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Abstract Materials engineering plays a key role in the field of electrochemical energy storage, and considerable efforts
have been made in recent years to fulfill the future requirements of electrochemical energy storage using novel functional
electrode materials. Materials with hollow structures are of particular interests due to their low density, large specific
surface area and high porosity, making them promising candidates for energy conversion and storage. The Kirkendall effect
has been widely applied for the synthesis of nanoscale hollow structures, which involves an unbalanced counter diffusion
through a reaction interface. Herein, the recent progress on the use of the nanoscale Kirkendall effect to synthesize hollow
nanostructures, including nanoparticles, one-dimensional (1-D) , two-dimensional (2-D), and three-dimensional (3-D)
nanostructures, and their potential applications in energy storage devices are summarized and discussed. And prospects is
made for the future development of this research field.
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energy

pollution are considered as the two biggest challenges
in the 21st century, so there is an urgent need for
clean, renewable and sustainable energy sources. With
newly

the ever-increasing demands to support

emerging electronics, scientists pay great efforts to

fEHE  2024-01-25

storage (EESs) with large capacity, high safety, high
stability and rate capability. The performance of the
EES system largely depends on the properties of the
electrode materials. Hollow and porous structures have

been attracting extensive research interest on account
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of their advantages including low density, large
specific surface area and high porosity . Hollow micro/
nanostructures have a larger ion-accessible surface
area than solid ones, and thus can improve the
utilization of the active materials, and are favorable for
electrochemical energy storage applications. A number
of synthetic routes to porous, hollow nanomaterials
have been reported, they can be divided into template
method and non-template method"".

For template method, many approaches for hollow
structures is to fabricate the core/shell intermediate
using a hard template and then removing the hard solid
template, or to use a solid reactant itself as a sacrificial

4-5]

template[ Furthermore, hollow structures can be

obtained at the interface between discontinuous

emulsion  droplets/supramolecular  micelles  and

continuous fluid phase using liquid droplets/micelles

7] Hollow nanostructures are

as a soft template
obtained via nano-templates methods usually using
Ostawald ripening and Kirkendall effect. For Ostawald
ripening process, during the recrystallization of
crystallites, mass transfer from smaller crystallites in
the core region to larger crystallites in the shell region
of the crystallite aggregate intermediate led to a hollow
structure without relying on the external template """,
The hollow nanocrystal can be synthesized using a
solid reactant as a sacrificial template through the
Kirkendall effect, wherein, the hollow cavity forms
near the interface between two reactants, due to
different interdiffusion rates of the two reactants'’. JI
et al.'” prepared hollow Co,0, nanoparticles with rich
oxygen vacancies which was formed and controlled
through the regulation of Kirkendall effect. To further
study the nanoscale Kirkendall effect, NILSSON et al.
"4 developed a combined experimental and theoretical
platform for the investigation of single Cu nanoparticles
oxidation and Kirkendall void formation.

However, there is still no specific summary
focusing on the nanoscale Kirkendall effect to hollow
nanocrystal. This review summarized and analysised
the recent progress in the synthesis of hollow structures
and the use of them in energy storage application as

electrode materials. The review begins with a brief

introduction of the nanoscale Kirkendall effect, and

then discusses the recent research of hollow materials
based on nanoscale Kirkendall effect in energy
storage, lastly concludes with a summary and the
personal perspectives on the directions in which future

work on this field might be focused.

1 Kirkendall effect

The Kirkendall effect is a classical phenomenon in
metallurgy, which refers to a nonequilibrium mutual
diffusion process through an interface of two metals so
that vacancy diffusion occurs to compensate for the
unequal material flow. Prior to 1940s, it was believed
that atomic diffusion in metals and alloys took place via
a direct exchange or ring mechanism (Fig.1(a) , (b) ).
However, 1942, Kirkendall explained the interdiffusion
between copper and zinc in a copper/brass system, the
experimental data supported the theory that atomic
interdiffusion at the interface of two metals occurs
through a vacancy exchange mechanism (Fig.1(c) )"

(a) (b) (©)
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(a) Direct exchange mechanism; (b) Ring mechanism; (¢) Vacancy
mechanism (Figure adapted with permission from literature [15],
copyright 1997 Springer Science and Business Media)

Fig. 1 Schematic diagram of atomic diffusion
1 Ry sos e

Fig. 2 demonstrates the schematic illustration of
the Kirkendall effect in the bulk phase diffusion couple
A-B". Due to the faster diffusion of A into B than that
of B into A, the unequal material flow is accompanied
by vacancy diffusion. In this case, the A-B alloy region
will be more extended within metal B and vacancies
will be injected at the interface region within metal A.
The coalescence of excess of vacancies leads to the
formation of small voids distributed all along the
interface. The process goes on over time, vacancies
will be generated leading to the enlargement of the
formed voids that will coalesce and form pores within
the materials.

The final morphology of the reaction product is
dependent on many factors including the ecrystal
structure, crystal defects, grain size, concentration of

the reactants, and reaction temperature“ﬂ. Hollow
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J» Jy and J are diffuse fluxes of metal A, B, and void, respectively.
(Figure adapted with permission from literature [ 12], copyright 2012
American Chemical Society)

Fig. 2 Schematic illustration of a nonequilibrium lattice diffusion at

the interface in bulk phase by Kirkendall effect
2 Kirkendall 08-S0 AR SR 87 SR H0R 28

structures may be obtained when the diffusion couple
is properly chosen and the reaction kinetics is facili
tated by lower activation energy such as surface
diffusion and interface strain'”"*'. Hollow nanostructures
can offer more active sites for electrochemical reactions
and short ionic transport paths, which provide the
enhanced rate capability and cycle performance.

The research on the nanoscale Kirkendall effect is
newly developed field
breakthroughs have been made in this field (Fig.3).

The ion-exchange process is an effective method to

and many progressive

obtain hollow nanostructure based on the nanoscale
Kirkendall effect 2.
doping in the crystal will also influence the Kirkendall

In addition, Specific metal

effect. GURIA et al.”' demonstrated that Ag doping in
Pd nanocrystals triggered the Kirkendall effect during
the subsequent selenization process, which could not
occur in the undoped sample. Multi-component hollow
nanomaterials with different microscopic morphologies
can be obtained by combining the nanoscale Kirkendall
effect with metal-organic frameworks (MOFs) strategy,
sacrificial template method, self-assembly, etc. WANG
et al. "' successfully synthesized a hollow porous
layered CoMn,0,@NC microbox for lithium ion storage
by using kirkendall effect and self-assembly. The
CoMn,0, micro-box shows a dense skin, porous
interior and unique cavity, which is beneficial to
adapt to volume change and promote electrolyte
penetration. CoMn,0,@NC has a high specific capacity
of 1039 mAh-g™" after 150 cycles at 0.5 A-g™".

2 Synthesis of hollow nanostructures

Controlling the morphology and size of hollow
structure is vital to their applications. In the review,
we fill focus on the nanoscale Kirkendall effect to
synthesize hollow structure for specific geometric
morphologies, including nanoparticles, 1-D, 2-D and
3-D structures and their application of energy storage.
2.1 Nanoparticles

In the formation process of nanomaterials, large-
volume nanocrystals can be dispersed into extremely
small nanoparticles by external application of energy,
and ultrasmall nanoparticles can be obtained through
the restricted growth of the shell. The size of uniformly
dispersed nanoparticles is usually less than 100 nm.
Ultrasmall hollow nanostructures can promote much
faster charge transport and expose more active sites as
well as migrate the volume change siress more
efficiently than the solid and large hollow counterparts,
thus demonstrating remarkable electrochemical energy
storage performance.

Transition-metal oxides (TMOs) , with rich redox
behavior and low cost, have been widely studied and
used in the field of energy storage and conversion™. JI
et al."" reported the tuning of oxygen vacancy in the
embedded hollow Co,0,

freestanding hierarchically porous carbon micro-structure

nanoparticles on  the

through the regulation of nanoscale Kirkendall effect.
Fig.4(a)-(d) demonstrate the embedded Co particles
in Co NPs@HPNCS (Co nanoparticle@hierarchically
porous N-doped carbon structure) under a solid—yolk
—shell—hollow evolution process during the 90 min
oxidation treatment, suggesting the proceeding of a slow
Kirkendall and diffusion process. The Kirkendall effect
on engineering oxygen vacancy is shown in Fig.4 (e).
Due to the slow kinetics of oxygen and carbon in
metals, the unbalanced diffusion rate leads to the
migration of oxygen vacancies, and finally the hollow
nanoparticle structure is formed. Therefore, people
can customize different structures by using the Kerr
Kendall effect on unique structures and simply
controlling the oxidation time. In addition to oxides,
attracted  much

transition-metal selenides have

attention as promising anode materials for energy
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Fig. 3  Timeline of major progresses for the development of nanoscale Kirkendall effect
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storage by virtue of their high capacity, chemical
stability, and low environmental impact. TANG et
al.” exhibited a novel strategy to delicately synthesize
cellular carbon-wrapped FeSe, nanocavities (h-
FeSe,@PC) with sub-5 nm ultrathin walls and multiple
rooms for ultrafast sodium storage. Fe,C@PC was
obtained by pyrolyzing the raw material PVP-chelated
Fe (NO,) ,. Then it was selenized at different times
(such as 2, 4, and 8 h). With the extension of

selenization time to 8 h, the FeSe, in h-FeSe,@PC-8h

eventually develop to give an ultrathin-wall multiroom
superstructure.

MOFs are composed of metal nodes and organic
bonds through strong coordination bonds. They have
rich characteristics such as porous crystal framework ,
ultra-high  porosity and specific surface area,
adjustable composition and structural height. It is often
used as a precursor to manufacture hollow nanomaterials
in the synthesis of electrode materials'”>. FAN et al.

MOF

reported that ultrafine nanocrystals  were
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(a)-(d) Time-dependent TEM images; (e) Illustration of the evolution of Co particles into hollow Co,0, particles with the formation of oxygen

vacancies during the oxidation process(Figure adapted with permission from literature [ 13], copyright 2019 Wiley)

Fig. 4 Kirkendall effect of nanoparticles
4 GPORIFURLAY kirkendall B0

uniformly grown on graphene by microwave-assisted
and Kirkendall effect as precursors to prepare ultrafine
hollow nanoparticles™.In this study, the outward
diffusion of core materials is accompanied by the
inward diffusion of vacancies from carbon shell to core
and the inward diffusion of oxygen along carbon shell.
Subsequently, Fe,C diffuses all the way in the carbon
shell, and even passes through the carbon shell to
react with oxygen, and the carbon shell is slowly
consumed in this process (Fig.5 (a) ). As shown in
Fig.5(b)-(f) , although the carbon layer with an
interlayer spacing of 0.35 nm is continuously consumed
during the oxidation process, the core is always
wrapped by the carbon layer until the hollow Fe,0,
nanostructure is completely formed. Therefore, the
carbon layer not only acts as a reaction interface
between oxygen and iron, but also acts as a template
in the oxidation process, which has a space restriction
effect in the transformation process to limit the size and

excessive growth of hollow nanoparticles. It is worth

noting that H-Fe,0,/RGO exhibits a reversible capacity
of 684 mAh-g" at 5 A-g"', achieving super-high lithium
ion storage performance.
2.2 1-D hollow nanostructures

The continuous network in 1-D nanostructures
including nanowires, nanorods, and nanotubes etc.
can act as the “highway” for charge transport along
their longitudinal direction and the shortened ion
diffusion length in 1-D nanostructures results in the
increase of rate performance when applied in
electrochemical energy storage devices. Moreover, 1-D
nanostructures with relatively large surface areas, can
form porous network microstructure that acts as the
scaffold/support of metal oxides, which facilitates the
mass transport of the solvated ions in the electrolyte to
the surface of electrodes™.

Nanowires are considered as promising materials
for energy-related applications, with high surface area
ratio and large active interface between electrolyte and

electrode, which can be used as electron channels for
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(a) Formation mechanism and conversion process of hollow Fe,0, nanoparticles derived from core-shell Fe,C@C nanoparticles by the shell-confined
Kirkendall diffusion effect; (b)-(f) TEM images of the products annealing in the air at different stages of (b) 200 ‘C 0 h, (¢) 350 ‘C 0 h, (d) 350 °C
0.5h, (e) 350 “C 1.5 h, (f) 350 °C 2.5 h; (g) lustration of the synthesis process of the hollow nanoparticles/RGO ( Figure adapted with
permission from literature [27], copyright 2020 Wiley)

Fig. 5 Kirkendall effect of MOF-derived nanoparticles

s
efficient charge transfer™’. LI et al.™ constructed an
ultrafine Ag/MnOx nanowire structure for supercapacitors.
Hairy nanostructures promote rapid ion diffusion (high
specific surface area) at the electrode/electrolyte
interface and electron transfer in the channel, which
makes them provide theoretically high

capacitance. BANDYOPADHYAY et al. *''studied the

preparation method of multilevel Zn-Ni-Co-S nanowire

specific

arrays. Firstly, Zn-Ni-Co Hp nanowire arrays were
prepared directly on nickel foam by hydrothermal
reaction. During the secondary hydrothermal sulfidation,
due to the kirkendall effect, the diffusion rate of metal
cations to the surface is relatively higher than that of
sulfide ions, which leads to the formation of cavities inside
nanowires. The energy density can reach 88.6 Wh kg™
when it is used in solid-state asymmetric supercapacitors.

Nanorods, as 1-D nanomaterials, have been widely
concerned by researchers in recent years'™. HUANG
et al. * designed a FR-FeOOH nanorod for high-
performance sodium storage. The cavity formed by

Kirkendall effect provides abundant channels and

1 MOF 7 4 (9 4 KB 1) Kirkendall 5557

enough space for ion transport to alleviate volume
expansion, showing excellent Na™ storage performance
(high capacity of 210 mAh-g™" at 0.8 A-g"'). PARK et

al. " proposed a new mechanism to transform metal

selenides  with hierarchical structure into their
corresponding metal oxides with unique structures
through  Kirkendall effect. In order to further

understand this phenomenon, the detailed formation
mechanism of porous Fe,0, nanorods is proposed in
Fig. 6. In the oxidation step, the different diffusion
rates of iron cations, selenium components and oxygen
lead to several types of intermediate products. Starting
from FeSe, nanorod clusters, the Se@FeO_ surface
layer with core-shell structure is first formed due to
the fast diffusion rate of iron ions. Subsequently, the
nano-porous Se layer is melted to produce a porous
structure permeable to oxygen. Iron cations further
diffuse outward to form a Fe,O, layer on the external
Se layer. FeSe, was completely transformed into FeO_,
and porous FeO -Se nanorods were obtained. Finally,

the evaporation of SeQ, layer and the oxidation of FeO,
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at low boiling point produce porous Fe,O, nanorods
with a large number of interconnected empty nano-

voids. The porous structure can permeate the liquid

0

O,

& Complete
conversion

FeSe,@FeO,-Se@Fe,0,

Se layer
A

Porous FeO,-Se@Fe,0,

electrolyte, thus producing a graded Fe,0, anode

material  with long cycle and excellent rate
performance.

Se layer

==
==

Fe,0; rod cluster
with nanovoids

(Figure adapted with permission from literature [ 34 ], copyright 2018 The Royal Society of Chemistry)

Fig. 6 Formation mechanism of nanopores in Fe,0, nanorod clusters by the Kirkendall effect

&6  Kirkendall 00 T Fe,0, 444K A1 i 4 K AL AL A L3

In recent years, there are some nanomaterials with
novel hollow tubular structures whose electrochemical
performance are superior to single hollow tubular

[35]

structure™. CHOI et al. ' demonstrated the rational

design and fabrication of hierarchical tubular structures
nanobubbles,  which
multicomponent (Mo, Ni) metal sulfides (NB-NiMoS).

Fig.7(a) shows their scheme, in sulfidation process,

decorated with consist of

due to the diffusion of kirkendall, the outward diffusion
of metal cations is faster than the inward diffusion of
sulfur anions, which leads to the formation of NiS-NiS,/
MoS, nanotubes. Benefiting from the rational structure
and conductive N-doped carbon layers, carbon-coated
NB-NiMoS  (NB-NiMoS@C) exhibited

electrochemical performances as an anode for SIB.

excellent

ZHOU et al. ""demonstrated a feasible reactive
template participation strategy, as shown in Fig.7(b),
after mild oxidation and subsequent phosphating, the
self-sacrificial template of Co-Asp nanowires was
finally chemically transformed into hollow and porous
CoP/Co0O nanotubes. In the thermal oxidation process,
Kirkendall effect was introduced to form highly hollow
and porous nanotubes, which provided a large number
surfaces, sufficient

of exposed external/internal

molecular permeability and rich electroactive sites,

greatly accelerated the reaction kinetics and improved
the electrocatalytic activity. HUANG et al."* developed
a new type of catalyst (FeCoNiO H ) with nanotube
structure. Due to the instability of FeCoNi-MOF-74 in
concentrated KOH electrolyte, Fe, Co and Ni ions are
released from the decomposition surface of FeCoNi-
MOF-74 nanorods, and react with OH- in the
electrolyte to form FeCoNiO H, shell as the skeleton
(Fig.7(c) ). At the same time, the consumption of local
metal ions and OH- leads to the outward diffusion of newly
released metal ions from the internally decomposed
FeCoNiMOF-74, and the inward diffusion of OH- from
the external electrolyte. Finally, all fresh FeCoNiO H,
was formed and deposited on the surface of previously
generated FeCoNiO H , which led to the formation of
FeCoNiO,H, nanotubes.
2.3 2-D hollow nanostructures

In the past ten years, new methods for the controlled
formation of 2D nanostructures, such nanosheets,
nanoflakes, thin films and membranes have been
developed. Compared with 1D nanostructures, 2D
nanostructures usually exhibit better electrochemical
cycling performance because the 2D feature is favorable
for efficient ion and electron transport and can better
accommodate the structural

change during the
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(a) Formation mechanism of NB-NiMoS@C nanotube (Figure adapted with permission from literature [ 36 ], copyright 2020 Elsevier B.V.); (b)
Schematic illustration of the synthesis processes of CoP/CoO PNTs (Figure adapted with permission from literature [37 ], copyright 2022 Wiley); (c)
Proposed formation process of FeCoNiO H, nanotubes( Figure adapted with permission from literature [ 38 ], copyright 2023 Wiley)

Fig. 7 Synthesis mechanism of nanotubes formed by Kirkendall effect
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electrochemical reaction. In particular, their ultrathin
nanosheet morphology and interconnected network
structure are advantageous for efficient ion/electron
transportandbetteraccommodation of volume variatior’
KANG et al.* proposed a new mechanism for the
transformation of nanostructured metal selenides into
metal oxides via the Kirkendall effect. Each Sn0O, hollow
nanoplate was transformed from a single SnSe nanoplate
via a nanoscale Kirkendall diffusion process (Fig.8)
through core-shell structured SnSe@Sn0, (Fig.8-2) ,
SnSe-SnSe,@Sn0), (Fig.8-3)) , SnSe,@Sn0, (Fig. 8-@) ,

Se-SnSe,@Sn0, (Fig.8-%)), Se@Sn0, (Fig.8-©), and
yolk-shell-structured ~ Se@void@SnO, (Fig. 8-@)
intermediates. The complete conversion of SnSe
nanoplates into SnO, by the nanoscale Kirkendall
diffusion process generated the Sn0O, hollow nanoplates
(Fig. 8-@)). The faster diffusion rate of Sn ions (83 pm in
size) relative to that of the Se ions (184 pm in size) resulted
core-shell-structured ~ SnSe-SnSe,@  Sn0,,
SnSe,@Sn0,, Se-SnSe,@Sn0,, and Se@Sn0, and yolk-
shell-structured Se@void@Sn0, intermediates. The SnO,

hollow nanoplates exhibited uniform morphologies and

in the
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(Figure adapted with permission from literature[40],
copyright 2017 Wiley)
Fig.8 Formation mechanism of Sn0, hollow nanoplate via
Kirkendall diffusion

FE8  Sn0,a5 04K A1 Kirkendall 4 B HUHLF
superior Li-ion-storage performances. The discharge
capacities at 2" and 600" cycles are 598 and 500 mAh-g ™,
respectively, and the corresponding capacity retention
measured fromthe 2" cycleisashigh as 84%.
24 3-D hollow nanostructures

Although the single low-dimensional nanomaterial
shows high capacity, due to its large surface area and
energy, there are still serious self-aggregation and
crushing phenomena in the cycle process, which leads
to poor cycle and rate performance. In order to give full
play to the advantages of nanomaterials and overcome
their disadvantages, it is a promising method to
construct  3-D  nanostructures composed of low-
dimensional nanostructure units. 3-D nanomaterials
can inherit the excellent characteristics of nano-
structural units, so that the materials have both high
surface area and good structural stability *".

Hollow nanospheres with thin walls and smooth
surfaces are the most common morphology of 3D
nanomaterials. Thin-walled, hollow transition metal
oxides have been successfully applied as anode
materials for energy storage application for their
unique structure, which provides an enhanced surface-
to-volume ratio and a reduced transport length for both
mass and charge transport. These characteristics
enable the materials to have excellent electrochemical
properties such as high specific capacitances, superior
rate capability, and long cycle stability. PARK et al."*

combined the polystyrene nanoparticle template with

the nano-scale Kirkendall diffusion process and

applied them to the spray pyrolysis process to form
porous NiCo,0,/carbon nanotube composite microspheres
with extremely high rate performance as anode
materials for lithium-ions battery (Fig.9(a), (b)). The
surface oxidation of alloy nanocrystals leads to the
formation of core-shell nanoparticles. Because of the
similar size, nickel and cobalt cations diffuse to the
outer surface of nanoparticles at the same time, and
combine with oxygen to form NiO and CoO phases
respectively. The spontaneous reaction of highly active
NiO and CoO nanoclusters leads to the formation of
NiCo,0, phase. The complete outward diffusion of Ni
and Co cations transforms NiCo, alloy nanocrystals into
pure phase NiCo,0, hollow nanospheres.

Hollow porous nanospheres with large porosity
obtained by using the nanoscale Kendall effect exhibit an
obvious improvement on the cycling stability and
capacity. The microporous structure of the microspheres not
only act as a facile pathway for electrolyte impregnation
and transport, but also protect the internal nanoparticels
from aggregation and pulverization during the discharge/
charge processes. PARK et al.* introduced a synthesis
process of CoSeO, microspheres with controlled
morphology through the use of cobalt selenide. Partial
oxidation of the CoSe-C composite microspheres at
400 °C in an air atmosphere yielded carbon-free CoSeO,
microspheres with ultrafine nanocrystals and high porosity
via nanoscale Kirkendall diffusion. CoSeO, microspheres
showed a high reversible capacity of 709 mAh - g' in the
1400th cycle at a current density of 3 A - ¢, and a high
reversible capacity of 526 mAh-g™' even at a very high
current density of 30 A-g™'.

3-D nanomaterials with hollow structure (yolk-
shell structure, core-shell structure, multi-shell
hollow structure) with special inner cavity have
special advantages in the field of batteries, such as
improving the contact efficiency between electrode
materials and electrolytes and greatly shortening the
electron/ion transmission distance. It has a stronger
elastic structure, which can reduce the structural
deformation in the continuous electrochemical process
and is beneficial to improve the electrochemical
performance. BI et al. "' successfully prepared multi-

Si-void @ Si0, structure by one-step oxidation of Si
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(a) Macroporous NiCo,0, hollow nanospheres-CNTs composite microsphere via spray pyrolysis process and two-step post-treatment process ;

(b) NiCo,0, hollow nanosphere via Kirkendall diffusion(Figure adapted with permission from literature [42], copyright 2017 Elsevier Ltd.)

Fig. 9 Hollow nanospheres formed by kirkendall effect
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powder in air with the help of Kirkendall effect of SiO/
Si0, interface (Fig.10 (a) ). The void space and Si
particle size in the structure can be adjusted by heat
treatment time. The overall contact between the Si
core and the SiO, and the diffusion of Si through SiO,
shell cause the Si core to split into several smaller
particles attached to the SiO, shell. The SiO, shell
formed by direct oxidation of Si core has a good
chemical bond with the core, which reduces the
charge transfer barrier. The specific capacity of this
material is 1440 mAh-g™ after 200 cycles at 0.1 A-g™".
As anode materials, yolk-shell structured transition-
metal compounds are outstanding in enhancing the
account of their

electrochemical properties on

1."* rational designed a

structural strengths. YOO et a
new type of nanostructured material that combined the
advantages of metal oxides, metal selenides, and
graphitic carbon (GC) as an anode material for
lithium-ion batteries (Fig.10(b) ). FeSe, nanocrystals

transformed into yolk-shell structured FeSe,-Fe,0,

Kirkendall

Compared with the carbon-free Fe,0, microspheres

nanospheres by nanoscale diffusion.
with similar structures, the high-porosity FeSe,-Fe,0,-
GC microspheres have better Li" storage performance.
Designing multi-shell hollow structure is an effective
method to buffer serious volume expansion and
enhance charge transfer at solid-liquid interface,
which effectively
performance. As shown in Fig.10(c¢), YANG et al."**

synthesized Zn,Mn,,C0,0,/RGO four-

can improve electrochemical

successfully
shell hollow composite. Designing the heterostructure
between the four-shell hollow and RGO can generate a
directional built-in electric field at the interface, thus
transfer and enhanced

promoting faster charge

electrochemical performance. Impressively, when

used as the negative electrode material of lithium-ion
battery, Zn,;Mn,,C0,0,/RGO shows a significantly
higher reversible capacity (1173.4 mAh-g™" is over

100 cycles at 0.1 A-¢g™).
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Wiley); (b) Formation mechanisms of FeSe,@Fe,0,-GC, HO-Fe,0, and DO-Fe,0, microspheres (Figure adapted with permission from literature

[45], copyright 2018 The Royal of Chemistry) ; (¢) Schematic illustration of the synthesis process and structure of quadruple-shelled hollow

Zn, Mn, ;Co,0, and Zn, Mn, ,Co,0,/RGO composites (Figure adapted with permission from literature [46], copyright 2023 Elsevier B.V.)

Fig. 10 Kirkendall effect of hollow 3-D structure with special cavity
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Except for preparation of hollow nanosphere, the
nanoscale Kirkendall effect also could be introduced to
grow nanocube. " PARK et al. ' suggested a novel
strategy for the synthesis of mesoporous metal oxide

polyhedra with empty nanovoids by introducing

Fa Y kirkendall %

nanoscale Kirkendall diffusion into a spray pyrolysis
process. To be more specific, as shown in Fig.11(a)-
(b), in the initial oxidation step, a thin NiO layer was
formed on the surface of the NiSe polyhedra. The

diffusion of metalloid Se into the mesopores of NiO and
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Fig. 11  Kirkendall effect of nanocubes
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its reaction with oxygen gas formed SeO, nanocrystals
which then evaporated into the gas phase. As a result,
the step-by-step oxidation of the NiSe crystals therefore
resulted in mesoporous NiO polyhedra with empty
nanovoids. ZHANG et al."* prepared a polyhedral yolk

shell structure composed of zinc-cobalt-ruthenium
ternary metal alloy oxide (ZnCo-RuO) by using the
Kerr Kendall effect (Fig.11(c) ). The size of the yolk
shell frame and the oxide nanoparticles constituting the

egg yolk shell can effectively adjust the -catalytic
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activity and stability of the material. As the anode of
zinc-air battery, ZnCo-RuO,/C shows excellent cycle
performance and charge-discharge durability.
2.5 Composite structure

The properties of nanomaterials are largely
affected by their structures, so researchers try to
combine the structures of 1D, 2D and 3D together to
greatly improve the performance of the nanomaterials.
There are some uniformly arranged nanoarray. As
shown in Fig.12 (a) , GUAN et al.” demonstrated a
synthetic strategy to fabricated hollow CoP nanosphere-
embedded

(NC-CNT/CoP) nanoarrays by growing well-aligned

carbon nanotube/nitrogen-doped carbon

Co-MOF nanoarrays on a carbon cloth substrate, in

which a nanoscale Kirkendall effect generates few-

layer graphene-coated hollow CoP nanospheres with
[13]

abundant active sites. JI et al. proposed a facile

@ N-doped corbon coated A
Hollow sphere (CoP)
v High surtace area

v sufficient reaction sites
v Enhanced stability

N -doped carbon arrays
7 “um” electron “highway”
v Direct electrical contact
¥ Direct mechanical contact
Carbon nanotubes
v Additional surface area
¥ Enhanced electric conducﬁvit}j

Co?+ 3

H,0,RT

Carbon cloth Co-MOF arroys Integrated electrode
¥ Simple solution process + vapor reaction

Inter-diffusion
reaction

Moy Mo

A N

% ¥ o

Hydrothermal Sulfidation Process

Kirkendall
diffusion
d
Hollow CoS,

approach (Fig.12 (b)) to controllably introduce rich
oxygen vacancies into Co,0, hollow particles (Co,0,,
HoNPs). A uniform shell of ZIF-Ls with leaf-like
morphology could be grown on the PAN nanofibers
through a facile solution method. The ZIF-L/PAN
nanofibers evolved into carbon fiber-based monolith
decorated with cobalt nanoparticles (Co NPs) embedded
in the vertically stacked carbon nanoflakes undergone
a mild pyrolysis process. Preheat to 240 “C in air, Co
NPs is oxidized through a slow Kirkendall and
diffusion process to form hollow Co,0, nanoparticles
with oxygen vacancies. There is also a kind of
uniformly arranged nanoarray, YANG et al.”" proposed
a metal-organic framework-based (MOF) strategy to
construct human backbone-like CoMoS, nanostructures
with multiple voids as high-performance SIB anodes. As

the sulfidation reaction

L
b \@

shown in Fig.12(c), as

aem
A

“ Carbonizati Oxidation

2 2/
= ﬁ’ PAN nanofiber ~ Co-ZIF-L nanofiber Co NPa@HPNCS  Co;0,4 HONPa@HPNCS

Ovettay

’ Dense ZIF-67

(a) Fabrication mechanism of hollow CoP nanosphere-embedded carbon nanotube/nitrogen-doped carbon (NC-CNT/CoP) nanoarrays (Figure adapted

with permission from literature [50], copyright 2018 The Royal Society of Chemistry) ; (b) Synthesis procedure and TEM images of hierarchically

porous N-doped carbon structure (HPNCS) (Figure adapted with permission from literature [ 13 ], copyright 2019 Wiley); (¢) Schematic illustration

for the formation of human backbone-like CoMoS, nanostructures (Figure adapted with permission from literature [511, Copyright 2019 The Royal

Society of Chemistry )

Fig. 12 Kirkendall effect of composite nanostructures
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continued, the MoO, nanobelts also transformed into
hollow MoS, tubes via the Kirkendall effect, and at the
same time, a solid-state reaction occurred due to inter-
diffusion between Mo ions in the nanobelts and Co ions
in the hollow polyhedrons, resulting in the formation of
CoMoS; nanobackbones. To further improve the
structural stability, the nanobackbones were coated
with polydopamine to form CoMoS,@N-doped carbon
(NC) nanobackbones. Benefiting from their unique
structural design, conductive carbon shells, and
synergistic effects between multiple components, the

CoMoS,@NC exhibit

electrochemical performance when tested as anode

nanobackbones enhanced
materials for SIBs. Using the Kirkendall effect,
researchers also design a cluster structure formed by a
large number of combinations of individual nanospheres,

nanosheets or nanotubes.

3 Conclusions

The nanoscale Kirkendall effect based on mass
transport through the interface between different solid
phases, has been successfully applied for synthesizing
hollow nanocrystals of various metal oxides,
chalcogenides, phosphides, nitrides, and core/shell
hollow structures. This paper summarizes the recent
advances in hollow nanostructures ranging from
nanoparticles, 1D, 2D and 3D electrodes based on
nanoscale Kirkendall effect and their application in
energy storage. The nanoscale Kirkendall effect takes
full advantages of the interfacial reaction. There is no
need to rely on external matter, but only depends on
the different diffusion rate between different components
to form voids.

To date, abundant applications of fabricating
hollow nanomaterials using the nanoscale Kirkendall
effect have been made in a common way, it is noted
that the factors that affect the Kirkendall effect are
needed to be further explored. There is no doubt that
some internal factors of the reaction, such as reaction
temperature, crystal = structure, crystal defect,
concentration of precursor component and so on, will

affect the morphology of the final product and the size

of the cavity. Researchers should give full consideration
to these factors when designing the scheme in order to
obtain the required structure. In addition, researchers
need to pay attention to the influence of external
magnetic field on products. The macroscopic properties
and microstructure of materials are closely related to
the motion state of electrons. Using a strong magnetic
field can make electrons and holes move freely in a
specific direction. Reflected on the atom, it shows that
the diffusion speed of the atom is accelerated.

In summary, hollow materials have been widely
concerned and it is considered that hollow materials
can greatly improve electrochemical performance
because of their many active sites and large porosity
which can well adapt to the volume change in the
process of embedding and detaching. More and more
researchers are also trying to use the Kirkendall effect
to construct hollow structure materials skillfully, and a
lot of remarkable achievements have been made
combining with MOF, template methods, applying
external energy fields and other strategies. This review
can offer guidance for the design of novel hollow
materials with distinguished functionalities based on
the nanoscale Kirkendall effect. With an in-depth
understanding  for the formation mechanism,
influencing factors and regulatory methods, it is

promising to achieve new breakthroughs and large-

scale applications in near future.
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