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a b s t r a c t

Renewable potassium-ion energy storage shows attractive potential due to high-discharge platform and
sufficient energy density, with outstanding advantages of abundant reserves and cost-effectiveness.
However, key anode materials face various bottlenecks and formidable challenges, such as poor elec-
trical conductivity, low ionic diffusivity, sluggish interfacial/surface reaction, and severe volume
expansion, which distinctly inhibit the electrochemical performance of potassium-ion system. The
construction of heterostructures can synergistically improve the deficiencies and combine the unique
functionalities of different materials to enhance the potassium-ion storage capacity of metal chalco-
genides or oxides. In this review, understandings and insights into the diffusion and kinetic behavior of
mixed-dimensional heterostructures (MDHs) will be systematically discussed and revealed. Further-
more, these benefits and merits will be maximized and optimized, accompanied by recent state-of-the-
art synthetic strategies and characterization techniques. Finally, we propose improvements and per-
spectives for the feasible development of heterostructures in next-generation energy storage systems.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, a lot of attention has been shed on the prevention of
environmental pollution and exploiting renewable resources to
diminish the continuous consumption of limited supply of fossil
fuels. Exploring the sustainable and reliable energy storages is the
key to effectively reserving the renewable energy sources,
including wind, geothermal, solar, and other renewable energy
sources. Therefore, there is an urgent need to develop low-cost,
high-energy-density, and high-performance rechargeable storage
systems to meet the growing demand for electrochemical energy
storage in large-scale power grids [1,2]. Due to the limited avail-
ability of lithium resources, potassium-ion batteries (PIBs) have
gained considerable attention, which are similar in principle and
technique to the well-established lithium-ion batteries (LIBs) [3].
Metals with high theoretical capacity (e.g. antimony, bismuth, and
its alloy [4]), metal chalcogenides (e.g. sulfides, selenides), and
metal oxides are often selected as anode materials for PIBs. How-
ever, the single-phase materials suffer from poor ion diffusivity,
an).
sing-Yu Tuan with data cited
wide bandgap, poor electrical conductivity, severe volume varia-
tion, and sluggish interfacial/surface reaction (Fig. 1a), which
significantly limit the electrochemical performances [5].

In recent years, most of the reported literature have adopted
three common concepts, synergistic effects, nano-crystallization
effects, and morphology modification (Fig. 2). Compared with
single-component active materials, the synergistic effect resulted
from the multi-constituents and their different redox voltage of
conversion-type, alloy-type, and even the composite materials
(e.g. BiSb@P [6], SnSb@C [7]), which can alleviate the drastic phase
transition and decrease the possibility of materials fragmentation
during cyclic testing. Furthermore, the introduction of conversion-
alloying dual mechanism materials in carbon scaffolds can form a
stable solid electrolyte interphase (SEI), which prevents the
continuous fracture and reformation of the SEI layer and guarantees
the eminent structural stability and cycling performances in PIBs
[8]. As the size of active materials is reduced to nanoscale, the
diffusion paths and ion/electron transport are reduced and facili-
tated, respectively, due to nano-crystallization effect. In addition to
decreasing the size of bulks and micromaterials to nanosized
structures, the intrinsic properties and rate capability of electrodes
can also be enhanced via morphology modification with different
dimensionality, including nanosheet [9], nanoteardrop [10], nano-
wire [11], and nanonetwork [12].
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Fig. 1. Schematic illustration of the heterostructure and its advantages and disadvantages.

Fig. 2. Schematic illustration of the functional roles and structural design of mixed-
dimensional heterostructures in potassium-ion storages.
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Although the above strategies enhance the electrochemical
storage capacity, the interfacial properties of the materials still
cannot meet the requirements of PIBs. Therefore, the construction
and modification of heterojunctions have a crucial impact on
improving the storage capability and enhancing the structural
stability. Based on synergistic effects, nanocrystalline effects, and
morphology modification, the use of nanomaterials to design and
engineer heterostructures of different sizes can improve interfacial
diffusion and kinetic reactions that depend on surface electronic
structures and interfacial properties [13]. It is worthy to mention
that the formation of heterointerfaces will reflect on the ionic/
electronic transmission capability and focus on the transformations
of the intrinsic features, including position of Fermi level, bandgap
width, charge separation ability, and electronic contribution of
band structures (Fig. 1b). Furthermore, inspired by p-n hetero-
junctions with spontaneous built-in electric field effects to facilitate
charge transport [14,15], it enables collective motion of electrons
flowing through electrical contact layers into external circuits.

According to the binding mode and formation mechanism, the
mixed-dimensional heterostructures (MDHs) can be classified into
covalent and van der Waals (vdW) heteroepitaxy. In general, co-
valent heterostructures of two inorganic materials are connected
by unoccupied bonds, termed as dangling bonds, on the surface of
inorganic subtract in Fig. 1c. The covalent heterostructures will be
formed through the “adatomenucleationegrowth” mechanism,
wrapping the active substrate and establishing an inorganic
capping layer through covalent bonds to reduce surface energy
[16]. Owing to the strong binding energy of covalent bonds, even a
small lattice mismatch can induce extended crystal defects and
dislocations at the heterointerface, thereby acting as electron/ion
leakage paths and further deteriorating the electrochemical per-
formance of energy storage. Only a limited combination of two
specific inorganic materials with similar lattice parameters can
yield high-quality heterostructures because the angle and length of
2

the covalent bonds are difficult to alter. If we want to fabricate
covalent heterostructures, the amount of strain in the film must be
considered and determined by the lattice mismatch Ԑ. If Ԑ is greater
than 9%, the heterostructure will experience a large volumetric
strain when built with another inorganic layer [17]. Therefore, the
covalent heteroepitaxy requires same lattice constants and intrinsic
properties of materials. It is well known that two-dimensional
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materials (e.g. sheet, plate, flake) have great potential as a substrate,
however, the problems related to surface stability without dangling
bonds make it difficult to deposit another inorganic material by
conventional covalent epitaxy.

In contrast to the covalent heterostructure, the heterointerface
stress caused by lattice misfit and dislocation can be adequately
alleviated by the noncovalent gap. The vdW heterostructures
typically formed by adhesion or assembly via weak interaction
between capping layer precursors and a non-dangling bonded
substrate, which are proposed by Koma et al. in the semiconductor
field (Fig. 1d) [14]. Accordingly, due to the free choice of substrate
and overlayer from various lattice-matching conditions, the vdW
heterostructures are regarded as a promising avenue to integrate
high-quality MDHs with arbitrary two different dimensional sur-
faces and highly incommensurate physical parameter system.
Besides, the electric contact of heterojunction between semi-
conductor and conductor will form the Schottky or ohmic junction,
which depends on their Fermi level and work function [18,19]. A
Schottky junction is created when the Fermi level of n-type semi-
conductor is higher than that of the metal. Schottky junctions have
been shown to significantly change electronic properties, driven by
close contacts between coupled components associated with
strong built-in electric fields caused by large energy bandgap dif-
ferences, resulting in remarkable rate capability [15].

In the past five years, although the design strategies and
investigation of heterostructures have been carried out to address
the challenges and bottleneck of electrochemical performances in
LIBs and SIBs, the overviews of MDHs based on metal chalcogen-
ides, metal oxides, and carbon for potassium-ion storages is lacking
and in great request. Recently, Y. Dong et al. displayed the detailed
electrochemical performance of 2D-based heterostructure. We
here summarize the additional branch about the structural char-
acterization and the technique and direction of simulation. In
addition to the 2D materials, the construction and advantages of
0D, 1D, and 3D structures are also introduced into this minireview.

This minireviewwill focus on the fundamental understanding of
formation mechanisms and corresponding electrochemical ad-
vancements and achievement of MDHs, as shown in Fig. 2,
accompanied by state-of-the-art fabrication strategies and char-
acterization techniques. Different MDHs of reported studies are
detailly summarized and generalized with various properties and
Fig. 3. Summary of characterization techniq

3

strengths of unique heterointerfaces. Moreover, we propose the
current challenges and future perspectives on heterostructure an-
odes for next-generation alkaline-metal batteries.
2. Characterization of mixed-dimensional heterostructures

The formation and existence of heterojunctions or hetero-
interfaces must be demonstrated and confirmed using some char-
acterization methods and instruments before discussing their
synthesis and properties. Electron microscopy is a straightforward
method to observe and identify morphologies and crystallographic
planes, indicating preferred growth directions and plausible con-
tact planes. Due to the environmental and spatial variation of
molecular configurations, different vibrationmodes of single-phase
materials and heterostructures can be detected by Raman spec-
troscopy. Furthermore, the covalent heteroepitaxy can bemeasured
through the emission and absorption spectroscopy, which probes
the chemical states and valances, respectively. With the complete
materials and structure characterization, the subsequence DFT
calculation and electrochemical testing of MDHs can be more
credible in results and scientific knowledges. Therefore, we will
detailly introduce the corresponding characterization methods
applicable to inorganic heterostructures (Fig. 3).

Scanning electron microscopy (SEM) is a common electron mi-
croscope used to observe topography. The preliminary dimen-
sionality and size of heterostructures can be determined in both
cross-sectional [20] and plan-views [21]. Moreover, the field-
emission SEM has been used to study several multilayer hetero-
structures in the semiconductor industry [22]. On the basis of the
transmission electron microscopy (TEM) observations, we can
simultaneously notice the morphology evolution and lattice
spacing of heterointerface. High-resolution TEM (HRTEM) images
clearly indicated an intimate and continuous interface with a het-
erojunction, confirming that the proper interface match is formed
when two ormorematerials are assembled into theMDHs [23e25].
However, the clear superlattice structure formed between two
identically oriented lattices cannot be visualized by SEM images.
Thus, the HAAD-STEM is used to confirm the types of binding
mode, whether there exists the vdW gaps or covalent bonds be-
tween the two materials. Both lateral and vertical epitaxy of het-
erostructures can be demonstrated by the planar view and cross-
ues and methods for heterostructures.
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sectional STEM studies. Li et al. showed a high resemblance but in
fact highly distinct atomic stacking orders for the high-resolution
STEM image of 2D vdW heterostructure, suggesting a nearly ideal
vdW interface across the vertical heterojunction between metallic
and semiconducting transition-metal dichalcogenides (TMDs) [26].
These planar-view TEM and STEM studies and analyses confirm a
fully oriented vdW epitaxy relationship, which also can measure
the width of vdW gap [27]. Even covalent heterojunction of lateral
materials can be revealed by the high-resolution STEM image;
moreover, their interface is distinguishable because of the distinct
atomic numbers of the two materials such as WS2 and MoS2 [28].

The bandgap of semiconductor in heterostructure plays a sig-
nificant role for electric properties, which can influence the charge
transfer between two materials. The ultraviolet photoelectron
spectroscopy (UPS) can perform to investigate the electron band
configuration [29]. The valence band maximum edges for each
material in heterostructure can be measured. Because of the
different positions of Fermi level between p-type and n-type
semiconductors, the spontaneous electron transfer occurs during
the formation of p-n junction, leading to a built-in electric field.
According toTauc plotmethod and ultravioletevisible spectroscopy
(UVevis) [30], the bandgap can be determined by plotting square
root of the absorption coefficient (a) and photon energy (E ¼ hy)
with photon energy, demonstrating that a section of straight line
with the curve and the x-intercept of this line gives the optical
bandgap. For example, Li et al. exhibited the interfacial built-in
electric field between p-type Co3O4 and n-type TiO2, leading to
the directional migration of polysulfides [15]. Yin et al. introduced a
gradient energy band and a built-in electric field to facilitate
spontaneous electron and AlCl4� anion transfer [14]. Besides, the
Mott-Schottky plot describes the reciprocal of the square of
capacitance versus the potential difference between bulk semi-
conductor and bulk electrolyte through electrochemical impedance
spectroscopy (EIS) [31]. The coexistence of the positive and nega-
tive slopes determines the successful construction of pen junction
characteristic [32].

Since near-edge X-ray absorption fine structure (NEXAFS)
spectra are very sensitive to the local chemical environment and
element specificity, it has been proved to be useful tools for
studying heterostructured interactions. Understanding the inter-
facial charge transport mechanism of heterostructures is crucial for
building high-performance energy storage systems [33]. NEXAFS is
used for different kinds of heterostructure to understand the mo-
lecular orientation and binding mechanism [34,35], and it shows
electronic transitions from a core initial state to an absorbing edge
with well-defined symmetry to an unoccupied valence state [36].
For example, the signal shift in MoN-VN to a higher energy implies
a higher oxidation state of Mo in MoN-VN compared with peak
positions of MoN, originating from a reduced electron density of
Mo in heterostructure due to the strong coupling between two
materials [37]. Furthermore, the Raman spectroscopy also can be
used to reveal the possible epitaxial direction of heterostructures.
There are two main Raman-active peaks, the in-plane and out-of-
plane mode, the former red-shift while the latter blue-shift with
the increase of layer number. Compared with original peaks of pure
materials, the frequency difference of heterostructures can confirm
the number of layers, even heterogeneous layers [38]. For instance,
Raman scattering of heterostructures has been examined by Liang
et al. to determine that their spectra can be used to identify stoi-
chiometric and stacking modes [39]. The red-shift of E12g-Mo of
monolayer MoS2 and WS2 is attributed to increased dielectric
shielding to the Mo layer in the presence of the W layer. Obviously,
the environmental change may cause some variation between their
Raman spectra [40,41].
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X-ray photoelectron spectroscopy (XPS) is used to elucidate
electronic structure and elemental composition, and to probe the
chemical bonding information and oxidation state of the samples on
the surface [42]. Strong chemical interactions between hetero-
structure and polysulfide are also manifested and analyzed [43]. XPS
can further detect that an element on one material is connected to
another element on another material if a covalent bond is formed
within the heterointerface. Ma et al. confirm the existence of a
chemical bond between Mo(S, Se) and C using the XPS spectrum,
indicating the formation of heterostructures [44]. In addition to the
analysis of surface composition, the X-ray diffraction (XRD) can
detect the existence of at least twomaterials with their characteristic
diffraction peaks. Most importantly, the hetero-layer thickness and
composition within the heterostructure can be qualitatively
confirmed by High-resolution XRD, which can more precise the
crystal spacing from the ideal crystal structure [45,46]. Lattice
expansion and contraction of the interlayer in heterostructure also
can utilize to probe the single-crystalline distribution [47].

3. The roles and significance for heterostructures in
potassium-ion storages through theoretical simulation

In addition to the aforementioned tools for proving the exis-
tence of heterointerfaces, the types of heterostructures and their
features have been estimated and explained by density functional
theory (DFT). DFT can predict the possibility of heterostructure
formation in the interface and the different ion transport/adsorp-
tion capabilities of the pristine material and the heterostructure.
First, we can model the crystal structure by measuring the crystal
system and crystal plane of the heterostructure from the results of
the XRD pattern and HR-TEM image. Second, the compatibility of
twomaterials will be verified by suitable surface energy for specific
crystalline plane and connection angle. Fundamental properties of
heterostructure, including density of state and charge density dif-
ference, can be clearly simulated. Third, the adsorption site and
pathways with smallest relative energy are simulated and calcu-
lated to show advantages consistent with the electrochemical
performance and analysis. The corresponding advantages and
simulations of heterostructures in PIBs are listed below.

3.1. Promoting adsorption of potassium ions or polysulfides

Numerous reported studies have calculated and demonstrated
theoretical simulations of K ion adsorption energies for hetero-
structures [44,48e50]. However, conversion-type materials domi-
nated by metal sulfides and selenides lead to a severe loss of
potassium-state high-capacity-contributing intermediates. In
addition to potassium-sulfur or potassium-selenium batteries
[51,52], some metal chalcogenide or TMDs anode, the potassium
polysulfides or polyselenides in PIBs will dissolve into electrolyte,
and even transfer to another electrode, called shuttle effect,
resulting in the loss of active substances and shortening the life-
span. Cao et al. proposed that VS4 with an unsaturated bridge (S2)2e

could serve as an anchoring site to stabilize the intermediate KxSy
with an efficient entrapment effect [53]. Also, the heterostructure
can maintain layered SnS and tune the distribution of KxSy with
high conversion reversibility. The (111) plane of SnS and VS4/SnS
heterostructure have been selected and constructed to adsorb K2S
(Fig. 4a). The data showed that the VS4/SnS@C heterostructure
exhibited stronger adsorption of KxSy than SnS@C (Fig. 4b).
Furthermore, adsorption experiments were performed by
dispersing sufficient SnS@C and VS4/SnS@C in the electrolyte con-
taining K2S chemical (Fig. 4c). It is clearly demonstrated that the
K2S electrolyte with the heterostructured composite changed from



Fig. 4. (a) The most stable adsorption sites for SnS@C and VS4/SnS@C with K2S. (b) K2S adsorption energy of VS4/SnS@C and SnS@C. (c) The chemical adsorption experiment of K2S
in electrolyte. Reproduced with permission from Ref. [53]. Copyright 2021, John Wiley and Sons. (d) DOS analyses and (e) charge density difference for CoSe2, FeSe2@C, and CoSe2/
FeSe2@C. Reproduced with permission from Ref. [49]. Copyright 2021, John Wiley and Sons. (f) the diffusion energy barrio and the corresponding K-ion migration path with top
views of SnS, MoS2, SnS@MoS2, SnS@C@MoS2, and SnS@C@MoS2@C. Reproduced with permission from Ref. [71]. Copyright 2022, Elsevier. (h, i) Volume variation ratio of ZnSe and
Mn-doped ZnSe during K-ion insertion. (j, k) Percentage volume expansion per degree and compositional expansion coefficient of potassium in ZnSe and Mn-doped ZnSe.
Reproduced with permission from Ref. [72]. Copyright 2021, American Chemical Society.
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yellow to colorless, indicating that the VS4/SnS @C composite has a
strong adsorption effect on K2S and there is an effective entrapment
effect of VS4/SnS. Moreover, Chen et al. demonstrated that KFeS2/
graphene has a strong adsorption capability for K2S, K2S2, K2S3,
K2S4, and K2S5, and the existence of the interface between KFeS2
and graphene can boost the K-ion mobility [54]. The corresponding
advantage of capturing polysulfides enhanced the long-term
cyclability of conversion anode, with Columbic efficiency
approaching 100%. Jayan et al. calculated the projected density of
states and Gibbs free energy of each elementary sulfur reduction
reaction, unraveling that the retainedmetallic character of VS2 after
polysulfides adsorption and a significant decrement in energy
barrier due to the catalytic activity of the VS2 surface, respectively
[55]. The CoNiO2/Co4N heterostructure is indicated as a higher
binding energy, implying tighter anchoring ability and rapid
adsorption compared to individual CoNiO2 and Co4N [56].
5

3.2. Facilitating charge transfer capability and ionic/electronic
conductivity

Due to the influence and variation of different features and
dimensionality of heterostructures, theoretical simulations can be
performed to verify the existence of the built-in electric field. The
first principle DFT calculation determines the existence of an in-
ternal electric field in the band structure of heterointerface via
charge density differences and density of states (DOS). We focus on
the DOS intensity near the Fermi level and the gap between the
valence and conduction bands. Additionally, the “differential” re-
fers to the redistribution of charges when atoms form clusters or
the chemical composition or geometric configuration of the system
is changed [57]. Thus, it can be seen intuitively the bonding or the
distribution condition of the individual atoms in the system
through different diagrams. The polarity of the bond is determined
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by the specific spatial distribution of charge accumulation/deple-
tion, and the orbital of the bond is dependent on the shape of the
charge distribution near a grid point, mainly the analysis of the d-
orbital. As shown in Fig. 4d, Shan et al. found that CoSe2/FeSe2@C
heterostructure exhibited lower overpotentials than CoSe2 and
FeSe2, indicating an effective K-ion diffusion and fast electron
transfer. To further examine the heterojunction effect, there is a
narrow bandgap in FeSe2 and when the heterojunction structure is
achieved, the bandgap is shifted near the Fermi level, which means
that the conductivity is optimized compared to pure FeSe2 and
CoSe2. As shown in Fig. 4e, a significant charge transfer from CoSe2
to FeSe2 is observed, further confirming the unbalanced charge
distribution in the calculated results [49]. In order to gain insight
into the benefits of heterostructures on electrochemical perfor-
mance, many studies have been carried out on heterostructures in
PIBs to elaborate and analyze DOS and charge density difference
diagram (e.g. analysis of electric conductivity or electron transfer
[50,58], ionic interaction [48,59], bonding condition [60,61]).
3.3. Providing fast ion diffusion channels with low energy barrier

The diffusion behavior and performance can be displayed by
electrochemical analysis, such as galvanostatic intermittent titra-
tion technique (GITT) [62,63], RandleseSevcik method [64e66], or
EIS [12,67]. We also can use the DFT calculation to predict or
confirm the electrochemical performances. First, the modules will
follow the lowest energy barrier of adsorption site to simulate the
Fig. 5. Schematic diagrams of 2D-2D heterostructure in PIB constructed through (a) face-to-
and HRTEM and HAADF-STEM images of (SnSe)1.16NbSe2. (f) Rate capabilities and (g) long-t
from Ref. [74]. Copyright 2021, Elsevier. (h) The inverse fast Fourier transformations, HAADF
stability at 2 A/g of the CoSe2/FeSe2@C; the insets are TEM images and the corresponding F
Ref. [49]. Copyright 2021, John Wiley and Sons. (k) Schematic illustration of synthesis of
construct by MoS2 and carbon sheet. (l) Comparison of ultralong cycle performance of MoS
and MoS2 nanosheet at various current density. Reproduced with permission from Ref. [4
MXene@C. Reproduced with permission from Ref. [80]. Copyright 2019, American Chemica
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continuous diffusion path [44]. It is also possible to calculate the
different crystalline phases of the diffusion pathways and find the
easiest way for K ions to diffuse through the outer surfaces or in-
terlayers of the material [68e70]. The potassium-ion migration
paths in SnS, MoS2, SnS@MoS2, SnS@C@MoS2, and SnS@C@MoS2@C
heterostructures are shown in Fig. 4g, alongwith the corresponding
K migration energy barriers along the diffusion paths are also
plotted in Fig. 5f. Apparently, the K-ion diffusion barrier at each site
in the SnS@C@MoS2@C composite is the smallest among all
preparation models, confirming the fast ionic transportation of Kþ

ions [71].
3.4. Restricting volume variation

The volume variation of active materials is one of the critical
problems in PIBs with insertion of larger K ions. The instability of
large ionic radius of K ions during the potassiation-depotassiation
process is one of the main reasons for the dramatic volume
change of metal chalcogenides, resulting in structural cracking,
increased charge transfer resistance, and shortened shelf life. Ac-
cording to the simulation of the atomic configuration, we can
calculate the lattice volume expansion as a stepwise insertion of K
ions. Liang et al. purposed the heterogenerous Mn-doped ZnSe and
demonstrated the volume expansion crystal structures of pure and
Mn-doped ZnSewith different content of K ions during potassiation
process given in Fig. 4h and i [72]. The lattice constants were
determined by geometric optimization of the crystal structures of
face, (b) face-to-edge and (c) edge-to-edge stacking direction. (d, e) Schematic diagram
erm cycling performance of SnSe and FL-(SnSe)1.16NbSe2. Reproduced with permission
-STEM image, and the corresponding schematic diagram of CoSe2/FeSe2@C. (i) Cycling
FT pattern. (j) rate performance of all the samples. Reproduced with permission from
3D hierarchical heterostructures and the microscopic sketch of the heterostructures
2-on-NC at 1 A/g. (m) Comparison of rate cycle performance of MoS2-on-NC, MoS2/NC,
4]. Copyright 2020, John Wiley and Sons. (n) Schematic of the preparation of MoSe2/
l Society.



Y.-Y. Hsieh and H.-Y. Tuan Materials Today Sustainability 18 (2022) 100141
ZnSe and Mn-doped ZnSe and used as the percent volume change
during potassiation. The volume expansion of Mn-doped ZnSe was
lower than that of ZnSe, meaning that positive influence of heter-
ointerface on the structural stability of most TMDs and metal
chalcogenides. It is an important technique to confirm the
Columbic efficiency and durability of the SEI layer. The composi-
tional expansion coefficients (h) were calculated to illustrate the
variation law of volume expansion of ZnSe and Mn-doped ZnSe.
The h was calculated and as a function of a and Vi and Vf, where is
concentration of K ions and the volume results fromDFTcalculation
before and after the addition of K ions [73]. As shown in Fig. 4j and
k, the h of Mn-doped ZnSe is similar to that of ZnSe at initial stage.
The h of ZnSe increases significantly after K-ion insertion because
the structure of pure ZnSe is damaged with the increase of K atoms.
Accordingly, the mechanical strength of heterogeneous Mn-doped
ZnSe is enhanced owing to the Mn-induced electronic structure
of ZnSe.
4. Design strategies and electrochemical evolution of mixed-
dimensional heterostructures

The construction andmodification of heterointerfaces of mixed-
dimensional MxSy, MxSey, MxOy (M¼metal or transitionmetal) and
carbon materials are important to ensure higher cycle life and
satisfactory energy density. Rational design of anodes can enhance
the structure stability and increase specific capacity. Here, we
mainly discuss four different mixed-dimensional heterostructure
geometries, namely 2De2D, 1De2D, 0D, and MDHs. In addition, we
list a large number of literature whose rate capability and cycling
capability in Table 1, and the corresponding material designs and
advantages will be introduced and reviewed in detail in the
following sections.
4.1. 2D-2D heterostructures

Due to its high theoretical capacity and large interlayer spacing,
2D TMDs have become attractive anode materials for PIBs. There
are three connection types of heteroepitaxial, face-to-face, face-to-
edge, and edge-to-edge heterostructures, as shown in Fig. 5aec.
The structural features and connection types depend on the lattice
parameters and crystal structure. Peng et al. designed the face-to-
face structure of misfit layered compounds (MLCs) by a facile
solid sintering method (Fig. 5d and e). Combining the high con-
ductivity of NbSe2 and the high reactivity of SnSe2, this novel het-
erostructure exhibits high-strength flakes and weak interlayer
adhesion. The significantly improved rate performance of NbSe2-
based MLCs is shown in Fig. 5f, and their high Coulombic effi-
ciencies at various current densities and excellent stability with
current rate increased perform the great reversibility of the face-to-
face heterostructure after 300 cycles (Fig. 5g) [74]. Because carbon-
based conductors can be also used as two-dimensional template
and active material, the utilization of 2D-based carbons with
semiconductors that can form heterojunctions associated with
Schottky contacts has been propsoed, such as Bi0.51Sb0.49OCl/rGO
[75], SnS2/Ti3C2Tx [76], C/MoS2/G [77]. Ma et al. assigned a chemical
vapor deposition (CVD) process for fabricating the ultrathin MoSe2
nanosheets uniformly distributed on the hollow carbon nano-
sheets, as shown in Fig. 5k. The XPS spectrum shows the C1s and
Mo 3 d of MoS2-on-NC, and the peaks located at 286.2 eV and 283.1
eV can be attributed to the formation of covalent CeSe and CeMo
bonds, respectively [44]. Chemical bonds can enhance the me-
chanical stability of nanosheets and improve the structural integ-
rity of electrode materials after repeated charge and discharge.
Therefore, the outstanding performances of MoS2-on-NC
7

heterostructure have displayed the ultrastable cyclability and rate
capability with current density of 1 A/g and 10 A/g (Fig. 5l and m).

In-plane CoSe2eFeSe2 heterostructure is formed with semi-
coherent phase boundary, which is stitched together at the edge
[49]. The high angle annular dark-field STEM (HAADFeSTEM)
technique and structure scheme were displayed to visualize the
evolution of the heterointerface in Fig. 5h. Structural features can
suggest that the atomic arrangement in the edge-to-edge CoSe2/
FeSe2 heterointerface is slightly disordered. The great cycling per-
formance and structural durability of CoSe2/FeSe2 after cycling
processes are shown in Fig. 5i and its inset. Thanks to the lower
energy barriers of ion migration when passing through multiphase
transitions, the superior rate capability of CoSe2/FeSe2@C per-
formed a considerable reversible capacity at step current densities,
as shown in Fig. 5j. Compared with SnS@C, Cao et al. proposed a
hierarchical VS4/SnS heterostructure with 2D-2D nanosheet
morphology anchored to a wrinkled graphene framework. In
comparison, the charge transfer resistance (Rct) of VS4/SnS before
cycling was smaller than that of SnS@C, suggesting a superior ki-
netic reaction of layered VS4/SnS heterostructure. Particularly, VS4/
SnS exhibits a lower overpotential and higher K ion diffusion co-
efficient than SnS, suggesting that the heterointerface between VS4
and SnS may contribute to the K-ion diffusion [53]. A face-to-edge
heterostructure, however, has not been published in PIBs or PIHCs
system. In recent, there are some reported literature used this
concept to fabricate the heterostructure applied on other systems.
Yu et al. designed a heterostructured composite with ZnS nano-
sheets and carbon coating Cu2S nanoplates in sodium-ion battery
[78]. A unique vertical 2D/2D SnS/SnS2 heterostructure grown on
the surface of rGO was reported by Huang et al. [79]. MoSe2
nanosheets were vertically grown on the surface of MXene flakes
through the hydrothermal method, resulting in the MoSe2/MXene
hybrid nanosheets, as shown in Fig. 5n. TheMoSe2 nanosheets were
anchored to the MXene flakes via strong covalent bonds, which
significantly improves the stability of the hybrid structure and fa-
cilitates the transfer kinetics of ions and electrons during electro-
chemical reaction [80].

4.2. 1D-2D heterostructures

One-dimensional (1D) nanomaterials (i.e. nanowires, nanorods,
nanoribbons, nanotubes, etc.) have received much attention as
promising materials with outstanding electronic properties [81]
due to several important structural advantages over conventional
planar materials: High surface area-to-volume ratio for enlarged
active layer area [82]; high-quality heteroepitaxy on highly lattice-
mismatched substrates without distortion [83]; and structural
versatility in designing heterostructures through radial or axial
compositional modulation [16,84]. These merits of 1D
nanomaterials greatly increase the freedom in heterostructured
engineering and enables awide range of alloy compositions. Hence,
the integration of semiconductor nanowires with 2D materials is
expected to create unique features for potassium-ion storages. Due
to their anisotropic geometry, 1D-2D heterostructures have more
possible configurations, which can be divided into vertical and
parallel stacking forms, the former mainly relying on covalent
bonds and the latter mainly generated by vdW forces [85]. Vertical
and surface stacked heterostructures are formed by the deposition
of 2D nanosheets on 1D nanomaterials to form forests, and 1D
nanomaterials are directly grown on the surface of 2D nanosheets
to obtain arrays(Fig. 6a and b).

Cao et al. proposed a microbe-assisted assembly strategy to
address the self-aggregation, large volume change, and rapid ca-
pacity decay of MXene-based materials in PIBs by forming a het-
erogeneous porous structure of 2D MXene on 1D fungal-derived



Table 1
List of mixed dimensional materials in PIB system.

Dimension Materials Strategies Rate capabilitya Cyclabilityb Ref.

2D-2D (SnSe)1.16NbSe2 Solid sintering 300/0.1, 150/1 300/300/0.1 [74]
2D-2D (PbSe)1.14NbSe2 300/0.1, 175/1 250/260/0.1
2D/2D VS4/SnS@C 1. Solvothermal

2. Sulfidation
270/0.1, 123/10 150/6000/1 [53]

2D/2D/2D C/MoS2/G 1. Oxidative polymerization
2. Sulfidation

362/0.1, 195/10 126/4000/5 [77]

2D/2D Bi0.51Sb0.49OCl/rGO NaBH4 reduction 407/0.1, 319/1 360/1000/0.1 [75]
2D/2D MoS2-on-NC one-step CVD 498/0.2, 130/10 399/5000/1 [44]
2D/2D MoSe2-on-NC 393/0.2, 171/5 247/4800/1
2D/1D MXene@NCRib 1. Freeze-drying

2. Annealing
371/0.1, 60/5 202/1000/1 [86]

1D/2D CoTe2/MXene 1. Hydrothermal
2. Tellurization

420/0.2, 128/20 232/3000/2 [88]

1D/2D V2O5@rGO Hydrothermal 265/0.03, 50/2.94 179/500/0.15 [87]
0D/1D Fe2VO43NC Solvothermal 389/0.1, 228/2 196/2300/4 [96]
0D/2D FeS@SPC 1. Calcination

2. Sulfidation
388/0.1, 140/5 323/3000/1 [97]

0D/2D MoS2/Sb @C 1. Hydrothermal
2. Sulfidation

345/0.05, 235/2 170/1000/1 [98]

0D/3D MoSe2@MoO2 Hydrothermal 365/0.1, 172/2 255/100/0.5 [100]
2D/3D VO2eV2O5/NC Self-template strategy 510/0.1, 108/10 256/1600/1 [110]
0D-2D-3D Fe7S8/C@d-MoS2 Hydrothermal 505/0.5, 318/5 280/500/4 [109]
1D-1D-2D MnCo2O4.5@ MnCo2S @rGO two-step hydrothermal 357/0.1, 125/2 273/400/1 [104]
2D-2D/3D MoS2eWS2eC Spray pyrolysis 377/0.1, 176/5 350/100/0.2 [105]
0D-1D Bi2S3/MoS2@NC Solvothermal 551/0.1, 381/5 412/400/0.5 [106]
0D-0D/3D CoSe2eCu2Se@NC 1. Solvothermal

2. Sol-gel
3. Selenidation

550/5, 460/25 367/2000/20
415/2000/10

[60]

0D-0D CoS2/CuCo2S4@NC 1. Solvothermal
2. Sol-gel
3. Calcination

563/0.2, 117/2 112/1000/1 [108]

0D-0D CoSe2eFeSe2@C 1. Coprecipitation
2. Selenidation

407/0.1, 275/2 271/300/2 [49]

0D/0D Sb@Sb2O3 Spray pyrolysis 573/0.1, 302/30 379/10,000/5 [61]
2D-2D SnS2/SnO2/stainless steel mesh Hydrothermal 470/0.05, 150/1 155/250/0.5 [91]
0D-2D-3D Co9S8/NSC@MoS2@NSC 1. Calcination

2. hydrothermal
414/0.1, 163/2 141/800/3 [107]

2D-2D/3D SnS@C@MoS2@NC 1. hot injection
2. hydrothermal
3. Calcination

566/0.05, 305/1 253/3000/1 [71]

Hetero-phase boundary/3D CS-Se@NC 1. Coprecipitation
2. Carbonization
3. Selenidation

368/0.1, 183/2 105/200/0.5 [103]

a The rate capability is summarized as capacity/current density. The unit of capacity and current density are mA h/g and A/g, respectively. b) The cycling performances are
summarized as capacity (mAh/g)/cycle number (cycles)/current density (A/g).
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nitrogen-rich carbon nanofibers (Fig. 6d) [86]. With surface-
controlled storage of large K ions of 2D MXene and charges trans-
portation of inner conductive 1D NCRib network, the superior
potassium-ion storage performances were enhanced by improving
ionic conductivity and surface pseudocapacitive contribution, as
shown in Fig. 6e, which is consistent with the high-rate perfor-
mance in Fig. 6f. When 1D nanomaterials are stacked around the
surface of 2D materials, this designed heterostructure not only
enhances reaction kinetics but also provides a more reactive sur-
face area for potassium-ion storages [87,88]. Xu et al. prepared
CoF(OH)/MXene by a one-step hydrothermal reaction and tellur-
iction in the presence of MXene (Fig. 6g). Afterward, the trans-
formation of CoTe2 nanorods from hexagonal to orthorhombic
phase was induced by phosphorus doping, resulting in the forma-
tion of 1D nanorods on 2DMXene, as shown in the TEM andHRTEM
images in Fig. 6h [88]. With the construction of crystal structure
and DFT calculation (Fig. 6i and j), the Keion diffusion barrier of o-
PeCoTe2/MXenewas lower than those of h-CoTe2/MXene, heCoTe2,
and MXene anodes. Hence, the capacitive contribution of
oePeCoTe2/MXene was as high as around 90% at the scan rate of
1.1 mV/s, larger than those of other materials for the surface-
controlled potassium storage in Fig. 6k. The rate capability of
8

oePeCoTe2/MXene also delivered the reversible capacities of 420
and 168 mAh/g at 0.2 and 20 A/g presented in Fig. 6l, respectively.
Numerous similar heterostructures have been successfully fabri-
cated, including WVO4/V3Se4 [89], V2O5@rGO [87], TMC@MXe-
ne@CNRib [90], SnS2/SnO2 [91], MoSe2eGeCNTs [92]. Moreover, if
the size of 2D materials is much larger than that of the 1D nano-
material, the 1D nanostructures can vertically align the template of
the 2D structures illustrated in Fig. 6c. This nanostructure can also
achieve high specific surface area by inhibiting the self-aggregation
of nanomaterials. The vertically aligned 1D Te nanowire-2D Sb2Te3
nanoblades heterostructure fabricated via solvothermal method by
Yin et al. gives the rational guidance to design coolingefinselike
nanostructures integrating 1D and 2D heterostructures for
advanced anode materials with extraordinary rate performance
[93]. The vertically aligned Te nanowires can bridge adjacent Sb2Te3
nanosheets to form 3D layered structures with tunable porosity and
enhanced electron transport paths.

4.3. Zero-dimensional-based (0D) heterostructures

In general, the 0D nanomaterials (e.g. nanodots, nanoparticles,
nanospheres, etc.) can provide the following advantages. First, the



Fig. 6. Schematic diagrams of 1D-2D heterostructure constructed through (a) vertical stacking, (b) surface stacking, and (c) vertical aligning direction. (d) Schematic Illustration of
Microbe-Assisted Assembly of 2D/1D MXene@NCRib. (e) Capacity contribution ratio at different scan rates. (f) Rate capability of the MXene and MXene@NCRib. Reproduced with
permission from Ref. [86]. Copyright 2021, American Chemical Society. (g) Schematic illustration of the preparation process of o-P-CoTe2/MXene. (h) TEM and HRTEM image of o-P-
CoTe2/MXene. (i) Side view of the crystal structure of o-P-CoTe2/MXene interface. (j) Energy barriers for K diffusion in o-P-CoTe2/MXene, h-CoTe2/MXene, and h-CoTe2. (k) The
contribution ratio of capacitive behaviors at different sweep rates for o-P-CoTe2/MXene, h-CoTe2/MXene, and h-CoTe2. (l) Rate capability of o-P-CoTe2/MXene and other electrodes.
Reproduced with permission from Ref. [88]. Copyright 2021, John Wiley and Sons. (m, n) SEM images of the STNH under different magnifications and the inserts are cooling-fins-
liked 1D Te - 2D Sb2Te3 heterostructure and high-resolution SEM, respectively. (o) Cycling performance of STNH electrode at a current density of 100 mA/g. Reproduced with
permission from Ref. [93]. Copyright 2020, Elsevier.
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uniformly dispersed nanoparticles with high electrolyte-electrode
contact area are ideally proper for conducting infiltration of elec-
trolyte and electrochemical reaction of active materials [94]. Sec-
ond, nanoparticles can shorten ion/electron diffusion distance, and
migrate strain induced by volume change owing to the surface ef-
fect and small size effect [95]. Nevertheless, the severe aggregation
of 0D nanomaterials due to their high surface energy would lead to
poor cyclability and rate capability. Thus, engineering design of
heterojunction combined with other dimensional materials is an
imminent demand.

The 0Debased heterostructure anode can be classified into
0De1D, 0De2D and 0De3D heterostructures, as illustrated in
Fig. 7aec. Yang's group adopted a one-pot synthesis to fabricate the
heterostructures composed of 0D Fe2VO4 nanobead encapsulated
in 1D N-doped carbon nanowires (Fig. 7d and e). The inner void
space and outer carbon shell effectively prevent the aggregation of
active materials and promote electronic and fast transport of ions
and adapt to volume changes during cycling [96]. Even after
charging/discharging process, the Rct of heterostructure was
reduced and smaller than that of pristine material, which means
that the structure can be maintained without cracking. Based on
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the unique structure, the rate capability and cycling durability of
the heterostructure are improved, with a high capacity of 196mAh/
g after 2300 cycles at 4 A/g in Fig. 7f. Design of heterostructures of
0D FeS nanodots were embedded in 2D sulfur-doped carbon
nanosheets (Fig. 7g), as reported by Yan et al. [97], and the junction-
enhanced adsorption of K ions was improved. After cycling test, the
post-mortem TEM images showed the entire wrapped hetero-
structure without exposition and rupture of active materials in
Fig. 7h. Particularly, there are many reported studies that adopted
the design concept of 0D-2D heterostructures. The
Chrysanthemum-like heterostructures were constructed by
encapsulated Sb nanoparticles into the few-layered MoS2 nano-
sheets, which were further impregnated into the N-doped gra-
phene [98]. Benefiting from the synergistic coupling effect between
the outer graphene and inner MoS2/Sb heterostructure, the elec-
tron transport, and ion diffusion were effectively accelerated.
Furthermore, introducing 0D nanomaterials into 3D framework can
further enhance the structural durability and interlinked porous
channels with engineering the heterojunction [99]. Jiang et al.
designed a heterojunction of 0DMoO2 nanoparticles confined in 3D
MoSe2 hollow sphere (M@M) prepared by hydrothermal synthesis



Fig. 7. Schematic diagrams of 0D-based heterostructures combined 0D nanomaterials with (a) 1D, (b) 2D and (c) 3D structures. d) Schematic illustration of the preparation process.
(e) SEM images, TEM images, and HRTEM images of the Fe2VO43NC nano-peapods. (f) Rate capabilities and cycling performance of the Fe2VO43NC nano-peapods at various
current densities. Reproduced with permission from Ref. [96]. Copyright 2019, John Wiley and Sons. (g) Low-magnification and high-magnification TEM images of FeS@SPC. (h)
Post-mortem TEM images of FeS@SPC after 3,000 cycles at 1A/g. Reproduced with permission from Ref. [97]. Copyright 2021, Elsevier. (i) Schematic illustration of preparation
process of M@M samples. (j) TEM images and HRTEM images of M@M. (k) Cycle and rate performances of M@M samples. Reproduced with permission from Ref. [100]. Copyright
2020, Elsevier.
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(Fig. 7i) with its built-in electric field facilitated the diffusion of K
ions. The TEM image further showed that the MoO2 nanoparticles
are tightly connected to MoSe2, as presented in Fig. 7j. As a result,
the electrochemical performances of the heterojunction were
effectively improved compared to the pure MoSe2 and MoO2
(Fig. 7k) [100]. Meanwhile, the layered double hydroxides shell
with 3D network can prevent the aggregation of carbon dots during
the ultralong cycle lifespan with promoting the electrical conduc-
tivity and stabilizing the electrode structure [101].

4.4. Multidimensional and other heterostructures

The combination of various dimensions of materials at the nano-
or micro-scale achieves characteristic synergistic effects, where
each individual component exerts its own strengths and overcomes
the shortcomings of the other units. The rational integration of
multidimensional nanoscale subunits combines multiple advan-
tages, including enlarged electrode/electrolyte interface area,
shortened electron/K ion diffusion paths, enhanced electrical con-
ductivity, excitation of excellent pseudocapacitive behavior, inhi-
bition of self-aggregation of nanoparticle, and accommodating
volume variation of electrodes during the cycling process [102].
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Due to the structural interconnectivities, MDHs not only possess
well-developed channels for rapid electron transfer, but also offer a
large specific surface area, and more active sites, which can
enhance the electrochemical reactivity. Furthermore, several other
configurations without specific morphology of heterostructures
have been reported in PIBs, including CoSe2/SnSe2@NC [103],
MnCo2O4.5@MnCo2S4@rGO [104], MoS2eWS2eC [105], and Bi2S3/
MoS2@NC [106].

Yang et al. designed a synthetic route to fabricate multidimen-
sional composites in which 0D Co9S8 nanoparticles and 2D MoS2
nanosheets were incorporated into a 3D N, S-doping carbon scof-
fed, as shown in Fig. 8a. The field emission SEM and TEM images of
MDH displayed highly uniform nanoboxes encapsulated by crum-
pledMoS2@C nanosheets and a shell thickness and inner cavity size
of 175 and 275 nm in Fig. 8bed. For the electrochemical perfor-
mances, even at the high current density of 3 A/g, the MDH can still
maintain a reversible capacity of 163 mAh/g after 120 cycles,
delivering a retention of 71.5% (Fig. 8e) [107]. With the concept of
Schottky junction and multi-heterostructure, Chu et al. fabricated
SnS@C@MoS2@NC electrodes using a two-step synthesis by ther-
mal injection and hydrothermal method (Fig. 8f and g), and
exhibited enhanced potassium storage capacity [71]. Schottky



Fig. 8. (a) Schematic illustration of the preparation process and transport of electrons and K ions in the Co9S8/NSC@MoS2@NSC and structural models with expanded interlayer
spacing and strong chemical bonding. (b) SEM image, (c) TEM image, and (d) HRTEM images. (e) Rate capabilities of the Co9S8/NSC@MoS2@NSC, Co9S8/NSC, and pure MoS2
electrodes at various current densities from 100 to 3000 mA/g. Reproduced with permission from Ref. [107]. Copyright 2019, JohnWiley and Sons. (f) FESEM images, (g) TEM images,
and HRTEM images of SnS@C@MoS2@NC micro flowers. (h) The built-in electric field in SnS@C@MoS2@C. Comparison of (i) cycling performance (200 mA/g) and (j) rate perfor-
mance at various current densities from 50 to 1000 mA/g. (k) The DOS of SnS@MoS2, SnS@C@MoS2, and SnS@C@MoS2@C. Reproduced with permission from Ref. [71]. Copyright
2022, Elsevier.
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junctions induced by phase boundaries with effective built-in
electric fields will lead to enhanced intrinsic conductivity and
thus improved rate capability. It is calculated that SnS@C@MoS2@C
exhibited a more stable adsorption energy than SnS, MoS2,
SnS@MoS2, SnS@C@MoS2, thereby greatly improving the adsorp-
tion capacity of K ions in Fig. 8h and k. In Fig. 8i and j, the above
calculations result unambiguously consistent with the excellent
rate capability and cyclability. There are some similar concept and
strategy used in the recent literature, such as CoSe2eCu2Se@NC
[60], CoS2/CuCo2S4@NCs [108], Sb@Sb2O3@Ne3DCHs [61], Fe7S8/
C@deMoS2 [109].

4.5. Summary on the effects of different synthetic strategies for
MDHs

There are many synthetic strategies for fabricating hetero-
structure, including hydrothermal/solvothermal, solid sintering
(sulfidation/selenidation/telluriction), CVD, sol-gel/poly-
esterification, hot injection with a reductant, chemical precipita-
tion, etc. (Table 1). In typical, one or two-step hydrothermal and
solvothermal methods are usually used to synthesize the hetero-
structure, which can react under high pressure, but lower tem-
perature (temp. range: 120e220 �C) condition compared to
sintering and CVD. Nevertheless, the one-pot synthesis may affect
the purity of target materials due to all the precursors are mixed in
the same system. The coprecipitation method is used for producing
MOF, which is a metal-based precursor, and its required tempera-
ture ranged from room temperature to 100 �C. However, most
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fabrications after first-step proceed are high-temperature anneal-
ing process, which is sulfidation/selenidation steps. During the
higher temperature (>350 �C), we need to be concern about the
phase and morphology variation of original material. In addition,
the high-temperature solid sinteringwithout shape-controlled step
would result in the formation of bulk materials rather than nano-
structure. Although the sol-gel strategy is conducted through
polyesterification reaction at a temperature of 140e180 �C, the
polymer resin containing the metal complex would still proceed
with the subsequent carbonization and reduction reaction under
500 �C. Therefore, choosing a rational strategy at a suitable tem-
perature, great purity, unique morphology, or even stable carbon
scaffold, etc., requires trade-offs as well as trial and error.

5. Conclusion and outlook

Numerous challenges of PIBs, including severe volume changes,
slow kinetic reactions, poor electrical conductivity, and slow ionic
diffusion, can be addressed through rational design strategies for
covalent and vdW heterostructures. In this minireview, we sum-
marize and list suitable modification methods and characteriza-
tions of MDHs, categorized into 2De2D, 1De2D, 0Debased, and
multidimensional. Combination of different dimensional materials
can synergistically promote the feasible utilization of energy stor-
age and exhibit advantages in kinetic reactions involving ion
adsorption and diffusion. Due to the different properties of semi-
conductors, insulators, and conductors, the built-in fields and cor-
responding bandgaps of MDHs are affected. The improved electric
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and ionic conductivity of heterostructures reduces the volume
variation and accelerates K-ion transportation in PIBs. Most
importantly, the theoretical simulations also provide the evidence
for advanced electrochemical performances, involving rate capa-
bility, cyclability, diffusion barrier, adsorption energy, etc.
Benefiting from the formation of heterointerface, the band struc-
ture, and intrinsic properties are significantly changed and pro-
moted. With the excellent studies in recent years, the stateeofeart
design and corresponding performance have been clearly proposed
and can be applied to other electrochemical storage systems, such
as zinc-ion, calcium-ion, and aluminum-ion batteries. To further
promote the development of heterostructured materials, we pro-
pose some feasible research directions, highlighted below.

5.1. Engineering the rational and controllable synthesis methods

Due to the unique properties of MDHs, including covalent or
vdW epitaxy, rational synthesis strategies with simple fabrication
processes, such as low temperature, short synthesis time, atmo-
spheric pressure, etc., are regarded as important targets and even
become mainstream with high-performance potassium-ion stor-
ages. The contact facet, geometric topography, and specific growth
direction can be more facile to be tuned by experimental parame-
ters and controllable factors. With tunable and rational strategies,
the high-quality MDHs with functional designs can further scale up
to meet the high-quantity demand. Therefore, universally
controllable design methods and mechanisms could make the
heteroepitaxial fabrication process easier to adopt and extend to
other fields of electrochemistry for next-generation energy storage.

5.2. Optimizing the electrochemical performance with other
components

The optimized other components, such as electrolyte, binder,
and conductive agent, can promote the cycling stability of hetero-
structure. Wu et al. proposed a fundamental study of mechanical
strength of binder and SEI film formation, maximizing the elec-
trochemical performance benefited from the cross-linked binder
and the stable SEI layers derived from the electrolyte [111].
Different electrolyte solvents and salts are a significant factor to
form a robust SEI layer surrounding the electrodes, affecting the
Columbic efficiency of alloy and conversion anodes during charge-
discharge process [112]. Besides, the improvement of the conduc-
tive agent contained in the electrode slurry can greatly increase the
conductivity and electric contact of the whole electrode system.
Chen et al. used a mix of super P and graphene as the conductive
agent reduces the charge transfer resistance during cycling, in-
creases the specific capacity, and enables the battery to maintain
excellent cycling stability [113]. Therefore, we can simultaneously
engineer the MDHs and improve the other electrode components
to accomplish the long-term cyclability with an optimized system.

5.3. In-depth insight into MDHs through advanced characterization
methods

The ex-situ and in-situ XRD contour plot or Raman spectroscopy
are often performed on evolution of electrochemical mechanism.
Furthermore, advanced operando techniques can be applied to
observe changes in the heterojunction or interface during cycling.
For instance, the advanced in-situ transmission X-ray microscopy
(TXM) or TEM may be a method to clearly reveal morphological
changes consistent with phase transitions in XRD or Raman anal-
ysis. It is worth mentioning that the electrochemical reaction in-
termediates of the heterostructure, which contribute a great
capacity, may be different from the original concept and
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mechanism owing to the formation of bonds between two mate-
rials. Hence, advanced operando techniques should be applied to
provide a comprehensive understanding of heterojunction and a
design guide of MDHs.

5.4. Potassium-ion full batteries and hybrid capacitor

Themost-reported literature focus on the analysis and testing of
halfecell batteries. However, the feasibility of potassium-ion full
batteries or hybrid capacitors is an important component in prac-
tical applications, which have high requirements and needs on the
energy density and power density of full cells. The potassium-ion
full batteries usually coupled with Prussian analogues or organic
cathodes can display the strengths regarding the capacitive storage
ability, reflecting the amount of energy density. The normal ca-
pacitors are constructed by symmetry cells, while the novel hybrid
capacitor is composed of active carbon and highecapacity anode.
Benefiting from the interface modification and junction enhance-
ment of heterostructures, the electric resistance and ion diffusion
barrier have been decreased. The rapid kinetic reaction and struc-
tural stability of metal chalcogenide and oxides are significantly
activated and improved, promoting the storage efficiency and
diffusion capability. Both capacity contribution and ion trans-
portation of K ions in anode materials will affect the performances
of energy and power density. As full cells are assembled and
demonstrated in Ragone plot, the utilization of potassium-ion
systems will be more refined to develop next-generation storage
devices.
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