, blade coating, and even printing
technology, in which the small amount of MXene us-

age can significantly enhance the electrochemical per-

formance of Zn anodes without sacrifice of energy
density. Notably, the key is to precisely control the
pores and zinc ion diffusion pathways in the MXene-
based coating layers for unform Zn** ion flux, there-
fore, small organic molecules may be intercalated in-
to the MXene nanosheets to tune the pores and Zn**
diffusion channels. Meanwhile, strong coating inter-
faces should be established to withstand the volume
variation of Zn anodes during stripping and plating
processes, in this regard, novel material chemistry and
coating technologies are highly needed to construct
MXene-based coating layers on Zn anodes for high-
performance ZHCs.

(3) MXene-based new-concept ZHCs. ZHCs
with intrinsic safety show promising applications in
wearable devices, and MXenes with excellent con-
ductivity and mechanical flexibility are ideal active
materials to construct new-concept ZHCs for future

1921 Recent studies

wearable and smart devices
demonstrate the powerful spinning synthesis of fiber-
shaped ZHCs"*!, enlightening the new-shaped ZHCs.
Furthermore, other new-concepts are highly needed
for next-generation ZHCs, such as anti-freezing ZHCs
and self-healing ZHCs.

Lastly, the construction of advanced ZHCs is a
systematic engineering, in addition to the anodes and
cathodes of ZHCs discussed in this review, the selec-
tion of the electrolyte of ZHCs, the rational selection
of cathode/electrolyte couples with new zinc storage
mechanisms may provide a new way to construct
high-performance ZHCs. Therefore, continuous in-
novations are highly needed for future MXene-based

ZHCs.
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