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Advances in the synthesis and design of
nanostructured materials by aerosol spray
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The increasing demand for energy storage has motivated the search for highly efficient electrode

materials for use in rechargeable batteries with enhanced energy density and longer cycle life. One of the

most promising strategies for achieving improved battery performance is altering the architecture of

nanostructured materials employed as electrode materials in the energy storage field. Among numerous

synthetic methods suggested for the fabrication of nanostructured materials, aerosol spray techniques

such as spray pyrolysis, spray drying, and flame spray pyrolysis are reliable, as they are facile, cost-

effective, and continuous processes that enable the synthesis of nanostructured electrode materials with

desired morphologies and compositions with controlled stoichiometry. The post-treatment of spray-pro-

cessed powders enables the fabrication of oxide, sulfide, and selenide nanostructures hybridized with car-

bonaceous materials including amorphous carbon, reduced graphene oxide, carbon nanotubes, etc. In

this article, recent progress in the synthesis of nanostructured electrode materials by spray processes and

their general formation mechanisms are discussed in detail. A brief introduction to the working principles

of each spray process is given first, and synthetic strategies for the design of electrode materials for

lithium-ion, sodium-ion, lithium–sulfur, lithium–selenium, and lithium–oxygen batteries are discussed

along with some examples. This analysis sheds light on the synthesis of nanostructured materials by spray

processes and paves the way toward the design of other novel and advanced nanostructured materials for

high performance electrodes in rechargeable batteries of the future.

1. Introduction

Nanostructured materials and their impact on diverse appli-
cations are of immense importance, and they have continued
to attract attention due to their tailorable physicochemical pro-
perties that are distinct from their bulk counterparts. In particu-
lar, the architecture of nanostructured materials with optimum
composition and controlled morphology is considered a critical
strategy for achieving high performance electrode materials for
lithium-ion batteries (LIBs), which currently represent the domi-
nant power source, as well as for next-generation batteries
including sodium-ion (SIB), lithium–sulfur (Li–S), lithium–sel-
enium (Li–Se), and lithium–oxygen (Li–O2) batteries.

1–5 To meet

the skyrocketing demands for energy storage materials with
high energy density and long cycle life, extensive efforts have
been made to design and synthesize nanostructured materials
suitable for energy storage devices.6–15

Various liquid-phase techniques including hydrothermal,
sol–gel, and microwave processes have been proposed to syn-
thesize nanostructured materials designed for enhancing the
electrochemical properties of electrode materials.16–28 The
advantages of liquid-phase processes include the formation of
nanostructures with precisely controlled morphology and
ultrafine particles with unimodal size distributions by exploit-
ing the slow reaction rate of the process.29–33 However, the
liquid phase process faces some difficulty in synthesizing
nanostructured materials with desired compositions, as com-
position diversity is limited to some degree. Nanostructured
materials synthesized via the liquid process undergo structural
changes with respect to composition differences, which can
act both as an advantage or disadvantage when employed as
an electrode material in rechargeable batteries.

Among the synthesis methods, the spray process, a type of
gas-phase process, has received much attention since it is a
continuous process that can easily be scaled up.34–44 The spray†These authors contributed equally to the work.
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techniques include spray pyrolysis, spray drying, and flame
spray pyrolysis processes. In general, spray pyrolysis involves
the atomization of droplets from a precursor solution using
ultrasonic power and subsequent evaporation and decompo-
sition in a thermal reactor. The spray drying process, which
mainly uses a two-fluid nozzle to produce atomized micron-
sized droplets, followed by drying in a heated chamber, yields
microspheres with a desired composition. Flame spray pyrolysis
uses atomized droplets that are carried into the high-tempera-
ture flame. The droplets go through evaporation, nucleation,
and growth steps to produce nanosized powders.
Nanostructured materials prepared from spray processes have
been investigated for application in electrode materials for
rechargeable batteries. Merits of spray processes include homo-
geneous composition, since micron-sized droplets are atomized
from a solution with a desired ratio of precursor materials, and
ease of fabricating carbon composite microspheres.34–44

Furthermore, the spherical shape can be obtained from the
spray processes, which is advantageous for achieving high
packing density. Finally, the addition of template materials that
can be dissolved or dispersed in the spray solution enables tai-
loring of the nanostructure in the obtained powder.

The synthesis of materials with an ideal composition and
desired nanostructure suitable for electrode materials by the
spray process requires a comprehensive understanding of
various formation mechanisms. The representative formation
mechanisms can be summarized as follows: application of
various organic additives, combustion of a carbon composite,
Kirkendall diffusion, phase separation, inorganic/organic tem-
plates, use of colloidal particles, etc. Through the understand-
ing and application of various formation mechanisms to spray
processes, numerous studies were reported on the synthesis of
nanostructures via the spray process for applications not only
in energy storage, but also in gas sensing, water splitting,
etc.42–56 Particularly in the field of energy storage, the for-
mation mechanisms in the spray process enable a facile syn-
thesis of a carbon composite, which is highly beneficial for the
cycling and rate performances of electrode materials in the
anodes of rechargeable batteries.41–44 In addition, the con-

trolled porosity in nanostructured materials prepared from the
spray process leads to a longer battery life and power density.
Thus, taking into account the emerging popularity of spray
processes for the fabrication of nanostructured materials for
energy storage applications, a thorough understanding of the
formation mechanisms in the spray processes is required.

Here, research conducted on the synthesis of nano-
structured materials applicable to electrode materials in
rechargeable batteries by the spray process was investigated
and analyzed with respect to the formation mechanisms. First,
a brief introduction to spray processes, including spray pyrol-
ysis, spray drying, and flame spray pyrolysis, is presented.
Different strategies for designing nanostructured materials
with desired properties are explained in detail, and nano-
structured materials representative for each formation mecha-
nism reported in the literature are introduced. The last section
provides a summary and discussion of the current status and
future outlook regarding the synthesis of nanostructured
materials via the spray process.

2. Preparation of particles by spray
processes

In this section, spray processes including spray pyrolysis, spray
drying, and flame spray pyrolysis are examined along with
their working principles.

2.1 Spray pyrolysis

The spray pyrolysis process is comprised of the “spray” step, in
which the precursor solution is atomized into a droplet by
ultrasonic force, and the “pyrolysis” step, where the droplets
evaporate and decompose in a thermal reactor. The schematic
diagram of the spray pyrolysis apparatus is shown in
Scheme 1a. First, the solution containing chemical com-
ponents is atomized into droplets using an ultrasonic spray
nebulizer with a desired number of sonic vibrators to produce
a large quantity of droplets. The generated droplets are then
transported to a heated reactor using carrier gas, and then par-
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ticles are formed through evaporation, decomposition, and
crystallization steps. Notably, the residual time of particles in
the reactor furnace is in the range as low as several seconds,
and an aggregate-free spherical powder is obtained, since the
reactions are confined within each microreactor (droplet).
Various types of gases such as air, argon, and a hydrogen/argon
mixture can be used as a carrier gas to produce powder with a
desired composition. Finally, the powder is generally collected
in a bag filter. Micron-sized powder with a narrow size distri-
bution can be obtained from spray pyrolysis, since one spray-
pyrolyzed microsphere originates from a single droplet ato-
mized at the same frequency. Subsequent post heat treatments
such as oxidation, reduction, sulfidation, etc., can be further
performed to obtain the desired nanostructured materials.

2.2 Spray drying

The spray drying process produces powder from an atomized
droplet by rapid drying with a hot gas in a heated chamber.
Droplets are formed by pneumatic atomization using a two-
fluid nozzle. The solution and gas are consecutively injected to
the inner core and outer nozzle, and aerosol droplets are
formed due to the disintegration of the liquid because of the

large difference in the velocity between the gas and liquid that
cause shear force. Spray drying is conventionally used for
drying foods and pharmaceuticals, but advances have been
made in the field of energy storage using the spray drying
process owing to its scalability, cost-efficiency, and capability
to produce spherical particles. A schematic diagram of the
spray drying process is illustrated in Scheme 1b. First, the solu-
tion containing the desired chemical components is injected
into the inner core of the two-fluid nozzle using a peristaltic
pump. The solution is then atomized into droplets due to the
compressed air flow into the outer nozzle, and the droplets are
rapidly dried as they enter the heated chamber. A cyclone is
used to separate particles with a desired size, and the product
is collected at the collection vessel. The obtained spray-dried
powders undergo the drying step in a heated chamber and are
vulnerable to humidity, thus post heat treatment must be con-
ducted for their use in energy storage applications.

2.3 Flame spray pyrolysis

Flame spray pyrolysis is a gas-phase combustion method that
uses a high-temperature flame. It is suitable for the synthesis
of nanosized metal oxide and doped metal oxide particles. The
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Scheme 1 Schematic diagrams for the typical apparatus for (a) spray pyrolysis, (b) spray drying, and (c) flame spray pyrolysis processes. Reproduced
with permission from ref. 163. Copyright 2014, The Royal Society of Chemistry. Reproduced with permission from ref. 244. Copyright 2012,
American Chemical Society. Reproduced with permission from ref. 348. Copyright 2014, The Royal Society of Chemistry.
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schematic diagram of the flame spray pyrolysis is illustrated in
Scheme 1c. Generally, the precursor solution is atomized by
the use of an ultrasonic spray nebulizer, and the droplets are
carried to a premixed propane-oxygen flame at temperatures
>2000 °C. The aerosolized droplet undergoes decomposition of
precursors, evaporation, and nucleation & growth of particles
in sequence, resulting in the formation of nanosized metal
oxide nanoparticles. After the aerosol stream passes through
the part of the flame with high temperature, particles cool
down and are collected in the bag filter. To obtain nano-
particles with a desired morphology and crystallinity, the
element types, processing temperature, and residence time in
flame should be controlled, as these factors affect the degree
of particle coalescence or sintering. In some cases, the syn-
thesized nanoparticles need additional heat treatment steps
for their use in energy storage applications.

3. Formation mechanisms of
nanostructured materials for energy
storage applications
3.1 Application of metal precursors and organic additives

3.1.1 Metal precursors. The type and concentration of
metal salts can determine the morphology and the size of the
nanostructured materials synthesized from spray processes.
The key requirements for the attributes of metal salts concern
their solubility and decomposition temperature. The groups of
metal salts that meet the required criteria are inorganic com-
pounds including nitrate, sulfate, and chloride, as well as
metal–organic compounds such as acetate, oxalate, alkoxide,
etc.57–73 Inorganic compounds are easily dissolved in aqueous
solutions and are inexpensive, thus they are most commonly
used for spray processes. Li et al. demonstrated in a study that
the selection of different metal precursors results in different
morphologies and microstructures in the spray pyrolysis

process (Fig. 1a).74 The atomized droplets undergo solvent
evaporation, decomposition, and crystallization processes
during the pyrolysis process and result in different mor-
phologies attributed to the differences in the solubility, super-
saturation degree, and thermal characteristics of various metal
salts. Scanning electron microscopy (SEM) images shown in
Fig. 1b–d reveal that the morphologies obtained from aqueous
solutions containing cobalt acetate, chloride, and nitrate salts
exhibit microspheres with a wrinkled surface (A–Co3O4),
porous spherical shape (C–Co3O4), and durian-like hollow
spherical shape (N–Co3O4). C–Co3O4 exhibits the highest dis-
charge capacity of 961 mA h g−1 after 200 cycles at 0.4 A g−1,
whereas the discharge capacities for A–Co3O4 and N–Co3O4

were 593 mA h g−1 and 326 mA h g−1, respectively. Ju et al.
observed the morphological variation of spray-pyrolyzed micro-
spheres prepared from various Mn precursors including chlor-
ide, nitrate, and acetate, and employed them as the cathode in
LIBs.75 Particles prepared from the spray pyrolysis of manga-
nese acetate and chloride precursors exhibited hollow and
porous morphologies. In contrast, those prepared from a
nitrate precursor exhibited dense and spherical morphologies.
The discharge capacity retention of particles prepared from
Mn nitrate after 25 cycles at 0.1C rate was 85% of their initial
value. However, in most cases it is not easy to precisely predict
the type of morphology prepared from spray processes due to
the complexity in combination of metal salts and additives dis-
solved in the spray solution. Ko et al. synthesized hollow
cobalt selenide microspheres via spray pyrolysis for use as
anode materials in SIBs (Fig. 1e).76 First, hollow cobalt oxide
microspheres were prepared from spray pyrolysis of the cobalt
nitrate precursor solution and then selenized under an H2/Ar
atmosphere, as shown in SEM and transmission electron
microscopy (TEM) images in Fig. 1f–h. The hollow morphology
was obtained during the spray pyrolysis step due to the fast
drying rate of droplets and rapid decomposition of metal salts.
When applied as the anode material for SIBs, a discharge
capacity of 467 mA h g−1 was achieved after 40 cycles at
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0.5 A g−1 (Fig. 1i). Park et al. synthesized mesoporous cobalt
hydroxychloride microspheres prepared from a spray solution
containing cobalt chloride under a nitrogen atmosphere at
700 °C.77 The discharge capacities of Co2(OH)3Cl for the 2nd

and the 1000th cycles were 818 mA h g−1 and 609 mA h g−1,
respectively, when cycled at 5 A g−1.

3.1.2 Organic additives. Many studies have addressed the
morphology variation of the powder obtained from spray pro-
cesses according to the use of numerous organic additives
including citric acid, ethylene glycol, sucrose, dextrin, polyvi-
nylpyrrolidone (PVP), etc.78–98 This section describes the for-
mation of microspheres with hollow and dense morphologies
via spray processes using organic additives. Citric acid has
been widely studied for the fabrication of microspheres with
hollow morphologies.79–87 Kim et al. synthesized hollow cobalt
sulfide–carbon composite microspheres by a spray drying
process using a precursor solution containing cobalt salts and
citric acid for use as the anode in LIBs.99 It is highly probable
that the microspheres formed from the metal chelates of citric
acid showed a low degree of gas penetration, and a large
amount of gas evolved during citric acid decomposition, trig-
gering the formation of hollow structures. The spray-dried
microspheres were post-treated and tested as anode materials
for LIBs, where a discharge capacity of 790 mA h g−1 was
achieved after 70 cycles at 1 A g−1. In some cases, different
types of organic additives can be applied to synthesize hollow
microspheres with unique morphologies.100–111 Park et al.
employed tartaric acid as the organic precursor in the spray
solution and obtained hollow microspheres comprised of Sb
nanoparticle-embedded in a carbon/reduced graphene oxide

(rGO) composite shell with empty rooms.112 When employed
as the anode for SIBs, the microspheres exhibited a discharge
capacity of 320 mA h g−1 after 500 cycles at 0.5 A g−1, and the
capacity retention measured from the 5th cycle was 80%.

Other organic additives including sucrose, dextrin, and PVP
can be employed in spray processes for the synthesis of unique
structures that are applicable in the energy storage
field.88–98,113–116 Sucrose was applied to synthesize dense,
hollow, and yolk–shell structured microspheres by controlling
the carrier gas type and sucrose concentration in aqueous
solution.88–94 Zachariah’s group reported on the synthesis of
Mn3O4 hollow spheres used as the anode in LIBs.113

Manganese nitrate, sucrose, and hydrogen peroxide solution
were added to the precursor solution and sprayed under an air
atmosphere (Fig. 2a). The aerosol underwent surface precipi-
tation and solvent evaporation, and thus the hollow mor-
phology was obtained (Fig. 2b and c). A discharge capacity of
980 mA h g−1 was achieved after the 140th cycle at 0.2 A g−1

(Fig. 2d). At high current densities of 5 A g−1 and 10 A g−1, the
discharge capacities of 520 mA h g−1 and 300 mA h g−1 were
obtained, respectively (Fig. 2e). If a large amount of sucrose
had been added to the spray solution containing the metal
salt, microspheres with a yolk–shell structure would have been
obtained when pyrolyzed under an air atmosphere. The yolk–
shell formation mechanism is discussed thoroughly in section
3.2. Dextrin is likewise usually used in spray processes and
results in dense microspheres, or microspheres containing
empty rooms.96–98,114 Jeon et al. synthesized MnS–C composite
microspheres via the spray drying process using a precursor
solution containing manganese nitrate and dextrin and a sub-

Fig. 1 (a) Schematic illustration of the synthetic process of A–Co3O4, C–Co3O4, and N–Co3O4. SEM images of (b) A–Co3O4, (c) C–Co3O4, and (d)
N–Co3O4. Reproduced with permission from ref. 74. Copyright 2017, Elsevier. (e) Schematic illustration for the preparation procedure of the hollow
cobalt selenide microspheres, (f ) SEM and (g) TEM images of the nanostructured microspheres, (h) elemental dot mapping images, and (i) cycling
performance. Reproduced with permission from ref. 76. Copyright 2016, American Chemical Society.
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sequent sulfidation process.97 The microspheres exhibited
dense morphology (Fig. 2f–i), and a discharge capacity of
786 mA h g−1 could be achieved after the 100th cycle at 0.5 A
g−1 (Fig. 2j). When cycled at 3 A g−1, the microspheres exhibi-
ted a discharge capacity of 423 mA h g−1 (Fig. 2k). It was dis-
covered that dextrin and metal salts can be phase separated,
resulting in numerous empty rooms inside the microspheres,
which is discussed in detail later in this paper.117 The use of
PVP results in the formation of a debossed structure, which is
attributed to the melting point differences between the metal
salts and PVP.115,116 In particular, the migration of PVP to the
surface due to phase segregation results in the formation of
the debossed structure.115,116 Hong et al. prepared double-
shelled CuO yolk–shell powders from a spray solution contain-
ing Cu nitrate and PVP at 300 °C with subsequent post-treat-
ment (Fig. 3a).118 The surface of the synthesized yolk–shell
microspheres exhibits debossed morphology due to the pres-
ence of PVP in the spray solution (Fig. 3b–d). The yolk–shell
structured CuO microspheres exhibited a discharge capacity of
726 mA h g−1 after 500 cycles at 0.5 A g−1, with a rate perform-
ance of 470 mA h g−1 at 2.5 A g−1 (Fig. 3e and f).

Dense spherical microspheres are ideal for energy storage
materials due to the high tap density, which leads to a high
energy density when employed as the electrode in rechargeable
batteries. The study by Ju et al. on the synthesis of Li
(Ni1/3Co1/3Mn1/3)O2 microspheres revealed that the addition of

a polymer precursor and drying control chemical additives
(DCCAs) resulted in a less hollow particle compared with the
microspheres prepared from a solution without them
(Fig. 3g–j).119 DCCAs are used in spray processes for control-
ling the drying rate of the atomized droplets to obtain
microspheres with desired porosity/hollowness and dense
microspheres.119–125 Partial volume precipitation and gel for-
mation occur due to the presence of a polymer precursor, if
the suitable amount and ratio of the additives are
achieved.119–124,126–135 The combination of citric acid and
ethylene glycol is employed since the hydroxyl group in ethyl-
ene glycol and carboxyl group in citric acid trigger the esterifi-
cation reaction inside the atomized droplets and yield organic
polymers, leading to volume precipitation inside the
droplets.135,136 Nickel nitrate, cobalt nitrate, manganese
acetate, DCCA, citric acid, and ethylene glycol were added to
the spray solution, and the atomized droplets were spray-pyro-
lyzed at 900 °C, resulting in the formation of dense Li
(Ni1/3Co1/3Mn1/3)O2 microspheres (Fig. 3i and j).119 When
applied as the cathode for LIBs, the microspheres exhibit a dis-
charge capacity of 154 mA h g−1 after 30 cycles and at 0.5C
(Fig. 3k).

3.2 Homogeneous yolk–shell microspheres

Represented by the core@void@shell configuration, the yolk–
shell structure has attracted tremendous interest in various

Fig. 2 (a) Schematic illustration of the synthetic process of hollow Mn3O4 spheres, (b) TEM and SAED images of the as-collected hollow Mn3O4

spheres, (c) HRTEM image of the microspheres, (d) cycling performance at 0.2 A g−1, and (e) rate performance. Reproduced with permission from
ref. 113. Copyright 2014, The Royal Society of Chemistry. Morphologies and elemental mapping images of the MnS–C powders prepared from spray
drying and sulfidation heat treatment: (f ) high resolution SEM image, (g) low and (h) high resolution TEM images, and (i) elemental dot mapping
images. ( j) Cycling and (k) rate performances of MnS–C microspheres. Reproduced with permission from ref. 97. Copyright 2015, Elsevier.
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research fields, such as energy storage, gas sensing, catalysis,
photoluminescence, and drug delivery.137–142 When such a
design is applied to the anode materials of LIBs or SIBs, the

void between the core and shell can serve as an efficient
buffering space to accommodate the stress from the volume
change during the (dis)charge processes. This void space also
provides a shortened diffusion length and increased contact
area between the active sites and the electrolyte, facilitating
the overall electrochemical processes. Therefore, yolk–shell
structured powders exhibit outstanding cycling and rate per-
formances without compromising the energy density to a sig-
nificant extent by increasing the fraction of the electrochemi-
cally active component.143–145 A conventional method for
synthesizing yolk–shell structured materials relies on the selec-
tive etching of templates between the core and shell materials,
which is a time-consuming and multistep method that lacks
scalability.146–149 Since the pioneering work carried out by
Kang’s group in 2013,150 spray pyrolysis and spray drying have
been the major protocols to synthesize yolk–shell structured
materials as they are rapid, continuous, straightforward, and
scalable processes. Kang’s group suggested that the repeated
combustion and contraction of the carbon–metal precursor
composite by ignition during spray pyrolysis is key to the for-
mation of the yolk–shell structure. In their first study, the
droplet containing tin oxalate and sucrose dried and decom-
posed to form a C–SnO2 intermediate, followed by immediate
combustion of the surface for instantaneous formation of the
highly crystalline SnO2 shell with a C–SnO2 core (Fig. 4a).150

The C–SnO2 core did not undergo combustion immediately,
because the oxygen supply to the inside of the SnO2 shell was
insufficient. The combustion reinitiated after the contraction
of the core generated the void in between the shell and core
that allowed the infusion of oxygen. The repeated combustion
and contraction produced the double-shelled SnO2 yolk–shell,
as shown in SEM and TEM images in Fig. 4b–e. When tested
as the anode material for LIBs, yolk–shell structured SnO2

exhibited a discharge capacity of 642 mA h g−1 after the 40th

cycle at 625 mA g−1 (Fig. 4f).
More intensive mechanistic research regarding the for-

mation and features of the yolk–shell structure synthesized by
spray processes was conducted by several follow-up studies.
For successful formation of the yolk–shell structure, the metal
salts and carbon precursors should be compatible in a way
that the droplets containing them produce a dense intermedi-
ate after drying before they undergo combustion. Choi et al.
reported the kilogram-scale production of the SnO2 yolk–shell
powder by the pilot-scale spray drying process.151 In this work,
the authors used different carbon sources to investigate their
influence on the final morphologies of the powders. Citric
acid and PVP were not compatible with Sn oxalate, as they
formed hollow and deformed composites after spray drying. A
sucrose-containing solution formed dense particles; however,
these aggregated shortly after spray drying due to the deliques-
cing of sucrose. Dextrin with low deliquescence was found to
be the best carbon source, since it formed a spherical and
dense composite with Sn oxalate and played a role of an
effective drying agent. Among various carbon sources–Sn com-
posites, only the Sn oxalate–dextrin composite produced the
yolk–shell structured SnO2 powder after oxidation. When used

Fig. 3 (a) Schematic illustration of the synthetic process of CuO yolk–
shell powder, (b) SEM image, (c and d) TEM images, (e) cycling perform-
ance at 0.5 A g−1, and (f ) rate performance of CuO yolk–shell micro-
spheres. Reproduced with permission from ref. 118. Copyright 2014, The
Royal Society of Chemistry. (g) Schematic illustration of the synthetic
process of dense particle formation in spray pyrolysis. SEM images of
the Li(Ni1/3Co1/3Mn1/3)O2 cathode powder prepared (h) without and (i)
with DCCA, ( j) TEM image of the dense Li(Ni1/3Co1/3Mn1/3)O2 cathode
powder, and (k) cycling performances of Li(Ni1/3Co1/3Mn1/3)O2 prepared
from spray solutions with and without additives. Reproduced with per-
mission from ref. 119. Copyright 2008, Elsevier.
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as the anode for LIBs, the powder exhibited a stable discharge
capacity of 570 mA h g−1 after the 100th cycle at 2000 mA g−1.
The authors also investigated the effect of the ratio between
the metal precursor and carbon source on the final mor-
phology. The higher the concentration of Sn oxalate, the larger
the core SnO2, eventually resulting in a dense SnO2 particle.
This indicates that the appropriate ratio between the metal
salts and carbon source is another critical design factor for
yolk–shell structures. Sucrose, however, could act both as a
carbon source and drying agent when forming a composite
with Fe nitrate. Zhou et al. reported scalable synthesis of
multi-shelled α-Fe2O3 yolk–shell powder by using a mini spray-
dryer.152 Sucrose acted as a matrix that dispersed Fe nitrate
and mitigated its deliquescence. The void spaces and the per-
meable thin shells greatly shortened the distance for Li-ion
diffusion and effectively alleviated the strain during cycling,
such that yolk–shell structured α-Fe2O3 could achieve a high
and stable capacity of ∼900 mA h g−1 over 50 cycles at
1600 mA g−1. The authors also tested glucose and polyvinyl
alcohol as alternative carbon sources. Glucose was likewise
capable of producing a yolk–shell structure, whereas polyvinyl
alcohol produced a hollow structure, indicating the impor-
tance of the compatibility between the metal salt and carbon
source. Moreover, as the relative amount of sucrose to Fe
nitrate increased, the product became hollow after the post-

treatment, which is in agreement with the previous discussion.
Park et al. synthesized Co3O4 yolk–shell microspheres with a
controllable number of shells by spray drying.136 To optimize
the synthesis conditions, the authors employed various carbon
sources as drying additives. Sucrose, glucose, dextrin, PVP, and
citric acid all failed to form a dense spherical composite with
Co nitrate or mitigated the deliquescence of Co nitrate. To
solve this problem, ethylene glycol was added into the spray
solution containing Co nitrate and citric acid. During the spray
drying process, the esterification reaction between the carboxyl
group in citric acid and the hydroxyl group in ethylene glycol
occurred inside the droplet to yield organic polymers with
highly viscous gel consisting of a three-dimensional network
of polymers, which enabled the formation of dense and
spherical powder with low deliquescence (Fig. 4g). The
number of shells was controlled by post-treatment at different
temperatures with the same ramping rate of 10 °C min−1. After
oxidation at 300, 400, and 500 °C, Co3O4 yolk–shell powders
with 6, 5, and 4 shells were obtained, respectively. Considering
the successful formation of the yolk–shell structure at 300 °C,
the powders oxidized at 400 °C and 500 °C would have initially
formed 6-shelled yolk–shell structured Co3O4. As the tempera-
ture rose past 300 °C, the kinetics of the Ostwald ripening
process was favored. Consequently, the oxidation at higher
temperatures resulted in the crystal growth of the outer shells

Fig. 4 (a) Schematic illustration of the synthetic process of the double-shelled SnO2 yolk–shell-structured powder. (b) SEM image, (c) TEM image,
(d) magnified TEM image, (e) elemental dot mapping images of SnO2 yolk–shell microspheres and (f ) their cycling performances. Reproduced with
permission from ref. 150. Copyright 2013, Wiley-VCH. (g) Schematic illustration of the synthetic process of the yolk–shell powder employing poly-
meric precursors. TEM images of the cobalt oxide powders post-treated at (h) 300 °C, (i) 400 °C, and ( j) 500 °C with 6, 5, and 4 shells, respectively.
(k) XRD patterns, (l) cycling and (m) rate performances of yolk–shell microspheres. Reproduced with permission from ref. 136. Copyright 2014,
Springer Nature.
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at the expense of inner shells, as evidenced by XRD patterns
with increasing sharpness (Fig. 4k) and TEM images with
fewer number of shells (Fig. 4h–j). When evaluated as anode
materials for LIBs, the sample post-treated at 400 °C exhibited
the best performance, with a discharge capacity of 958 mA h
g−1 after the 100th cycle at 500 mA g−1 and a rate performance
of 770 mA h g−1 at 3000 mA g−1 (Fig. 4l and m).

However, recent reports from Kang’s group suggest that the
formation of dense intermediate particles does not always lead
to the formation of yolk–shell structures.117,153 Partially
decomposed Co nitrate–dextrin composite particles with a
dense structure were initially formed during the synthesis of
multiroom-structured Co3O4–C microspheres by spray pyrolysis
(the formation mechanism of the multiroom structure is dis-
cussed further in section 3.3.1) (Fig. 5a).117 Upon washing and
retrieval of this powder with distilled water, a number of irre-
gularly shaped nanorooms were revealed inside the particles
as a result of the elimination of undecomposed dextrin
(Fig. 5b). This strongly implies a phase separation between Co
nitrate and dextrin inside the dried particles. The report on
the synthesis of multicomponent (Mo, Ni)-metal-based multi-
room structured microspheres by Park et al. likewise presents
a similar phenomenon,153 and most importantly, it provides
great insight into why the formation of a homogeneous metal

precursor-carbon source intermediate is imperative to the for-
mation of the yolk–shell structure during the spray processes.
The spray-dried metal (Mo, Ni) salt–dextrin composite formed
dense particles (Fig. 5c). Based on previous observations, the
most likely result after the combustion of this dried precursor
powder is yolk–shell structured NiMoO4 powder. In contrast to
expectations, however, the oxidation of the dried precursor at
500 °C resulted in the formation of multiroom-structured
NiMoO4, as shown in Fig. 5d. This strongly indicates that the
nanorooms generated by the decomposition of dextrin
ensured oxygen penetration that allowed the combustion to
take place all over the particles, instead of the surface-confined
combustion and subsequent core contraction to produce the
yolk–shell structure.

Melting points of the target materials should also be taken
into account when designing yolk–shell structures.154,155 Ko
et al. introduced the two-step process for fabrication of yolk–
shell structured V2O5 powder (Fig. 6a).

154 In this case, one-pot
synthesis of yolk–shell structured V2O5 at temperatures
between 700 °C and 1000 °C could not be achieved. The
initially formed yolk–shell V2O5 by combustion and contrac-
tion was subjected to immediate melting since the tempera-
ture of the reactor was much higher than the melting point of
V2O5 (690 °C), resulting in the dense V2O5 sphere. To overcome
this problem, the authors prepared V2O3–C composite precur-
sor powder under an inert atmosphere and conducted post-

Fig. 5 SEM images of the cobalt oxide-dextrin composite microspheres
prepared from the spray solution with dextrin: (a) as-prepared powder
and (b) powder obtained after rinsing with distilled water. Reproduced
with permission from ref. 117. Copyright 2016, Elsevier. SEM images of
(c) spray-dried precursor microspheres containing dextrin and metal
salts, and (d) metal oxide microspheres with empty nanorooms obtained
by post-treatment under air. Reproduced with permission from ref. 153.
Copyright 2017, The Royal Society of Chemistry.

Fig. 6 (a) Schematic illustration of the synthetic process of dense and
yolk–shell V2O5 microspheres. (b) SEM and (c) TEM images of the V2O3–

C composite prepared by spray pyrolysis and (d) SEM and (e) TEM
images of yolk–shell structured V2O5 microspheres. SEM images of
spray-pyrolyzed powder combusted at (f ) 500 °C and (g) 600 °C. (h)
Cycling performance of yolk–shell structured V2O5 microspheres at 1 A
g−1. Reproduced with permission from ref. 154. Copyright 2013, The
Royal Society of Chemistry.
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treatment under an air atmosphere. The high preparation
temperature (1000 °C) of vanadium oxide–carbon induced the
carbothermal reduction of V2O5 to VOx, which crystallized
and successfully dispersed all over the carbon microsphere
(Fig. 6b and c). Oxidation at 400 °C caused immediate combus-
tion of VOx–C from the surface, which produced core–shell
structured VOx–C@V2O5. Contraction of the VOx–C core
occurred during further heating, followed by a second step
combustion of the core. After repeated combustion and con-
traction, multi-shelled V2O5 yolk–shell powder was successfully
produced (Fig. 6d and e). Yolk–shell structured V2O5 exhibited
a discharge capacity of 201 mA h g−1 after the 100th cycle at
1000 mA g−1, when tested as the cathode material of LIBs
(Fig. 6h). At higher combustion temperatures (500 °C and
600 °C), the severe crystal growth of V2O5 resulted in the
destruction of yolk–shell morphologies (Fig. 6f and g). In a
similar manner, the authors prepared yolk–shell structured
MoO3 microspheres.155 MoO3 has a low melting point
(795 °C), which means that the one-pot synthesis of MoO3

yolk–shell powder was not straightforward. Therefore, the
MoOx–C composite microspheres were prepared by spray pyrol-
ysis at 900 °C under an inert atmosphere, and combusted at
400 °C to produce yolk–shell structured MoO3. Combustion at
500 °C produced hollow structured MoO3 as a result of the
Ostwald ripening process that induced the thickening of shell
MoO3 at the expense of yolk MoO3.

In an effort to reveal the influence of burning on the for-
mation of a yolk–shell structure, Kang’s group conducted a
further in-depth study in 2017 using a metal precursor con-
taining carbonaceous template microspheres (Fig. 7).156 They
systematically investigated the effects of the ramping rate and
oxygen concentration on the morphologies and crystallite sizes
of the metal oxide microspheres after post-treatment of the
carbonaceous template microspheres loaded with a controlled
amount of a metal precursor (Fig. 7a). In the case of carbon
template microspheres with a low loading rate of the metal
precursor, oxidation at 500 °C at a high oxygen concentration
with a high ramping rate led to the combustion of the outer
surface of the microsphere, which generated a large amount of
heat that caused contraction of the core, followed by repeated
combustion and contraction to produce the yolk–shell metal
oxide microsphere (Fig. 7b–d). In contrast, when the oxidation
process was conducted at a low oxygen concentration with a low
ramping rate, inward contraction of the molten metal precursor
within the carbon template occurred to produce the C–metal
precursor@C core–shell intermediate. Because of the low
ramping rate and oxygen concentration, decomposition of the
carbon and metal precursor proceeded gradually without com-
bustion by ignition, resulting in the filled structured metal oxide
microsphere (Fig. 7e–g). As burning of the microsphere did not
occur for filled structured metal oxide, its crystallite size was
smaller than the yolk–shell structured metal oxide, as indicated
in Fig. 7b and f. The loading rate of the metal precursor was
another factor that determined the morphology. Despite burning
at a high ramping rate, contraction of the microsphere did not
occur when the loading rate of the metal precursor was high, pro-

ducing a filled structured metal oxide microsphere with a large
crystallite size. In summary, regardless of the synthetic process,
formation of a yolk–shell structure should be accompanied by
combustion, which involves the sudden increase of the tempera-
ture by ignition, and subsequent contraction.

The feasibility and versatility of the spray processes for the
synthesis of various yolk–shell structured materials have been
confirmed by a series of studies on other yolk–shell structured
metal oxides, e.g. Co3O4, CuO, Fe2O3, V2O5, WO3, etc.

118,157–163

Hong et al. demonstrated that yolk–shell powder with a
quinary composition can be easily prepared by simple dis-
solution of metal salts in the precursor solution (Fig. 8a).162

Using the same method, Choi et al. synthesized multicompo-
nent yolk–shell structured powder containing ten transition
metals, as shown in Fig. 8b.163 Both studies pinpointed the
advantage of the spray process for the synthesis of a yolk–shell
structured material with a desired composition. For the high-
performance anode in LIBs, various yolk–shell structured mul-
ticomponent metal oxide materials have been widely
reported.164–171 For instance, Leng et al. synthesized the
hierarchical NiCo2O4 multishell yolk–shell structure.170 The
number of shells was controlled by the amount of PVP, which

Fig. 7 (a) Schematic illustration of the synthetic process of Y-SnO2-LC,
F-SnO2-SC, and F-SnO2-LC from the carbonaceous template micro-
spheres loaded with a controlled amount of metal precursor. (b) TEM
image, (c) HR-TEM image, and (d) elemental dot mapping images of
yolk–shell structured microspheres prepared under the conditions of
low metal loading, high ramping rate, and high oxygen concentration.
(e) TEM image, (f ) HR-TEM image, and (g) elemental dot mapping of
filled microspheres prepared under the conditions of low metal loading,
low ramping rate, and low oxygen concentration. Reproduced with per-
mission from ref. 156. Copyright 2017, The Royal Society of Chemistry.
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was used as a surfactant and a carbon template. When com-
pared with the hollow NiCo2O4, multishell yolk–shell, NiCo2O4

exhibited better cycling (1144 mA h g−1 after 75 cycles at
400 mA g−1) and rate performance (821 mA h g−1 at
2000 mA g−1), mainly owing to the functional shells and core
that guaranteed a large contact area between the electrode and
the electrolyte, providing more active sites for Li. Ahn et al. pre-
pared a β-NiMoO4 yolk–shell by one-pot spray pyrolysis.

171 The
morphologies of the samples varied depending on the
synthesis temperature. At 600 °C, carbon combustion was
incomplete, thus dense and amorphous NiMoO4–C composite
microspheres were obtained. At 800 °C and 1000 °C, carbon
combustion was successfully performed to produce yolk–shell
morphologies, with NiMoO4 nanorod aggregation at the shell
and core, by crystal growth in the sample prepared at 1000 °C.
The sample prepared at 800 °C exhibited the best cycling per-
formance due to its structural stability, maintaining the revers-
ible capacity of 842 mA h g−1 after 200 cycles. Even at a high
current density of 5 A g−1, this sample exhibited a discharge
capacity of 612 mA h g−1, demonstrating excellent rate per-
formance. Metal sulfides and selenides could also be prepared
by post-treatment of the yolk–shell structured oxide
precursors.172–175 For example, Choi et al. prepared yolk–shell
structured SnS microspheres by sulfidation of a SnO2 precur-
sor. H2S gas generated from the decomposition of thiourea
under a reducing atmosphere transformed SnO2 into SnS, as
shown in the scheme of Fig. 9a(i–ii).172 The morphology of
yolk–shell structured SnS was well maintained even after the
sulfidation process (Fig. 9b–d). Owing to its unique mor-
phology, the SnS yolk–shell powder showed superior Li-ion
storage properties, achieving a high capacity retention of 89%
after 150 cycles and delivering a discharge capacity of 480
mA h g−1 at a high current density of 5 A g−1 (Fig. 9e and f).
Ko et al. reported the synthesis of MoSe2 yolk–shell micro-

spheres by selenization of a MoO3 precursor.173 In this case,
selenium powder was used to produce H2Se gas to transform
MoO3 into MoSe2 (Fig. 9g). Due to the characteristic crystal
growth behavior of MoSe2, a microsphere comprised of MoSe2
nanosheets in yolk–shell assembly was formed, as shown in
Fig. 9h–j. When tested as the anode material for SIBs, MoSe2
yolk–shell powder exhibited superior electrochemical pro-
perties in terms of reversible capacity (433 mA h g−1 after the
50th cycle at 0.2 A g−1) and rate performance (345 mA h g−1 at
1.5 A g−1), as shown in Fig. 9k and l. Employment of the yolk–
shell structure in the cathode materials of LIBs was likewise
reported.176–180 Sim et al. synthesized yolk–shell structured
LiMnO4 by one-pot spray pyrolysis.179 This material exhibited
an outstanding rate capability of 116 mA h g−1 at 10C rate.
Choi et al. reported single and double-shelled LiNi0.5Mn1.5O4

yolk–shell powder, which could deliver 108 mA h g−1 after the
1000th cycle at 10C rate.180 The electrochemical properties of
the yolk–shell structured materials are summarized in Table 1.

3.3 Phase separation

3.3.1 Multiroom structure. In 2016, Kang’s group reported
for the first time the synthesis of multiroom-structured metal
compound-carbon microspheres by spray pyrolysis.117 The
most remarkable feature of this novel structure is that the
empty rooms (voids) inside the microsphere were not gener-
ated by wet etching of the template material, which is the most

Fig. 9 (a) Schematic illustration of the synthetic process of the yolk–
shell SnS microspheres from yolk–shell SnO2 microspheres by the sulfi-
dation process. (b and c) TEM images and (d) elemental dot mapping
images of yolk–shell SnS microspheres and their (e) cycling and (f ) rate
performances. Reproduced with permission from ref. 172. Copyright
2013, Wiley-VCH. (g) Schematic illustration of the synthetic process of
yolk–shell-structured MoSe2 microspheres by the selenization process.
(h) TEM image, (i) magnified TEM image, and ( j) elemental dot mapping
images of MoSe2 yolk–shell microspheres. (k) Cycling performance of
MoSe2 yolk–shell powder at 0.2 A g−1 and (l) rate performance.
Reproduced with permission from ref. 173. Copyright 2014, The Royal
Society of Chemistry.

Fig. 8 (a) Schematic illustration of the synthetic process of yolk–shell
composite powder with a quinary composition and (b) elemental
mapping images of the yolk–shell transition metal oxide microspheres
with 7 to 10 components. Reproduced with permission from ref. 162.
Copyright 2013, Wiley-VCH. Reproduced with permission from ref. 163.
Copyright 2014, The Royal Society of Chemistry.
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Table 1 Morphologies and electrochemical performances of various yolk–shell structured materials synthesized via spray processes

Sample
Voltage window/
application

Synthesis
method

Cycling
performancea

Rate
performanceb Ref.

3.2 Yolk–shell microspheres
Double-shelled SnO2 yolk–shell microspheres ∼0.01–3.0 Spray pyrolysis 642/40th/0.625 — 150

LIB anode
SnO2 yolk–shell powder 0.001–1.0 Spray drying 570/100th/2.0 518/5.0 151

LIB anode
α-Fe2O3 multi-shelled hollow spheres ∼0.01–3.0 Spray drying ∼1035/50th/0.4 784/3.2 152

LIB anode
Yolk–shell V2O5 powders 2.0–4.0 Spray pyrolysis 201/150th/1.0 185/1.0 154

LIB cathode
Yolk–shell MoO3 powders 0.001–3.0 Spray pyrolysis 835/150th/1.0 534/5.0 155

LIB anode
Co3O4 yolk–shell powders 0.01–3.0 Spray pyrolysis 603/50th/1.0 548/10.0 157

LIB anode
Double shelled Fe2O3 yolk–shell 0.005–3.0 Spray pyrolysis 848/80th/0.3 746/5.0 158

LIB anode
Yolk–shell FeOx filled with N-doped graphitic C 0.01–3.0 Spray pyrolysis 1071/1000th/1.0 598/10.0 159

LIB anode
Yolk–Shell NiO nanopowders 0.001–3.0 Spray pyrolysis 951/150th/0.7 824/1.0 160

LIB anode
Yolk–shell WO3 particles 0.01–3.0 Spray pyrolysis 523/120th/0.3 — 161

LIB anode
Yolk–shell microspheres with 8 components ∼0.01–3.0 Spray pyrolysis ∼1067/700th/1.0 473/5.0 163

LIB anode
Yolk–shell CoFe2O4 powders 0.001–3.0 Spray pyrolysis 751/200th/1.0 681/5.0 164

LIB anode
Yolk–shell CoMn2O4 powders 0.01–3.0 Spray pyrolysis 418/40th/0.8 — 165

LIB anode
Yolk–shell CoMoO4 particles 0.001–3.0 Spray pyrolysis 1065/150th/0.5 783/1.5 166

LIB anode
Yolk–shell ZnCo2O4 powders 0.001–3.0 Spray pyrolysis 753/200th/3.0 640/10.0 167

LIB anode
Yolk–shell CuO-Fe2O3 powders 0.001–3.0 Spray pyrolysis 1159/130th/1.0 735/5.0 168

LIB anode
Yolk–shell ZnO–Mn3O4 powders 0.001–3.0 Spray pyrolysis 912/100th/0.7 460/3.0 169

LIB anode
Hierarchical Ni–Co oxide multishell yolk–shell 0.01–3.0 Spray pyrolysis 1064/100th/0.4 821/2.0 170

LIB anode
β-NiMoO4 yolk–shell spheres 0.001–3.0 Spray pyrolysis 1292/200th/1.0 612/5.0 171

LIB anode
Yolk–shell SnS powders 0.001–1.0 Spray pyrolysis 672/150th/1.0 480/5.0 172

LIB anode
Hierarchical MoSe2 yolk–shell microspheres 0.001–3.0 Spray pyrolysis 433/50th/0.2 345/1.5 173

SIB anode
Yolk–shell structured (Fe0.5Ni0.5)9S8 powders 0.01–3.0 Spray pyrolysis 527/100th/1.0 465/5.0 174

SIB anode
Yolk–shell SnS–MoS2 powders 0.001–2.5 Spray pyrolysis 396/100th/0.5 238/7.0 175

SIB anode
Yolk–shell Li4Ti5O12 powders 1.0–3.0 Spray pyrolysis 172/100th/0.175 — 176

LIB anode
Yolk–shell LiV3O8 powder 2.0–4.0 Spray pyrolysis 192/100th/1.0 232/0.8 177

LIB cathode
Yolk–shell 0.6Li(Li1/3Mn2/3O)2·0.4Li(Ni1/3Co1/3Mn1/3)O2 2.0–4.8 Spray pyrolysis 194/50th/0.02 — 178

LIB cathode
Yolk–shell LiMn2O4 powders 3.5–4.3 Spray pyrolysis 127/200th/0.36 — 179

LIB cathode
Yolk–shell LiNi0.5Mn1.5O4 powders 3.5–5.0 Spray pyrolysis 108/1000th/1.48 69/88.8 180

LIB cathode
Double-shelled CuO yolk–shell powders 0.01–3.0 Spray pyrolysis 726/500th/0.5 470/2.5 118

LIB anode
Multi-shelled yolk–shell Co3O4 powders 0.001–3.0 Spray drying 958/100th/0.5 770/3.0 136

LIB anode

a These data were arranged in the order discharge capacity/cycle number/current density. The units of discharge capacity and current density are
mA h g−1 and A g−1, respectively. b These data were arranged in the order discharge capacity/highest current density.
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common strategy to introduce the pore structure. Kang’s group
found that the liquid–liquid phase separation during the spray
pyrolysis process is key to generating a multiroom structure. As
discussed in section 3.2, compatibility between the metal salt
and carbon source is an important factor that determines the
final morphology of the product. Spray pyrolysis of the solu-
tion containing a metal salt and dextrin produced a molten
composite precursor intermediate sphere, in which the liquid–
liquid phase separation resulted in an inhomogeneous distri-
bution of the metal salt and dextrin. Since the retention time
of the droplet was short due to the high flow rate (25 L min−1),
the homogeneous mixing of the segregated chemical species
would not be able to take place. Subsequent carbonization of
dextrin and decomposition of the metal salt under a N2 atmo-
sphere via the evolution of a large amount of gas generated the
multiroom-structured metal oxide–carbon microspheres.
Previous studies suggest that the carbon microsphere cannot
be produced by spray pyrolysis of the solution containing only
the carbon source, even at the prolonged retention time of the
droplet or higher reaction temperature.181–184 Therefore, metal
salts that can catalyze the carbonization reaction should be

added to promote the formation of carbon.183,184 Considering
such characteristics of spray pyrolysis, the formation of nano-
rooms inside the microsphere can be regarded as a result of
the decomposition of phase-separated dextrin into gas, which
could not be carbonized owing to the absence of metal salts in
the vicinity. Kim et al. synthesized Co and Mo-based multi-
room-structured microspheres by spray pyrolysis at 400 °C
(Fig. 10a).185 Although the as-prepared powder had a multi-
room morphology, it nevertheless contained a considerable
amount of incompletely decomposed metal salts and dextrin,
since the flow rate of N2 gas during the synthesis was extremely
high (40 L min−1) (Fig. 10b). The oxidation of the as-prepared
powder at 400 °C to produce multiroom-structured CoMoO4

microspheres provided compelling evidence of the localized
phase separation of dextrin along the microsphere, which the
authors denoted as the formation of “dextrin islands”. If the
metal salts and dextrin formed a homogeneous composite
throughout the wall of the microsphere, post-treatment under
an air atmosphere (and thus combustion) would have resulted
in the collapse and shrinkage of the internal framework,
leading to the formation of hollow-structured or yolk–shell

Fig. 10 (a) Schematic illustration of the synthetic process of CoMoO4–carbon composite microspheres containing abundant vacant nanorooms by
the spray pyrolysis process. (b) SEM image of the as-prepared CoMoO4–C composite microspheres with vacant nanorooms, (c) SEM image and (d)
elemental dot mapping images of the obtained nanopores after post-treatment at 400 °C under air. (e) SEM image, (f ) HR-TEM image, and (g)
elemental dot mapping images of CoSe2–MoSe2/C microspheres. (h–k) Li-Ion and Na-ion storage characteristics of the synthesized microspheres.
Reproduced with permission from ref. 185. Copyright 2017, Elsevier.
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structured microspheres. However, oxidation of the as-pre-
pared powder did not bring about such outcomes. Instead, the
formation of new nanopores along the internal framework of
CoMoO4 was observed (Fig. 10c and d). These nanopores were
likely to be generated by the decomposition of dextrin-derived
carbon, verifying the inhomogeneous distribution of dextrin
along the microsphere. The introduction of nanorooms
improved the structural stability of the microspheres and
enabled the facile diffusion of Li-ions. Therefore, multiroom-
structured CoMoO4 microspheres delivered a stable discharge
capacity of 1023 mA h g−1 after the 100th cycle at 1 A g−1, and a
superior rate performance of 409 mA h g−1 at 10 A g−1

(Fig. 10h and i). Even after selenization to form the multi-
room-structured CoSe2–MoSe2/C microsphere, such structural
merits were preserved (Fig. 10e and f), ensuring the stable dis-
charge capacity of 399 mA h g_1 after the 100th cycle at 0.2 A
g−1 and the rate performance of 317 mA h g−1 at 5.0 A g−1,
when employed as the anode material for SIBs (Fig. 10j and k).

Park et al. synthesized multiroom-structured multicompo-
nent (Mo, Ni) metal sulfide and selenide as anode materials
for SIBs by spray drying (Fig. 11a).153 As in the case of spray
pyrolysis, spray drying of the solution containing dextrin and
Ni/Mo salts produced their composite, where dextrin is locally
phase-separated from the metal salts. Calcination and
subsequent sulfidation or selenization produced multiroom-
structured Ni/Mo sulfide and selenide composites (Fig. 11b–d).

When the calcination step was conducted in air to remove
carbon, subsequent sulfidation or selenization induced the
crystal growth of Ni/Mo sulfides and selenides (Fig. 11e–g).
Carbon-free MoS2–Ni9S8 and MoSe2–NiSe–NiSe2 microspheres
suffered from cycling fading (Fig. 11h and j). In contrast, those
with carbon exhibited stable cycling performances, demon-
strating the improved structural stability by introduction of
carbon. The discharge capacities of MoS2–Ni9S8–C and MoSe2–
NiSe–C after the 80th cycle were 366 mA h g−1 and 386 mA h
g−1 at 0.5 A g−1 with decent rate performances at 3 A g−1,
respectively (Fig. 11h–k). Furthermore, the synthesis of multi-
room structured NiMoO4 and Ni3V2O8 has also been reported,
both of which demonstrated promising electrochemical per-
formances as anode materials for LIBs.98,114

3.3.2 Core–shell structure. Similar to the yolk–shell struc-
tures, core–shell structures have a core@shell configuration
that consists of the inner core and outer shell. Unlike yolk–
shell structures, the core and shell of core–shell structures are
in intimate contact without a void space between them. For
energy storage application, core–shell structured materials can
improve the electrical conductivity or provide structural robust-
ness to the active material. In addition, core–shell materials
ensure high tap density and do not degrade the volumetric
energy density, which is often pointed out as a drawback of
hollow materials. Recently, spray processes have been intro-
duced to synthesize a number of core–shell materials. The

Fig. 11 (a) Schematic illustration of the synthetic process of empty nanorooms in the MoS2–Ni9S8–C, MoSe2–NiSe–C, MoS2–Ni9S8, and MoSe2–
NiSe–NiSe2 microspheres. (b) SEM image, (c) TEM image, (d) elemental dot mapping images of MoS2–Ni9S8–C microspheres, (e) SEM image, (f ) TEM
image, and (g) elemental dot mapping images of MoS2–Ni9S8, microspheres. (h–k) cycling and rate performances of MoS2–Ni9S8–C, MoSe2–NiSe–
C, MoS2–Ni9S8, and MoSe2–NiSe–NiSe2 microspheres. Reproduced with permission from ref. 153. Copyright 2017, The Royal Society of Chemistry.
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most distinguishing feature of the reported studies is that the
spontaneous separation of core and shell materials was
achieved by delicate control of the process parameters. Hong
et al. reported the one-pot synthesis of a core–shell structured
SnOx–C composite by spray pyrolysis (Fig. 12a).186 Melting and
phase separation of PVP in the dried droplet containing Sn
oxalate and PVP took place at around 180 °C, which resulted
in the migration of PVP to the outside of the dried particle.
The subsequent carbonization of PVP and decomposition of
Sn oxalate produced the core–shell structured SnOx–C compo-
site microsphere, as demonstrated in Fig. 12b–h. Compared
with the dense SnO2 microsphere, the core–shell structured
SnOx–C microsphere could effectively withstand the volume
change during cycling. Therefore, core–shell structured SnOx–

C exhibited a stable discharge capacity of 1033 mA h g−1 after
500 cycles at a high current density of 2 A g−1 (Fig. 12i). Even
at a higher current density (3 A g−1), it could deliver a dis-
charge capacity of 730 mA h g−1 (Fig. 12j). The authors
adopted the same method to synthesize core–shell structured
Zn2SnO4–C microspheres.187 In this report, the amount of PVP
was controlled to adjust the thickness of the carbon shell,
demonstrating the versatility and simplicity of this method.
Wang’s group synthesized pomegranate-structured tin phos-
phide–carbon spheres for SIB anodes via the spray pyrolysis
method.188 After the synthesis of SnO2/C microspheres via the
spray pyrolysis method in the presence of sucrose and sulfuric
acid in water and ethanol mixture solution, the resultant par-

ticles were milled with NaH2PO2 and heated at 280 °C to
produce Sn4P3@C microspheres (Fig. 12k). During the post-
treatment, Sn4P3 nanoparticles were aggregated at the core of
the carbonaceous microspheres, as observed in the TEM
image shown in Fig. 12l and m. The Sn4P3@C microspheres
exhibited a stable cycling performance. A discharge capacity of
580 mA h g−1 could be achieved at the 120th cycle at 0.1 A g−1,
and the capacity retention measured from the 2nd cycle was
95% (Fig. 12n and o). Cho et al. synthesized carbon–MoTe2
core–shell microspheres via spray pyrolysis and a subsequent
tellurization step.94 MoO3 and a low amount of sucrose were
added to the precursor spray solution and spray-pyrolyzed
under a nitrogen atmosphere. Dense microspheres were then
tellurized to yield the final core–shell morphology and applied
as the anode in SIBs. The microspheres exhibited a discharge
capacity of 241 mA h g−1 after 200 cycles at 1 A g−1. Even at a
high current density of 5 A g−1, the microspheres exhibited a
discharge capacity of 209 mA h g−1.

3.3.3 Heterogeneous yolk–shell structures. The yolk and
shell materials of yolk–shell structured materials discussed in
the previous section were of identical compositions. In special
cases, core and shell materials with different compositions,
namely heterogeneous yolk–shell structures, can be prepared
by phase separation during spray processes. Hong et al.
reported yolk–shell structured Sn@C microspheres prepared
by spray pyrolysis and post-treatment (Fig. 13a).189 During
spray pyrolysis at low temperatures, the droplet containing

Fig. 12 (a) Schematic illustration of the synthetic process of SnOx/carbon–carbon core–shell structured composite powder. (b) SEM image, (c–e)
TEM images, and (f ) elemental dot mapping images of the SnOx/carbon composite, (g and h) SEM image and line profiles of the cross-section of the
SnOx–carbon composite powders and their (i) cycling and ( j) rate performances. Reproduced with permission from ref. 186. Copyright 2015,
Elsevier. (k) Schematic illustration of the synthetic process of Sn4P3@C pomegranates. (l) TEM image and (m) elemental dot mapping images of
Sn4P3@C pomegranates and their (n) cycling and (o) rate performances. Reproduced with permission from ref. 188. Copyright 2017, Elsevier.
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Zn nitrate, Sn oxalate, and PVP dried and melted to form the
core–shell powder (Fig. 13b–d). Molten metal salts (core) and
PVP (shell) were separated due to a density difference, all of
which hardly underwent decomposition due to the low prepa-
ration temperature. The post-treatment under a reducing atmo-
sphere at 1000 °C led to the carbonization of PVP to form the
amorphous carbon shell and the reduction of metal salts to Sn
and Zn metals. As Sn and Zn have low melting temperatures,
they liquefied and concentrated centrally within the carbon
shell. In the meantime, the onset of Zn vaporization at around
900 °C resulted in the shrinkage of the Sn core. Resultantly,
yolk–shell structured Sn@C microspheres were obtained
(Fig. 13e–g). When evaluated as the anode material for LIBs,
the hollow c arbon shell provided voids to buffer the large

volume change of Sn during cycling, resulting in a highly
stable performance over 500 cycles with a rate performance of
336 mA h g−1 at 8 A g−1, as shown in Fig. 13h and i. Ju et al.
reported the synthesis of a yolk–shell structured Mn–Sn–O–C
composite.190 Phase separation between the Sn salt, Mn salt,
and PVP led to the formation of core–shell morphology at the
initial stage, followed by the decomposition of each com-
ponent to produce a yolk–shell structured Mn–Sn–O–C compo-
site with a composition gradient (Fig. 13j–m). Yolk–shell struc-
tured carbon microspheres could also be synthesized by utiliz-
ing phase separation between two different carbon sources to
induce a heterogeneous core–shell structured carbon micro-
sphere. Hong et al. used two different carbon sources to
induce a core–shell structured carbon microsphere.191 Spray

Fig. 13 (a) Schematic illustration of the synthetic process of yolk–shell Sn@C microspheres. (b) SEM image, (c) TEM image, and (d) elemental dot
mapping images of SnO2–ZnO–C composite microspheres prepared by the spray pyrolysis process. (e) TEM image, (f ) magnified TEM image, and (g)
elemental dot mapping images of yolk–shell Sn@C microspheres obtained after post-treatment. (h) cycling and (i) rate performances of Sn@C yolk–
shell microspheres. Reproduced with permission from ref. 189. Copyright 2015, Wiley-VCH. Schematic illustration of the synthetic process of Mn–
Sn–O–C composite powders with a yolk–shell structure. (k) SEM image, (l) TEM image, and (m) elemental dot mapping images of the yolk–shell
powder prepared by spray pyrolysis at 700 °C. Reproduced with permission from ref. 190. Copyright 2016, Elsevier. (n) Schematic illustration of the
synthetic process of the carbon–carbon yolk–shell microspheres. (o) SEM image, (p) TEM image of PCS, (q) elemental dot mapping images and line
profiles of PCS-S microspheres and their (s) cycling and (t) rate performances. Reproduced with permission from ref. 191. Copyright 2017, The Royal
Society of Chemistry.
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pyrolysis of the solution containing sucrose, PVP, and Sn
oxalate yielded a SnO2/C–C core–shell structure (Fig. 13n).
Carbon in the SnO2/C core was mainly formed by the
decomposition of carbon, and that in the shell was derived
from PVP migrated to the outside of the microsphere. To
obtain the yolk–shell structured carbon microsphere, the
authors selenized the powder at 1000 °C to produce the Sn–Se
alloy in the core that promptly evaporates at that temperature,
resulting in the shrinkage of core carbon to produce yolk–shell
carbon microspheres (Fig. 13o–q). The powder had plenty of
micro- and mesopores, so it was utilized as a sulfur host
material for Li–S batteries. The cathode with a sulfur content
of 60 wt% with homogeneous inclusion could be achieved

(Fig. 13r), and it exhibited a stable cycling performance, deli-
vering 602 mA h g−1 after the 150th cycle at 0.5 A g−1 (Fig. 13s).
The yolk carbon sphere increased the sulfur loading amount,
and the high contact area between the electrolyte and yolk part
improved the rate performance (Fig. 13t).

3.3.4 Janus structure. The Janus-structured particle has
two or more distinct surfaces that have different chemical
properties.192,193 The term “Janus structure” was named after
the Roman god Janus, who had two heads placed back to
back. During the spray processes, Janus structures could be
formed by phase separation within the composite. Choi et al.
reported the synthesis of Janus structured SnO2–CuO compo-
site powder by flame spray pyrolysis (Fig. 14a).194 The droplet

Fig. 14 (a) Schematic illustration of the synthetic process of Janus-structured SnO2–CuO composite nanorods prepared from flame spray pyrolysis.
(b–g) TEM images and elemental dot mapping images of Janus-structured (b and c) SnO2–CuO (90/10 wt%), (c and d) SnO2–CuO (50/50 wt%), and
(f and g) SnO2–CuO (10/90 wt%) composite nanoparticles and their (h) cycling and (i) rate performances. Reproduced with permission from ref. 194.
Copyright 2013, The Royal Society of Chemistry. ( j) Schematic illustration of the synthetic process of the Janus-structure powder consisting of
mutually doped SnO2 hollow nanoplates and Co3O4 hollow polyhedra, (k–r) SEM image, TEM images, and elemental dot mapping images of (k–n)
Janus-structured mutually doped SnSe–CoSex powder with a Sn/Co ratio of 1/2 and (o–r) SnO2–Co3O4 powder formed by the nanoscale Kirkendall
diffusion process. TEM images of (s) SnO2 hollow nanoplates and (t) a Co3O4 hollow polyhedron formed by the nanoscale Kirkendall diffusion
process. (u and v) Rate performances of Janus-structured microspheres. Reproduced with permission from ref. 195. Copyright 2017, The Royal
Society of Chemistry.
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containing Sn and Cu salts dried and decomposed to form
oxides that immediately vaporized by the flame at tempera-
tures exceeding 2500 °C to form SnO2 and CuO vapors. The
mixed oxide clusters condensed into nanosized metal oxide
composites. Since SnO2 and CuO do not form a solid solution,
phase separation occurred and individual crystallization of
SnO2 and CuO by particle annealing and rearrangement
during the late stage of the flame spray pyrolysis resulted in
the formation of Janus structured SnO2–CuO nanoparticles. As
confirmed by XRD and TEM images, SnO2 and CuO did not
form a solid solution and crystallized into nanorods and nano-
spheres, respectively (Fig. 14b–g). When the weight ratio
between SnO2 and CuO was 70 : 30, the composite exhibited
better cycling stability and rate performances compared with
those of pure SnO2 and CuO (Fig. 14h and i). Park et al. pre-
pared a Janus-structured mutually doped SnO2–Co3O4 hollow
nanostructure by spray pyrolysis and subsequent post-treat-
ment (Fig. 14j).195 During the spray pyrolysis of the solution
containing Sn, Co, and Se salts under a reducing atmosphere,
the in situ selenization of Co and Sn components led to the for-
mation of a Sn-doped CoSex/Co-doped SnSe/Se composite. The
Ostwald ripening and crystal growth promoted by the high
temperature of the reactor (900 °C) resulted in the formation
of the Janus-structured mutually doped SnSe–CoSex composite
particle consisting of a Sn-doped CoSex polyhedron and a Co-
doped SnSe nanoplate. Further oxidation of this particle by
post-treatment successfully converted it into hollow oxide
nanostructures induced by nanoscale Kirkendall diffusion,
which is discussed in detail in section 3.6. The morphology of
the particle varied with respect to the ratio between Sn and Co
precursors. The Sn component constituted a hollow nanoplate,
and the Co component constituted a hollow polyhedron. The
TEM images in Fig. 14k–r clearly reveal the phase separation
of Sn and Co both in selenide and oxide particles. The mutual
doping of Co and Sn is confirmed by the elemental mapping
images in Fig. 14n and r, which exhibit the presence of trace
amounts of Co and Sn at the nanoplates and polyhedra,
respectively. When the spray pyrolysis was conducted with a
single metal source, SnO2 and Co3O4 formed hollow plates and
a polyhedron-like morphology, confirming their characteristic
growth behavior when constituting a Janus structure. At the
Sn : Co ratio of 1 : 2, the Janus-structured SnO2–Co3O4 exhibi-
ted a stable cycling performance over 1000 cycles with a revers-
ible capacity of 1059 mA h g−1 at 1 A g−1 (Fig. 14u). It also
exhibited a high reversible capacity of 666 mA h g−1 at a high
current density of 10 A g−1, demonstrating the good rate per-
formance (Fig. 14v).

3.4 Inorganic and organic templates

3.4.1 NaCl template. NaCl-templated synthesis is an
effective method for fabricating desired structures, including
porous microspheres and nanoparticles. In 2002, Zachariah’s
group reported the synthesis of nanoporous Al2O3 particles by
aqueous leaching of NaCl from an Al2O3–NaCl mixture pre-
pared by spray pyrolysis.196 The group found that various Al2O3

powders with different morphologies (nanoporous, hollow,

dense, and nanoparticulate) can be obtained by controlling
the amount of NaCl and the synthesis temperature. The most
significant feature of NaCl-templated synthesis is that it does
not require a preparation process before being used as a tem-
plate. In addition, it can be readily removed by water, so its
selective removal from the metal-based composite is easier
and safer. Although the size and shape of the pores are not
evenly aligned, this method is environmentally benign and
scalable.

Recently, a number of NaCl-templated syntheses of porous
materials by spray processes have been reported for use in
energy storage.197–206 Kang’s group reported the synthesis of
hollow Co3O4 and CuO nanoparticles by salt-assisted spray
pyrolysis and spray drying, respectively.197,198 For the synthesis
of Co3O4 (Fig. 15a), the spray solutions containing Co nitrate
and an excess amount of NaCl were sprayed and reduced to
form Co–NaCl composite microspheres. Co nanoparticles were
obtained by rinsing the NaCl matrix, where they were dis-
persed (Fig. 15b). Subsequent oxidation of metal nanoparticles
under air produced hollow Co3O4 nanoparticles via the nano-
scale Kirkendall diffusion, as shown in Fig. 15c. The sample
oxidized at 500 °C showed the highest reversible capacity
(775 mA h g−1 after 150 cycles at 1 A g−1), as shown in Fig. 15d.
It also exhibited a discharge capacity of 587 mA h g−1 at 5 A
g−1 (Fig. 15e). The synthesis of CuO nanoparticles was
achieved in a similar manner; however, the spray drying
method was used instead.198 Fan et al. prepared a porous Si/C
anode material for LIBs by spray drying.199 The solution con-
taining NaCl, sucrose, and Si nanoparticle slurry was spray-
dried, carbonized, and washed to obtain porous Si/C compo-
site powder (Fig. 15f). Numerous pores in the range of hun-
dreds of nanometers were created across the particle by
washing off NaCl, as shown in the SEM image in Fig. 15g. By
increasing the content of NaCl up to 40 wt%, the electro-
chemical performances of Si/C could be improved because of
better structural stability during cycling (Fig. 15h and i). Zhang
et al. prepared a flower-like Si/C composite by spray drying.200

The authors used PVP as a carbon source to obtain a flower-
like carbon framework, probably due to the characteristic
deformation of PVP during carbonization that produces a
debossed shape, as observed in the previous
literature.115,116,186,187,207 The flower-like composite exhibited
an excellent cycling performance (898 mA h g−1 after the 200th

cycle at a C/2 rate) compared with Si nanoparticles and sphere-
like Si/C (prepared without NaCl), which was attributed to the
partial void spaces that accommodated the volume expansion
of Si during cycling. Ying et al. synthesized Sn/N-doped carbon
microcage composites by spray drying.201 The authors used
ethylenediaminetetraacetic acid (EDTA) as the carbon and
nitrogen source to obtain N-doped carbon. EDTA could also
chelate the metal ions to uniformly distribute Sn in carbon.
After spray drying and calcination at 700 °C under Ar, N-doped
carbon/NaCl was formed, in which carbothermally-reduced Sn
nanodots were embedded (Fig. 16a). The SEM and TEM
images obtained after NaCl removal in Fig. 16b–d clearly show
the pore structure of the Sn/N-doped carbon microcage compo-
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sites. Owing to the shortened ion diffusion distance, ample
interior space, and ultra-small particle size of Sn, the compo-
sites maintained a reversible capacity of 472 mA h g−1 after
500 cycles when employed as the anode for LIBs, and 332 mA
h g−1 after 300 cycles as the anode for SIBs (Fig. 16e and f).
Qin et al. used NaCl to prepare a 3D N-doped porous graphene
network embedded with SnSb nanocrystals (3D SnSb@N-PG)
(Fig. 16g).202 Instead of using graphene oxide nanosheets, the
authors used ammonium citrate as the source of N-doped gra-
phene, whose growth could be catalyzed by Sn2+ and Sb3+ ions.
The reduction of the spray-dried precursor at 750 °C produced
the SnSb alloy nanocrystals confined in NaCl cubes, followed
by the formation of ultrathin N-doped graphene nanosheets
catalyzed by the as-formed SnSb nanocrystals. The subsequent
removal of NaCl produced 3D SnSb@N-PG, as shown in
Fig. 16h–j. The open porous structure of 3D SnSb@N-PG with
robustness greatly shortened the ion diffusion pathway and

increased the ion diffusion rate, contributing to the extremely
outstanding long-life high-rate cycling stability, namely, a
capacity of 190 mA h g−1 at 10 A g−1 after 4000 cycles
(Fig. 16k).

Kang’s group reported the generalized synthesis of metal
sulfides or selenides/carbon composite microspheres with
nanorooms by spray pyrolysis for the anode materials of SIBs
(Fig. 17a).203,204 Dextrin and NaCl were used as the carbon
source and porogen, respectively. After spray pyrolysis of the
solution containing a metal salt, dextrin, and NaCl, porous
metal oxide/carbon composite microspheres were obtained
after washing off NaCl. The subsequent sulfidation or seleniza-
tion could produce metal sulfides or selenides/carbon compo-
site microspheres with nanorooms. The authors investigated
the influence of the process parameters (amount of dextrin
and NaCl, synthesis temperature, gas flow rate) to optimize the
final morphology.203 By changing the metal salts, Kang’s

Fig. 15 (a) Schematic illustration of the synthetic process of the hollow Co3O4 nanopowders by salt-assisted spray pyrolysis applying nanoscale
Kirkendall diffusion. (b) EDAX spectrum of the Co nanopowders obtained after the washing process. (c) TEM image of the hollow nanopowders
obtained by post-treatment of metallic Co nanopowders and their (d) cycling and (e) rate performances. Reproduced with permission from ref. 197.
Copyright 2015, the PCCP Owner Societies. (f ) Schematic illustration of the synthetic process of the porous Si/C composite. (g) SEM image, (h)
cycling and (i) rate performances of the porous Si/C composite. Reproduced with permission from ref. 199. Copyright 2016, Elsevier.
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group showed that MoS2, SnS, FeS2, and FeSe2-based nano-
structures could be successfully synthesized, indicating the
versatility of the synthetic method that suggests vast opportu-
nities for developing other functional materials. In the case of
MoS2/C with nanorooms (MoS2/C-NR) (Fig. 17b–d), restacking
of MoS2 nanosheets was effectively restricted by dextrin-
derived carbon, as indicated by the number of MoS2 layers
observed in the TEM image in Fig. 17c. The nanorooms signifi-
cantly increased the contact area with the electrolyte without
compromising the structural stability. For these reasons,

MoS2/C-NR exhibited an ultrastable long-term cycling perform-
ance (385 mA h g−1 after the 350th cycle at 0.5 A g−1) and excel-
lent rate performance (287 mA h g−1 at 7.0 A g−1) (Fig. 17e
and f). Similarly, a hollow FeSe2/graphitic carbon composite
(H-FeSe2/GC), which was prepared by the reduction and seleni-
zation of Fe2O3/carbon with nanorooms, also exhibited
enhanced Na-ion storage properties.204 The nanorooms and
hollow FeSe2 accommodated a large volume change during
cycling. In addition, the graphic carbon framework coupled
with the unique architecture of the microsphere provided a

Fig. 16 (a) Schematic illustration of the synthetic process of Sn/N-doped carbon microcage composites. (b) TEM image, (c) HR-TEM image, and (d)
elemental dot mapping images of Sn/N-doped carbon microcage composites and their (e) Li-ion and (f ) Na-ion storage performances. Reproduced
with permission from ref. 201. Copyright 2017, The Royal Society of Chemistry. (g) Schematic illustration of the top-down in situ synthesis of the 3D
SnSb@N-PG composite. (h) SEM image, (i) TEM image, and ( j) HR-TEM images of the composite microspheres and their (k) cycling performance at
10 A g−1. Reproduced with permission from ref. 202. Copyright 2018, Wiley-VCH.
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conductive channel that facilitated ion/electron transport.
Consequently, H-FeSe2/GC exhibited a stable discharge
capacity of 510 mA h g−1 after 200 cycles at 0.2 A g−1 and a
good rate capability (417 mA h g−1 at 5.0 A g−1).

The preparation methods of N-rich hierarchically porous
carbons by spray drying for use as anode materials in LIBs and
SIBs have also been reported recently.205,206 Zheng and his co-
workers used glycine as both the nitrogen and carbon
source.205,206 A solution containing glycine and NaCl was
spray-dried to obtain the glycine–NaCl composite, which was
post-treated at 790 °C under a NH3 atmosphere. After removing
NaCl by washing, the hierarchically porous N-doped carbon
(N-HC) was obtained (Fig. 17g). The abundant macropores in
the honeycomb-like carbon were derived from NaCl removal
(Fig. 17h and i). Even though the glycine molecule contains
both N and C, the authors used NH3 gas during post-treatment
to minimize the loss of N by favoring the reverse reaction
according to the Le Chatelier’s principle. Therefore, the nitro-
gen content of N-HC (17.72 at%) was higher than the contrast
sample prepared without NH3 gas (9.98 at%). N-HC had a high
specific surface area that provided sufficient contact with the
electrolyte (Fig. 17j). Furthermore, as N-doping increased the
electrical conductivity and capacity of carbon, N-HC displayed
an excellent cycling and high rate performance when applied
as the anode material for SIBs (Fig. 17k and l).

3.4.2 Polystyrene template. Polystyrene (PS) nanobeads
have received great research attention because of their
decomposition characteristics. Polystyrene nanobeads are
readily removed during heat treatment even under an inert

atmosphere, leaving spherical pores in the place of the pre-
vious PS nanobead locations.207–215 Ko et al. synthesized
SnO2–carbon composite microspheres with three-dimensional
ordered macroporous (3DOM) structures via the employment
of polystyrene nanobeads (Fig. 18a).213 An aqueous solution
containing tin oxalate, dextrin, and PS nanobeads with sizes
around 120 nm was spray-pyrolyzed, forming SnO2–C 3DOM
structures (Fig. 18b–d). During the spray pyrolysis process,
dextrin was carbonized, tin oxalate was decomposed and
formed SnO2 nanoclusters uniformly distributed within the
amorphous carbon network, while PS nanobeads decomposed
into carbon dioxide and water vapor. The synthesized micro-
spheres with macropores within showed higher discharge
capacities compared to those of dense SnO2 microspheres
since the interconnected pore network provided a higher active
area for electrochemical reactions. The microspheres delivered
509 mA h g−1 after the 1000th cycle at 1.5 A g−1 (Fig. 18e). A dis-
charge capacity of 389 mA h g−1 was achieved at a high current
density of 9 A g−1, owing to the synergistic effects of the inter-
connected hollow nanoballs that enabled facile electrolyte
penetration and shortened the lithium ion diffusion pathway.
Zhao and his co-workers reported the polystyrene-template-
assisted synthesis of a Li3VO4/C/rGO ternary composite with a
honeycomb-like structure for use as an anode material in
LIBs.214 V2O5, LiCO3, glucose, GO, and PS were added to the
aqueous spray solution and spray-dried at 210 °C. The spray-
dried powder was calcined at 600 °C for 10 hours under an Ar
atmosphere to produce the Li3VO4/C/rGO ternary composite
(Fig. 18f–i). The prepared microspheres exhibited 312 mA h

Fig. 17 (a) Schematic illustration of the synthetic process of MeSx/C-NR microspheres via spray pyrolysis and subsequent treatments. (b) TEM
image, (c) magnified TEM image, and (d) elemental dot mapping images of MeSx/C-NR microspheres and their (e) cycling and (f ) rate performances.
Reproduced with permission from ref. 203. Copyright 2019, The Royal Society of Chemistry. (g) Schematic illustration of the synthetic process of
N-HC. (h) Low and (i) high resolution SEM images, nitrogen physisorption isotherms and pore size distributions of N-HC. (k) Rate and (l) cycling per-
formances of N-HC applied as an anode for SIBs. Reproduced with permission from ref. 206. Copyright 2018, Elsevier.
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g−1 even after 1000 cycles at 10C rate (Fig. 18j). These micro-
spheres also exhibited a great rate performance. A stable
capacity of 80 mA h g−1 could be achieved at an extremely high
current density of 100C. Ko et al. proposed the one-pot syn-
thesis of ant-cave-structured MoO3–carbon microballs by the
use of PS nanobeads in the spray pyrolysis process.215 Spraying
of an aqueous solution containing PS nanobeads, molyb-
denum salt, and sucrose at a high temperature of 900 °C
under an Ar atmosphere yielded MoOx–C microspheres with
an ant-cave-like structure (Fig. 19). Due to the high tempera-
ture of 900 °C, partial melting and sintering of MoOx species
destroyed the once-spherical nanovoids and nanochannels
inside the MoOx–C microspheres (Fig. 19b and c).
Consequently, one atomized droplet containing PS nanobeads,
sucrose, and Mo salt was transformed into one MoOx–C micro-
sphere with an ant-cave-structure via one-pot spray pyrolysis.
When applied as the anode material for LIBs, the ant-cave-
structured MoOx–C microspheres exhibited superior Li-ion
storage properties compared with well-faceted crystal struc-
tured MoO3 and spherical-like MoO3 powders. The ant-cave-
structured microspheres exhibited a high discharge capacity of
733 mA h g−1 after 300 cycles at 2 A g−1 (Fig. 19d). The high
discharge capacity of 679 mA h g−1 could be obtained at 3 A
g−1, which is attributed to the unique structure with intercon-
nected nanopores (Fig. 19e). Cho and his co-workers developed
a strategy for the synthesis of coral-like yolk–shell-structured
nickel oxide/carbon composite microspheres (Fig. 19f).207

Nickel nitrate, PVP, and PS nanobeads were dissolved/dis-
persed in aqueous solution and spray-pyrolyzed at 700 °C
under a nitrogen atmosphere at a flow rate of 10 L min−1. The
spray-pyrolyzed product was annealed at 250 °C for 1 hour
under an air atmosphere to transform Ni into the NiO phase
and control the amount of carbon in the structure. PS nano-

beads were decomposed at a temperature higher than 500 °C
and generated numerous mesopores. At a spray pyrolysis temp-
erature of 600 °C and higher, the inner part of the material
was thermally contracted, resulting in the hollow space
between the yolk and the shell. The SEM and TEM images
(Fig. 19g–i) of the coral-like yolk–shell-structured nickel oxide/
carbon composite microspheres clearly revealed the meso-
porous yolk and shell, and the void space in between. The
yolk–shell structured NiO/C microspheres exhibited a stable
cycling performance until 1000 cycles at 2 A g−1 (Fig. 19j). The
anode exhibited 389 mA h g−1 at a high current density of 10 A
g−1, which is attributed to the existence of numerous intercon-
nected mesopores that provided facile electrolyte accessibility
and shortened the Li-ion diffusion length.

3.4.3 Metal salt derivative templates. Using metal salt
derivatives (metal a nd metal oxides) as templates is a
common and simple method to produce porous particles.
Suslick’s and Skrabalak’s groups reported various porous par-
ticles obtained by the selective removal of metal salt deriva-
tives from composite microspheres prepared by spray
processes.181–183,216–220 The most significant feature of this
method is that the pore structures (pore size, pore volume,
and specific surface area) of the microspheres are tunable by
adjusting the concentration of the template materials.
Therefore, a large number of recently reported porous micro-
spheres by spray processes have been applied as sulfur and sel-
enium hosts for cathode materials of Li–S and Li–Se batteries,
respectively, since their electrochemical properties are closely
dependent on the pore structure.221–227

Sohn et al. reported the synthesis of hierarchical porous
spherical carbon (PSC) by using silica as the pore template.221

After the spray pyrolysis of the solution containing colloidal
silica, tetraethyl orthosilicate (TEOS), and phenol resin, the

Fig. 18 (a) Schematic illustration for electrolyte penetration and Li-ion and electron transport in a 3DOM-structured material and the formation
process of 3DOM-structured SnO2–C microspheres, (b) TEM image and (c) SEM image of the microspheres, (d) SEM image of the crushed powder,
and (e) cycling performance of the microspheres at 1.5 A g−1. Reproduced with permission from ref. 213. Copyright 2014, Wiley-VCH. (f ) SEM image
and (g and h) TEM image of the HC-LVO/C/G composite, (i) elemental dot mapping images, and ( j) cycling performance of the microspheres at 10C
rate. Reproduced with permission from ref. 214. Copyright 2017, Elsevier.
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produced composite powder was carbonized at 900 °C and
etched with HF to obtain PSC. The authors used two different
silica sources for hierarchical porosity: colloidal silica for
mesopores and TEOS for micropores. By optimizing the ratio
between colloidal silica and TEOS, PSC could achieve a BET
surface area as high as 2640 m2 g−1 and a pore volume of
2.13 cm3 g−1 with a sulfur loading of 60 wt%. By the 50th cycle,
PSC showed a capacity of 690 mA h g−1 at the 0.1C rate. Other
studies on the use of silica templates during spray processes
for the synthesis of host materials for sulfur and selenium
have also been reported.222–224 Shi et al. proposed the use of
layer double oxide (LDO) as a pore template and catalyst for
graphene growth (Fig. 20a).225 The authors prepared nanosized
MgAl-layered double hydroxides (MgAl-LDHs) by co-precipi-
tation. MgAl-LDHs were re-dispersed in water to form a col-
loidal solution, which was spray-dried to produce macroporous
MgAl-LDH nanoparticle-aggregated microspheres. MgAl-LDHs
were converted into MgAl-LDOs during calcination at 950 °C,
which catalyzed the growth of the graphene layer under a CH4

gas flow. Etching of MgAl-LDOs produced graphene micro-
spheres (GMS) consisting of interconnected 20–50 nm-sized
graphene nanocages, as shown in Fig. 20b–d. When employed
as the sulfur host for the Li–S battery cathode, GMS could
accommodate 78 wt% of sulfur content (Fig. 20e–h). Endowed

with a hierarchically porous architecture and high electric al
conductivity, flexible GMS paper exhibited an areal capacity of
2.01 mA h cm−2 over 80 cycles, corresponding to a 75.3%
capacity retention (Fig. 20i). It also exhibited a high rate
capacity retention of 46.7% at 1.35 mA cm−2 (Fig. 20j).

Furthermore, Kang’s group reported the synthesis of meso-
porous graphitic carbon–TiO2 composite microspheres by
spray drying (Fig. 20k).226 The precursor solution containing
Fe nitrate, TiO2, and maltodextrin was spray-dried to form a
dense precursor composite. Subsequent heat treatment under
a reducing atmosp here resulted in the formation of Fe nano-
crystals, which could catalyze the partial graphitization of
carbon formed by maltode xtrin. In contrast, TiO2 maintained
its original phase after the heat treatment. Removal of Fe
nanocrystals by HCl produced mesopores (Fig. 20l and m), in
which nearly 60 wt% of sulfur could be infiltrated (Fig. 20n
and o). Graphitic carbon provided enhanced electrical conduc-
tivity, and TiO2 nanocrystals could effectively trap lithium poly-
sulfides during cycling. As a result, the microsphere exhibited
a discharge capacity of 599 mA h g−1 after 500 cycles at 1C
rate, with a decent rate performance of 516 mA h g−1 at 5C rate
(Fig. 20p and q). The same group also reported the synthesis
of micro–mesoporous carbon microspheres using vanadium
oxide as the pore template (Fig. 20r).227 Spray pyrolysis of the

Fig. 19 (a) Schematic illustration of the synthetic process of ant-cave-structured molybdenum oxide-C microballs, (b) low and (c) high resolution
SEM images of the microballs, (d) cycling performance at 2 A g−1, and (e) rate performance. Reproduced with permission from ref. 215. Copyright
2013, American Chemical Society. (f ) Schematic illustration of the synthetic process of the coral-like yolk–shell structured NiO/C composite micro-
spheres, and the corresponding (g and h) SEM images, (i) TEM image, and ( j) cycling performance at 2 A g−1. Reproduced with permission from ref.
207. Copyright 2019, Springer Nature.
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solution containing V2O5 and sucrose under a N2 atmosphere
produced amorphous V2O5–V2O3–carbon composite micro-
spheres. The carbothermal reduction of V2O5 at a high temp-
erature of 900 °C resulted in the partial formation of V2O3

nanocrystals. The etching of vanadium oxides by nitric acid
produced microporous carbon microspheres. However, when
an additional post-treatment was conducted, the crystal
growth of VO2 nanosheets by Ostwald ripening occurred
(Fig. 20s and t), resulting in the formation of micro- and meso-
pores in the carbon microspheres after the etching process
(Fig. 20u and v). The presence of both micro- and mesopores
in the carbon microspheres enabled the faster conversion reac-
tion of Sen with Li. Thus, the micro–mesoporous carbon–sel-
enium composite exhibited an enhanced capacity and rate per-
formance compared with those of microporous carbon micro-
spheres (Fig. 20w and x).

3.4.4 Other templates. Template materials other than
metals or metal oxides are also utilized to obtain desired nano-
structured materials for rechargeable batteries.228–230 Jung
et al. synthesized hierarchical porous carbon microspheres
(HPC) as the host material for the Li–S battery cathode

(Fig. 21a).228 The authors used sucrose sodium carbonate as a
carbon source and pore template, respectively. As discussed in
section 3.3.1, spray pyrolysis of the solution containing only
the carbon source cannot yield carbon microspheres.181–184

Sodium carbonate can act as a base catalyst for the carboniz-
ation of sucrose, as it produces composite microspheres with
carbon. Meso- and macropores were produced by removing
precipitated sodium carbonate and its byproducts (sodium
bicarbonate and sodium oxide), all of which are water-soluble
(Fig. 21b–e). The remarkable feature of HPC was that a rich
amount of micropores was generated along the carbon shell
(Fig. 21f and g). As the solvent evaporated from the outer
surface of the droplet, the solvent in the core continuously
migrated outward through capillary force. In the meantime,
chelated C12H21O11

−Na+ dissolved in the solvent migrated
together toward the shell of the droplet. Consequently, micro-
pores were formed by washing out the nanosized Na salt from
the carbonized chelated compound, as well as by the for-
mation of various gases generated during the carbonization of
sucrose. When applied as the cathode material for Li–S bat-
teries, micropores in the carbon shell served as a barricade to

Fig. 20 (a) Schematic illustration of the synthetic process of GMSs. (b and c) SEM images of GMSs showing 3D interconnected graphene networks,
and (d) TEM image of GMSs with few-layer graphene walls. (e) The cross-sectional SEM image, (f ) HRTEM image, (g) N2 thermogravimetric profile,
and (h) the pore size distribution of GMS-S composites and their (i) cycling and ( j) rate performances. Reproduced with permission from ref. 225.
Copyright 2015, Elsevier. (k) Schematic illustration of the synthetic process of sulfur-infiltrated mesoporous graphitic carbon–TiO2 composite micro-
spheres. (l and m) TEM images of mesoporous graphitic carbon–TiO2 microspheres, and the corresponding (n) TEM and (o) elemental dot mapping
images obtained after sulfur infiltration. (p) Cycling and (q) rate performances when tested as a cathode for Li–S batteries. Reproduced with per-
mission from ref. 226. Copyright 2017, Elsevier. (r) Schematic illustration of the synthetic process of carbon microspheres with a bimodal pore size
distribution of micro- and mesopores by spray pyrolysis. TEM images of VO2–V2O5–C composite microspheres (s and t) before and (u and v) after
the etching process. (w) Cycling and (x) rate performances of micro–mesoporous carbon–selenium composites. Reproduced with permission from
ref. 227. Copyright 2018, The Royal Society of Chemistry.

Nanoscale Review

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 19012–19057 | 19035

Pu
bl

is
he

d 
on

 0
5 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
01

9 
7:

18
:2

1 
A

M
. 

View Article Online

https://doi.org/10.1039/c9nr05575d


suppress the dissolution of long-chain lithium polysulfides.
Consequently, HPC preserved 539 mA h g−1 after 500 cycles at
2.4C rate, which corresponded to the capacity retention of 77%
(Fig. 21h). Kong et al. introduced ammonium nitrate
(NH4NO3) as a gaseous template to control the porosity of V2O5

particles (Fig. 21j).229 NH4NO3 decomposes at 210 °C into N2,
H2O, and O2 gases. Therefore, vigorous evolution of gases
owing to the decomposition of NH4NO3 resulted in the for-
mation of porous V2O5 particles. As observed in the SEM
images in Fig. 21i, a precursor solution with 0.272 M of
NH4NO3 produced meso- and macroporous V2O5 particles, in
clear contrast to the particles prepared without NH4NO3. The
introduction of meso- and macropores in V2O5 significantly
enhanced the rate performance (180 mA h g−1 at 1.2 A g−1) as
the anode material in LIBs, which was much higher than that

of dense V2O5 (70 mA h g−1) (Fig. 21k). The cycling perform-
ances of the samples are compared in Fig. 21l. A similar effect
was observed when urea was used as the gaseous template. Du
et al. investigated the effect of urea concentration in the Co
nitrate spray solution on the pore structure of the resultant
Co3O4 microspheres (Fig. 21n).230 As the concentration of urea
increased, the morphology of Co3O4 gradually changed from a
depressed to a perfectly spherical form, and the size of the
pores became larger, as shown in Fig. 21m. Such an outcome
was attributed to the supporting force owing to the escaping
gas evolved from the decomposition of urea, inverting the
depression of the microsphere and enlarging the pore sizes.
The optimized porous hollow Co3O4 microspheres exhibited a
capacity of 1013 mA h g−1 after the 100th cycle at 0.2C rate
(Fig. 21o).

Fig. 21 (a) Schematic illustration of the electrode structures and their electrochemical processes where hierarchical porous carbon particles have
micropores in the outer shell, surrounding the inner meso- and macropores. The structures enable the formation of soluble long-chain lithium poly-
sulfides and their dissolution is suppressed by the outer micropores. (b) TEM image of the HPC sphere, (c) HRTEM image of the outer shell, (d) N2

adsorption–desorption isotherms, and (e) the pore size distribution. (f ) TEM and STEM images, (g) line profile of the HPC-S sphere, (h) cycling per-
formance of HPC-S applied as a cathode for Li–S batteries. Reproduced with permission from ref. 228. Copyright 2014, American Chemical Society.
(i) SEM images of the V2O5 microspheres synthesized by spray pyrolysis with different NH4NO3 concentrations. ( j) Schematic illustration of the par-
ticle formation with and without NH4NO3 additive in the spray pyrolysis process. (k) Cycling and (l) rate performances of the V2O5 microspheres.
Reproduced with permission from ref. 229. Copyright 2016, Elsevier. (m) SEM and TEM images of the microspheres synthesized at Co(NO3)2·6H2O/
CO(NH2)2 mass ratios of 8 : 0, 8 : 2, 8 : 4, 8 : 6, and 8 : 8. (n) Schematic illustration for spray pyrolysis and the formation of porous hollow Co3O4

microspheres and (o) cycling performance of the synthesized Co3O4 microspheres. Reproduced with permission from ref. 230. Copyright 2018,
Springer Nature.
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3.5 Application of colloidal particles

Unlike the strategy of including nanosized particles that are
later removed as templates in the spray solution, which is
explained in section 3.4, this approach utilizes the colloidal
particles that are included in the final products. The general
colloidal particles are either active materials with high theore-
tical capacities or carbonaceous materials with high electrical
conductivity and ability to alleviate the volume change of elec-
trode materials. Through this approach, pre-designable par-
ticles with a wider range of functionalities could be spray-pro-
cessed to obtain microspheres with desired properties.

3.5.1 Si. Silicon exhibits a high theoretical capacity of
4200 mA h g−1, which is more than ten times the theoretical
capacity of the conventional graphite anode (372 mA h g−1).231–233

However, silicon materials suffer largely from volume expan-
sion up to 400% during lithiation and delithiation
processes.233,234 The extraordinarily large volume change
results in pulverization, contact loss of active materials from
the current collector, and unstable solid-electrolyte-interphase
(SEI) formation.233,234 Choi’s group demonstrated that the
encapsulation of silicon nanoparticles in carbon effectively
buffers volume changes.232 Silicon nanoparticle–carbon core–
shell nanofibers were prepared by electrospinning and sub-

sequent heat treatment under an Ar atmosphere, and the
nanofiber showed stable cycling performance for up to 300
cycles when cycled at 3C rate. This strategy can be adopted for
use in spray processes, where monodispersed silicon nano-
particles can be confined within carbonaceous materials.

Several groups have reported on the synthesis of silicon
nanoparticle–carbon composite microspheres for fully utiliz-
ing the high capacities of silicon anodes and enhancing the
cycle life by the spray processes.235–238 Guo’s group synthesized
watermelon-inspired Si/C microspheres with hierarchical
buffer structures by the facile spray drying process
(Fig. 22a).237 Nanosized silicon nanoparticles (Fig. 22b) were
successfully encapsulated in the C-coated shell, flake graphite,
and carbon shell, making up watermelon-like dense micro-
spheres. The carbon-coated silicon nanospheres (Fig. 22c)
were spray-dried, and the resultant microspheres are shown in
the SEM images in Fig. 22d and e. The size of the dense struc-
tured microspheres varied to a large extent, which enabled the
formation of an electrode layer with a close-packed structure
filled with microspheres with different sizes, increasing the
tap density and ultimately the energy density. When applied as
the anode in the LIB, the watermelon-like microspheres exhibi-
ted highly stable structural stability, as the volume expansion
of nanosized silicon was effectively buffered with the carbon-

Fig. 22 (a) Schematic illustration of the watermelon-inspired Si/C microspheres and the packing model of Si/C anodes with single size distribution
and optimized size distribution, (b) TEM image of nano-Si particles, (c) HRTEM image of carbon-coated nano-Si, and SEM images of Si/C with (d)
low tap density and with (e) high tap density. Reproduced with permission from ref. 237. Copyright 2016, Wiley-VCH. (f ) Schematic illustration of the
synthetic process of the Si–SiOx–C composite microspheres using one-step spray pyrolysis. (g) SEM image and (h) the magnified SEM image of the
composite microsphere, (i) HRTEM image showing that etched Si NPs are embedded in the SiOx matrix, and ( j) cycling performance of the Si–SiOx–

C composite and commercial SiOx. Reproduced with permission from ref. 238. Copyright 2017, American Chemical Society.
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aceous materials surrounding them. 80% of the original
charge capacity was retained after 250 cycles at 55 °C, which
indicates excellent cycling performance even under severe con-
ditions. Furthermore, 80% of the original capacity is main-
tained when the current density is varied from 0.2 to 5C rate.
Lee et al. exploited the spray pyrolysis technique to synthesize
a Si–SiOx–C composite for use as the anode in LIBs
(Fig. 22f).238 Si nanoparticles were first etched with NaOH,
then spray-pyrolyzed, resulting in Si nanoparticles embedded
in a SiOx matrix coated with carbon (Fig. 22g and h). The SEM
image shown in Fig. 22g reveals dense microspheres of
different sizes, which is beneficial from the perspective of
energy density. The TEM image shown in Fig. 22i verifies the
existence of Si, amorphous SiOx, and carbon. Si–SiOx–C exhibi-
ted a higher capacity for 200 cycles in comparison with
commercial SiOx due to the nanosized silicon particles encap-
sulated in the microspheres. The reversible capacities of
Si–SiOx–C at the 1st and the 200th cycle were 1334 and
1035 mA h g−1, whereas the commercial SiOx delivered
800 and 938 mA h g−1, respectively (Fig. 22j).

3.5.2 Ceramic nanoparticles. Taniguchi’s group syn-
thesized spherical particles comprised of nanosized particles

and proved their excellency when used as cathode materials in
the LIB system.239 In their research in 2002, LiMn2O4 and
LiM1/6Mn11/6O4 (M = Co, Al, Ni) microspheres composed of
nanoparticles were prepared from an aqueous solution con-
taining LiNO3, Mn(NO3)2, Co(NO3)2, and Al(NO3)3, and the ato-
mized droplets were pyrolyzed at 800 °C. Due to the high
preparation temperature, the crystal growth of nanoparticles
comprising microspheres was observed and the cathode
material showed a capacity retention of 85% after 30 cycles at
0.2 mA cm−2. In light of this superstructure, small predesigned
nanoparticles could be sprayed, enabling the synthesis of
superstructures consisting of designed particles homoge-
neously distributed within microspheres.240–250 Jia et al. used
spray pyrolysis to synthesize robust carbonaceous architectures
consisting of Fe3O4 nanoparticles, which were prepared in
advance through a co-precipitation method (Fig. 23a).240 The
merits of a robust architecture consisting of nanocrystals
encapsulated in carbon include a short Li-ion diffusion length
due to the fine size of the Fe3O4 building blocks, three-dimen-
sional interconnected channels between the closely packed
particles, and effective electron transport along the entire
carbon network (Fig. 23b and c). The discharge capacity of the

Fig. 23 (a) Schematic illustration of the synthetic process of Fe3O4/carbon nanocomposite particles, (b) TEM and (c) HR-TEM images of the hier-
archically porous Fe3O4/C composite microspheres, (d) cycling and (e) rate performances of the microspheres. Reproduced with permission from
ref. 240. Copyright 2012, American Chemical Society. (f ) Schematic illustration of the synthetic process of mesoporous cobalt oxide powders with
and without carbon. SEM images of (g) the precursor powder collected after the 1st spray drying and (h) CoO–carbon composite microspheres
obtained after the 2nd spray drying. (i) Cycling and ( j) rate performances of the synthesized microspheres. Reproduced with permission from ref. 241.
Copyright 2014, The Royal Society of Chemistry.
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microspheres was 840 mA h g−1 after 100 cycles at 390 mA h
g−1 (Fig. 23d). The rate capability of the synthesized micro-
spheres was tested at various current densities from 0.39 A g−1

to 6.25 A g−1, where the discharge capacity of 482 mA h g−1

was achieved at a high current density of 6.25 A g−1, which far
exceeds the theoretical capacity of graphite (Fig. 23e). Kim
et al. reported the two-step spray drying process to fabricate
meso- and macroporous Co3O4 and CoO–carbon composite
powders for use as anodes in LIBs (Fig. 23f).241 The first spray
drying process yielded powders several tens of micrometers in
size due to the poor gas penetration (Fig. 23g), which were
then ball-milled to produce Co3O4 nanoparticles. The particles
were re-dispersed in aqueous solution and spray-dried for the
second time, yielding meso- and macroporous microspheres
(Fig. 23h). The discharge capacities of meso- and macroporous
Co3O4 and CoO–carbon composite microspheres after 100
cycles at 1400 mA g−1 were 644 mA h g−1 and 855 mA h g−1

(Fig. 23i), respectively. CoO–carbon composite microspheres
provided a discharge capacity of 698 mA h g−1 at 5 A g−1

(Fig. 23j).
3.5.3 Reduced graphene oxide. Reduced graphene oxide

(rGO) has been applied to numerous applications because of
its unique characteristics.251–253 In particular, rGO has been
extensively studied for hybridization with electrode materials
for LIBs and SIBs, as well as Li–S and Li–O2 batteries due to its

high electrical conductivity.253–255 Conventional amorphous
carbon additives, including carbon black and carbon coatings,
exhibit relatively lower electrical conductivities when compared
with highly crystalline rGO. rGO offers an effective matrix that
plays the role of a conducting backbone, which not only pro-
vides high electrical conductivity, but also serves as a mechani-
cal buffer that alleviates the volume change of active
materials.256 Graphene is comprised of sp2 bonded carbon
arranged in a hexagonal two-dimensional lattice, ensuring
notably high electrical conductivity and exhibiting a high
surface/mass ratio.256,257 rGO has been combined with various
materials including CuO, TiO2, GeOx, WO3, etc., which
enhanced the electrochemical properties of the composite
microspheres employed as the electrode materials for
rechargeable batteries.112,258–280

Luo et al. significantly improved the electrochemical pro-
perties of silicon nanoparticles by encapsulating them in gra-
phene sheets via spray pyrolysis (Fig. 24a).277 The micro-
spheres exhibited a crumpled morphology due to the evapor-
ation-induced capillary force,281 and silicon nanoparticles
were encapsulated in the graphene sheets (Fig. 24b and c). The
cycling performance of silicon nanoparticles encapsulated in
graphene nanosheets and bare silicon nanoparticles exhibited
a clear difference. The capacity retention of Si–rGO after 250
cycles was 83% (a discharge capacity of 940 mA h g−1 was deli-

Fig. 24 (a) Schematic illustration of the synthetic process of aerosol-assisted capillary assembly of crumpled-graphene-wrapped Si nanoparticles.
(b) Low and (c) high resolution SEM images of the graphene-wrapped Si, (d) coulombic efficiency and (e) cycling performance of the composite in
comparison with the unwrapped Si at 1 A g−1. Reproduced with permission from ref. 277. Copyright 2012, American Chemical Society. (f ) Schematic
illustration of the synthetic process of the 3D MoS2-graphene composite microsphere, (g) SEM and (h) TEM images of the microspheres and (i)
cycling performance at 1.5 A g−1. Reproduced with permission from ref. 280. Copyright 2015, Wiley-VCH.
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vered at the 250th cycle), whereas the discharge capacity of
bare Si nanoparticles dropped to ∼150 mA h g−1 (Fig. 24d).
Unprotected silicon nanoparticles exhibited a rapid capacity
decrease due to the loss of electrical connectivity owing to a
continuous SEI layer growth. Kim et al. reported on the
silicon–graphene composites from the silicon sludge waste
and graphene oxide via the aerosol process and studied the
relationship between the amount of rGO and the electro-
chemical performance.279 The charge capacities of Si–rGO
electrodes were 1626, 960, and 700 mA h g−1 for the GO con-
tents of 0.1, 0.2, and 0.4 wt%, respectively. In perspective of
the cycle retention until the 50th cycle, Si–rGO electrodes with
0.4 wt% GO content exhibited the most stable cycling perform-
ance over those with a lower GO content. Choi et al. demon-
strated the formation of three-dimensional ordered meso-
porous (3DOM) microspheres enwrapped with rGO nanosheets
by spray pyrolysis (Fig. 24e–g).280 (NH4)2MoS4, polystyrene, and
graphene oxide nanosheets were dissolved in the spray solu-
tion, where (NH4)2MoS4 played the role of directly fabricating
MoS2 without other sulfur sources, and polystyrene was
removed by decomposition under an inert atmosphere. The
void spaces that originated from polystyrene, in addition to the
rGO matrix, effectively buffered volume expansion, and the Na-
ion diffusion length was decreased significantly.
Consequently, the 3D MoS2–graphene composite exhibited a
high discharge capacity of 323 mA h g−1 for the 600th cycle
when cycled at 1.5 A g−1 (Fig. 24h). The electrochemical pro-
perties of the rGO-composited materials prepared by spray pro-
cesses are summarized in Table 2.112,258–280

3.5.4 Carbon nanotubes. Carbon nanotubes (CNTs) are
1-dimensional tubular graphitic carbon tubes with low
density, high tensile strength, and high electrical
conductivity.282,283 CNT has attracted much research attention
to be used as a 1D electron transport matrix that can be
adopted for use in the electrode materials of rechargeable bat-
teries.284 Furthermore, the CNT network effectively functions
as a mechanical buffer and embedded-in current collector.285

Wei and his co-workers developed flexible Li4Ti5O12/CNT LIB
anodes by dispersing CNTs in the spray solution containing
sucrose, lithium acetate, and tetra-n-butyltitanate and performing
a subsequent spray drying (Fig. 25a–c).286 A discharge capacity
of 143 mA h g−1 could be achieved even at a high current
density of 100C, due to the existence of the CNT matrix that
significantly improved the Li-ion storage kinetics (Fig. 25d).
The CNT network enabled facile Li-ion diffusion and electron
transport along the 1-D CNT with high electrical conductivity.
The anode material showed ultralong cyclability up to 8000
cycles at 1 A g−1, with a capacity decay of less than 0.0014%
per cycle, which verified the role of entangled CNTs that alle-
viated the volume change during cycling (Fig. 25e). Moon’s
group reported on the synthesis of macroporous CNT particles
(M-CNTPs) by including polystyrene and CNTs in the spray
solution and performing a subsequent spray drying process
(Fig. 25f–i).287 The polystyrene template was removed by heat
treatment under an inert atmosphere, and M-CNTPs were sub-
sequently impregnated with sulfur. Capillary action promoted

sulfur penetration inside the microspheres due to the presence
of macropores (Fig. 25i). The well-developed micropores in the
agglomerated CNTs contained sulfur during cycling in a stable
manner, leading to excellent electrochemical properties when
applied as a sulfur host in in Li–S batteries (Fig. 25j and k). A
similar structure was developed by Kim et al., where Mn and
Co nitrate were further added to the above solution to syn-
thesize MnCoO–CNT microspheres via one-pot spray pyrolysis
(Fig. 26a–f ).288 The homogeneously distributed CNTs
enhanced the electrical conductivity and electrocatalytic
activity, and nanopores that originated from polystyrene effec-
tively accommodated Li2O2 and allowed high air permeability.
Another study by Choi et al. reported the synthesis of fuller-
ene-like MoSe2 nanoparticle-embedded CNT balls for use in
SIBs.289 In the spray solution, acid-treated CNTs, PS nano-
beads, and ammonium molybdate were added and spray-pyro-
lyzed at 700 °C under an Ar atmosphere. A complete thermal
decomposition of ammonium molybdate and PS nanobeads
occurred during the spray pyrolysis process, resulting in the
formation of MoO2 nanocrystal-embedded CNT balls with
well-distributed nanovoids. MoO2 nanocrystals reacted with
hydrogen selenide (H2Se) gas in the subsequent selenization
step, resulting in the formation of a fullerene-like MoSe2/CNT
composite ball. When applied as the anode material for SIBs,
the microspheres exhibited stable cycling performance, and a
discharge capacity of 296 mA h g−1 could be obtained after 250
cycles at 0.2 A g−1. Oh et al. synthesized hierarchical yolk–shell
structured CNT–(NiCo)O/C microspheres from the spray pyrol-
ysis process and employed them as the anode material in LIBs
(Fig. 26g).290 Nickel nitrate, cobalt nitrate, PVP, PS, and acid-
treated CNTs were added to the spray solution and spray-pyro-
lyzed at 700 °C under a N2 atmosphere. PVP has a tendency to
migrate outward due to the phase separation from metal salts
and produced an amorphous carbon shell. CNTs coalesced
with PS nanobeads and underwent thermal contraction,
leading to a skeleton-like porous yolk (Fig. 26h–j). The elemen-
tal dot mapping images of the microspheres show that the
elements were well-distributed within the microsphere
(Fig. 26k). The microspheres exhibited a discharge capacity of
598 mA h g−1 after 1000 cycles at a high current density of 5 A
g−1 (Fig. 26l). Notably, a high discharge capacity of 294 mA h
g−1 was obtained at an extremely high current density of 50 A
g−1, which is attributed to the high electrical conductivity of
the skeleton yolk with interconnected mesopores and the pres-
ence of CNTs (Fig. 26m). The electrochemical properties of
CNT–composite materials prepared from spray processes are
listed in Table 2.286–298

3.6 Kirkendall diffusion

The Kirkendall effect, which was named after the scientist
Ernest Kirkendall who discovered this process, basically refers
to a mutual diffusion process that occurs at the interface of
two metals when heated to a temperature that enables the
metals’ atomic diffusion.299 Kirkendall reported that the
mutual diffusion of zinc and copper resulted in the formation
of empty lattice sites (vacancies) that originated from the
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Table 2 Morphologies and electrochemical performances of nanostructured materials containing rGO or CNTs prepared from spray processes

Sample
Voltage window/
application

Synthesis
method

Cycling
performancea

Rate
performanceb Ref.

3.5.3 Reduced graphene oxide
Sb nanoparticle-embedded hollow carbon/rGO hybrid
microspheres

0.001–2.5 Spray pyrolysis 320/500th/0.5 323/3.0 112
SIB anode

FeS–rGO composite powder with a crumpled structure 0.001–3.0 Spray pyrolysis 547/50th/0.5 340/6.0 258
SIB anode

WS2-decorated 3D rGO microspheres 0.001–3.0 Spray pyrolysis 334/200th/0.2 287/0.9 259
SIB anode

Ni3Co6S8–rGO composite powder 0.001–3.0 Spray pyrolysis 498/100th/0.5 361/5.0 260
SIB anode

MOF-derived N-doped porous carbon polyhedra anchored
on crumpled graphene balls

1.0–3.0 Spray pyrolysis 462/1000th/0.3375 409/3.375 261
Li–Se cathode

Mesoporous WSe2–rGO composite particles 0.001–3.0 Spray pyrolysis 238/100th/0.5 165/5.0 262
SIB anode

MoSe2 Embedded CNT–rGO composite microspheres 0.001–3.0 Spray pyrolysis 393/200th/1.0 96/30.0 263
SIB anode

FeTe2-decorated rGO hybrid microspheres 0.001–3.0 Spray pyrolysis 293/80th/0.2 257/3.0 264
SIB anode

V2O5–graphene ball composite 2.0–4.0 Spray pyrolysis 214/100th/1.0 200/1.5 265
LIB cathode

3D porous graphene–SnO2 composite microspheres 0.001–3.0 Spray pyrolysis 1009/500th/2.0 660/9.0 266
LIB anode

Ni/NiO–graphene composite powder 0.001–3.0 Spray pyrolysis 863/300th/1.5 ∼685/3.0 267
LIB anode

WO3–rGO composite powder 0.001–3.0 Spray pyrolysis 546/300th/0.1 438/0.5 268
LIB anode

SnO2 flake/rGO/carbon composite powder 0.001–3.0 Spray pyrolysis 844/175th/1.0 ∼593/3.0 269
LIB anode

Graphene–MnO composite powder 0.001–3.0 Spray pyrolysis 701/130th/0.5 726/1.0 270
LIB anode

Crumpled graphene–MoO3 composite powder 0.001–3.0 Spray pyrolysis 975/100th/1.0 845/3.0 271
LIB anode

Amorphous GeOx-coated rGO balls with a sandwich
structure

0.001–1.2 Spray pyrolysis 758/700th/2.0 450/9.0 272
LIB anode

Mesoporous CuO–rGO composite powder 0.001–3.0 Spray drying 676/200th/2.0 554/3.0 273
LIB anode

TiO2–rGO nanocomposite hollow spheres 1.0–3.0 Spray drying 146/200th/0.94 109/3.74 274
LIB anode

Fe3O4-decorated hollow graphene balls 0.001–3.0 Spray pyrolysis 1050/300th/2.0 540/30.0 275
LIB anode

Ge nanoparticle-dispersed rGO balls 0.001–3.0 Spray pyrolysis 7483/200th/1.0 375/5.0 276
LIB anode

Crumpled graphene-encpasulated Si nanoparticles 0.02–2.0 Spray pyrolysis 940/200th/1.0 ∼554/4.0 277
LIB anode

CoSex–rGO composite powder 0.001–3.0 Spray pyrolysis 420/50th/0.3 357/1.0 278
SIB anode

Si–Graphene composite 0.005–2.0 Spray pyrolysis ∼1335/50th/0.2 — 279
LIB anode

3D MoS2–graphene microspheres 0.001–3.0 Spray pyrolysis 323/600th/1.5 234/10.0 280
SIB anode

3.5.4 Carbon nanotubes
Li4Ti5O12/CNT composite particles 1.0–2.8 Spray pyrolysis ∼92/8000th/1.0 108/10.0 286

LIB anode
Spherical macroporous CNT particles 1.5–2.8 Spray drying 901/100th/0.836 — 287

Li–S cathode
Macroporous (Mn1/3Co2/3)O–CNT microspheres 2–4.35 Spray pyrolysis 245 cycles/500c 0.43/0.21d 288

Li–O2 cathode
Fullerene-like MoSe2 nanoparticle-embedded CNT balls 0.001–2.5 Spray pyrolysis 296/250th/1.0 255/5.0 289

SIB anode
Hierarchical yolk–shell CNT–(NiCo)O/C microspheres 0.001–3.0 Spray pyrolysis 598/1000th/1.0 294/50.0 290

LIB anode
3D network GeOx/MWCNT composite spheres 0.01–3.0 Spray pyrolysis 975/100th/0.5 365/10.0 291

LIB anode
Hollow Li3VO4/C/CNT composites 1.5–4.3 Spray drying 272/500th/5.92 109/29.6 292

LIB cathode
Hollow Fe2O3/CNT microspheres 0.001–3.0 Spray pyrolysis 1307/300th/1.0 703/15.0 293

LIB anode
Hollow NiCo2O4/CNT microspheres 0.001–3.0 Spray pyrolysis 1673/200th/1.0 639/20.0 294

LIB anode
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diffusion of lattice atoms and the consequent movement of
the initial interface, since the intrinsic diffusivity of Zn is
higher than that of Cu at 785 °C. A study by Alivisatos et al.
demonstrated that directional material flow occurs not only
between metals, but also at the solid/gas interface, leading to
void formation during metal sulfide growth.300 During the sul-
fidation of cobalt, the outward flow of cobalt species in the
cobalt sulfide shell triggered the vacancy supersaturation,

leading to the formation of holes in the center. The two
mechanisms were revealed to prevail in the formation of
hollow structures: diffusion of metal ions along the filaments
connecting unreacted cores and shells by surface diffusion
and anchoring of the core to the wall of the shell in an asym-
metrical manner.301 In the first case, metal ions diffuse along
the filaments toward the shell by surface diffusion.302,303

Filaments become thinner as the void spaces become larger as

Table 2 (Contd.)

Sample
Voltage window/
application

Synthesis
method

Cycling
performancea

Rate
performanceb Ref.

Perforated SnO2–CNT composite microspheres 0.001–3.0 Spray pyrolysis 1108/250th/1.5 671/13.0 295
LIB anode

CNT–Zn2GeO4 composite microspheres 0.001–3.0 Spray pyrolysis 762/350th/1.5 361/16.0 296
LIB anode

Multiroom-structured (NixFe1−x)3Se4–GC–CNT hybrid
microspheres

0.001–3.0 Spray pyrolysis 455/100th/0.3 403/6.0 297
SIB anode

CoSe2@NC-NR/CNT microspheres 0.001–3.0 Spray pyrolysis 555/100th/0.2 517/5.0 298
SIB anode

a These data were arranged in the order discharge capacity/cycle number/current density. The units of discharge capacity and current density are
mA h g−1 and A g−1, respectively. b These data were arranged in the order discharge capacity/highest current density. c In the case of Li–O2 bat-
teries, values in this column correspond to lifespan/cutoff capacities [mA h g−1]. d In the case of Li–O2 batteries, the values in this column corres-
pond to overpotential charge/discharge [V].

Fig. 25 (a) Schematic illustration of the synthetic process of nanostructured Li4Ti5O12/CNT composites. (b) SEM and (c) TEM images of the compo-
site, (d) cycling performance at 1 A g−1 and (e) rate performance of the Li4Ti5O12/CNT composite microspheres. Reproduced with permission from
ref. 286. Copyright 2014, Elsevier. (f ) Schematic illustration of the synthetic process of M-CNTPs. (g) Low and (h) high-magnification SEM images of
the M-CNTPs, and (i) cross-sectional SEM image of a cracked M-CNTP. ( j) Rate and (k) cycling performances of the M-CNTPs applied as a cathode
for Li–S batteries. Reproduced with permission from ref. 287. Copyright 2018, American Chemical Society.

Review Nanoscale

19042 | Nanoscale, 2019, 11, 19012–19057 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
5 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
01

9 
7:

18
:2

1 
A

M
. 

View Article Online

https://doi.org/10.1039/c9nr05575d


the reaction proceeds, and ultimately the filaments and the
core vanish, and a hollow nanoparticle is consequently
formed. If the core is anchored to the shell, a single void is
formed between the core and the shell.304,305 Since the shell
and the core are adjacent to each other, the core species
diffuses outward, forming a hollow morphology.

Some reports revealed that yolk–shell structures can also be
synthesized from the Kirkendall effect.306,307 The reason for
the formation of the yolk–shell structure by the Kirkendall
effect is presumably due to the incomplete diffusion of core
species to the outer shell. Cho et al. studied the effect of syn-
thesis temperature on the formation of nanofibers comprising
the yolk–shell and hollow nanospheres by the electrospinning
process.308 The Sn–C composite nanofiber was oxidized at
400 °C and 500 °C, and the resultant fibers consisted of
Sn@void@SnO2 yolk–shells and hollow SnO2 nanospheres,
respectively. Insufficient heat applied to a nanosphere that
undergoes the Kirkendall diffusion process could result in
incomplete core species diffusion and thus in an unreacted
core and reacted shell. It has been suggested that the breakage
of filament that connects the shell and the core also results in
yolk–shell structures.301 Anderson et al. proposed that without
a clear outward diffusion path for metal atoms, inward
diffusion could be favored, leading to the formation of yolk–
shell particles.301

The Kirkendall effect can be applied to microspheres
obtained from spray processes, leading to the formation of
hollow nanoparticles as well as hollow, core–shell, and yolk–
shell nanoparticle aggregates formed from spray processes,
and subsequent post heat treatment that triggers the nano-
scale Kirkendall effect and their respective formation mecha-
nisms are introduced in this section.

3.6.1 Hollow nanosphere aggregates. Cho et al. synthesized
hollow microspheres consisting of hollow-structured NiO
nanospheres via the spray pyrolysis process and demonstrated
the application of the nanoscale Kirkendall effect (Fig. 27a).115

An aqueous solution containing nickel nitrate and PVP was
atomized by the use of ultrasonic power and subsequent pyrol-
ysis, resulting in a debossed structure and decomposition of
nickel nitrate, and formation of nickel oxide. The NiO-PVP
composite microspheres were converted into Ni–C composite
microspheres after the reduction heat treatment. The hollow
morphology was obtained due to the Ostwald ripening process
during oxidation, where larger crystals grow larger at the
expense of nearby smaller crystals.309 Crystal growth occurred
from the outermost part of the spray-pyrolyzed microsphere,
since they were firstly exposed to the heat energy. Larger NiO
nanoparticles at the surface grew by devouring smaller nano-
crystals, and due to the mass transport, the void space inside
the microsphere was generated, and a hollow microsphere was

Fig. 26 (a) Schematic illustration of the synthetic process of the macroporous MnCoO–CNT composite microsphere. (b and c) SEM, (d) HRTEM
images of the prepared microspheres, (e) initial discharge–charge profiles of the microspheres applied as a Li–O2 battery cathode at 0.2 A g−1, and
(f ) cycling performance with a restriction of the capacity to 1 A h g−1. Reproduced with permission from ref. 288. Copyright 2017, Elsevier. (g)
Schematic illustration of the synthetic process of the hierarchical yolk–shell structured CNT–(NiCo)O/C microsphere, (h) low and (i) high resolution
SEM images, ( j) TEM image, and (k) elemental dot mapping images of the microspheres and their (l) cycling and (m) rate performances. Reproduced
with permission from ref. 290. Copyright 2019, Elsevier.
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formed. During the reduction heat treatment, Ni metal growth
was inhibited due to the carbon matrix surrounding the Ni
metals (Fig. 27b–d). During the oxidation process, the nano-
sized Ni metal was transformed into hollow NiO nanoparticles
due to the difference in the diffusion rates between Ni cations
and oxygen anions (Fig. 27e–g). Hollow microspheres consist-
ing of hollow-structured NiO nanospheres exhibited improved
cycling and rate performances in comparison with hollow NiO
microspheres and solid NiO aggregates (Fig. 27h and i). Cho
et al. synthesized micron-size spherical aggregates composed
of hollow Fe2O3 nanospheres using spray pyrolysis.93 Iron
nitrate and sucrose were dissolved in the spray solution and
spray-pyrolyzed to yield dense carbonaceous microspheres
comprised of ultrasmall FeOx nanocrystals. The subsequent
reduction and oxidation step transformed the spray-pyrolyzed
precursor into a Fe2O3 hollow nanosphere aggregate. The
microspheres exhibited a stable performance until 100 cycles
at 3 A g−1, and the discharge capacity achieved was
854 mA h g−1 for the 100th cycle. In terms of the rate perform-
ance, the discharge capacity of 505 mA h g−1 could be
delivered at a high current density of 10 A g−1. Park et al. con-
trolled the size of Co3O4 nanospheres, comprising the hollow
microspheres by varying the reduction temperature, and a sub-
sequent oxidation process.116 The size of the hollow nano-
spheres constituting the hollow microspheres increased as the
reducing heat treatment temperatures became higher.
Thereby, it was confirmed that the size of the nanospheres
could be tailored with ease. Another report by Park et al.

suggested the possible formation of microspheres consisting
of a core–shell, yolk–shell, and hollow nanospheres by increas-
ing oxidation temperatures in a stepwise manner (Fig. 27j).310

An oxidation temperature of 300 °C resulted in core–shell
structured nanospheres due to the insufficient heat energy
that restricted the Co and Sn species from diffusing outward
and forming the oxide shell (Fig. 27k). Upon increasing the
heat treatment temperature to 400 °C, microspheres compris-
ing yolk–shell spheres could be obtained, since the heat
energy was sufficiently high for some of the core part to
diffuse outward, whereas it was insufficient for the core to
completely diffuse to the shell part (Fig. 27l). Microspheres
oxidized at 500 °C revealed hollow nanoparticle building
blocks due to the complete diffusion of the core to the shell
part (Fig. 27m). The initial discharge capacities of the samples
showed similar values, and the discharge capacities of micro-
spher es oxidized at 300, 400, and 500 °C after 200 cycles at 1 A
g−1 were 1265, 987, and 569 mA h g−1, respectively. The dis-
charge capacity of the microspheres consisting of core–shell
primary nanoparticles at 10 A g−1 was 608 mA h g−1.

To further improve the electrochemical properties of hollow
nanoparticle-aggregated microspheres, the nanostructures
were composited with carbon materials including graphitic
carbon, rGO, and N-doped carbon.311–315 Park et al. syn-
thesized microspheres consisting of hollow nanosphere-gra-
phitic carbon composites by the spray drying process.313 Iron
nitrate and dextrin were dissolved in the aqueous spray solu-
tion and spray-dried to yield the Fe nitrate-dextrin precursor

Fig. 27 (a) Schematic illustration of the synthetic process of the spherical and hollow-structured NiO aggregate. TEM, HR-TEM images, and
elemental dot mapping images of (b–d) Ni–C composite powder and (e–g) hollow NiO aggregates. (h) Cycling performance of the microspheres at
1 A g−1 and (i) rate performance. Reproduced with permission from ref. 115. Copyright 2015, The Royal Society of Chemistry. ( j) Schematic illustration
of the synthetic process of the porous microspheres containing core–shell, yolk–shell, and hollow nanospheres. Magnified TEM images of the (k)
core–shell, (l) yolk–shell, and (m) hollow nanospheres constituting the microspheres. Reproduced with permission from ref. 310. Copyright 2018,
Wiley-VCH.
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microsphere. The precursor powder went through a reduction
process at a high temperature of 900 °C, resulting in the for-
mation of an iron metal and graphitic carbon shells.
Graphitization of carbon species occurred at a relatively lower
temperature, due to the presence of metallic Fe nanoparticles
that decreased the activation energy of transformation from
amorphous to graphitic carbon. The subsequent oxidation at
350 °C removed the remaining amorphous carbon materials
and yielded hollow nanosphere aggregate-graphitic carbon
composite microspheres. The prepared electrode material
exhibited stable cycling performance for 1000 cycles for 3 A
g−1. In perspective of the rate performance, the Fe2O3–graphi-
tic carbon composite exhibited around two times the discharge
capacity compared to dense Fe2O3 microspheres at an extre-
mely high current density of 30 A g−1, owing to the additional
electrical conductivity of graphitic carbon that enabled faster
electron transport. Park et al. conducted research on the for-
mation of nanobubble Co3O4-decorated rGO spheres, and
their application as anode materials in the LIBs (Fig. 28a).314

Colloidal graphene oxide nanosheets and cobalt nitrate were
dissolved in an aqueous solution and were spray-pyrolyzed to
obtain CoOx–rGO micro-spherical precursor powder (Fig. 28b
and c). The powder underwent a reduction step and a final oxi-
dation step to produce hollow Co3O4 nanospheres decorated
on the rGO microsphere. The hollow nanospheres were closely
packed on the rGO sheets, as can be seen in the TEM images
in Fig. 28d and e. As a result, nanobubble Co3O4-decorated
rGO spheres exhibited enhanced cycling and rate perform-
ances (Fig. 28f and g). Recently, Kang’s group reported the syn-
thesis of a yolk–shell structure composed of N-doped carbon
coated hollow NiMoO4 nanospheres (Y-NiMoO4-H@C)
(Fig. 29a).315 After the formation of yolk–shell-structured

NiMoO4 via the carbon combustion mechanism, the seleniza-
tion process led to the formation of yolk–shell structured
NiSe2–MoSe2 composite microspheres (Fig. 29b and c). During
the final oxidation step, NiSe2–MoSe2 nanospheres were trans-
formed into hollow NiMoO4 nanospheres by the nanoscale
Kirkendall diffusion (Fig. 29d and e). The nanostructure was
then coated with polydopamine, and Y-NiMoO4-H@C could be
synthesized (Fig. 29f and g). The microspheres exhibited a
stable cycling performance up to 500 cycles at 3 A g−1 and
showed an improvement of rate capability when compared
with their dense and carbon-free counterparts (Fig. 29h). The
hollow structure and N-doped carbon coating effectively
buffered the volume expansion during cycling, and N-doped
carbon provided supplementary electrical conductivity to the
microspheres, leading to an excellent electrochemical perform-
ance when employed as the anode in the LIB (Fig. 29i).

3.6.2 Hollow nanoplate aggregates. Remarkably, non-
spherical hollow nanoplates and their aggregates can be fabri-
cated by Kirkendall diffusion.316–318 Park et al. synthesized
hollow SnO2 nanoplates with an aspect ratio unequal to unity
via spray pyrolysis (Fig. 30a).316 An aqueous solution contain-
ing Sn oxalate, selenous acid (H2SeO3), and PVP was spray-pyr-
olyzed at 900 °C under a 10% H2/Ar gas atmosphere. During
the pyrolysis process under a reducing atmosphere, Sn oxalate
and H2SeO3 were decomposed, and thus Sn–Se–C composite
microspheres were formed. Sn and Se underwent the alloying
process, and dense SnSe nanoplates were formed resulting
from the crystal growth in the favorable crystallographic direc-
tion. The nanoplates grew increasingly larger by consuming

Fig. 28 (a) Schematic illustration of the synthetic process of the nano-
bubble (Co3O4)-decorated rGO sphere by the nanoscale Kirkendall
diffusion process. Low and high resolution TEM images of (b and c) Co
metal-decorated rGO spheres and (d and e) Co3O4-nanobubble rGO
spheres, (f ) cycling performance and (g) rate performance of the pre-
pared microspheres. Reproduced with permission from ref. 314.
Copyright 2015, Elsevier.

Fig. 29 (a) Schematic illustration of the synthetic process of the yolk–
shell structure composed of N-doped carbon coated hollow NiMoO4

nanospheres. TEM images and elemental dot mapping images of (b and
c) NiSe2–MoSe2 composite microspheres and (d and e) the yolk–shell
structure composite of hollow NiMoO4 nanospheres. (f ) TEM image, (g)
HR-TEM image and elemental dot mapping image of the carbon-coated
microspheres, (h) cycling and (i) rate performances of the prepared
microspheres. Reproduced with permission from ref. 315. Copyright
2019, The Royal Society of Chemistry.
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the nearby SnSe nanoplates, and carbon microspheres
embedded with SnSe nanoplates were formed (Fig. 30c and d).
Oxidation of the microspheres led to the combustion of
carbon surrounding the SnSe nanoplates, and voids were
formed due to the nanoscale Kirkendall diffusion (Fig. 30b).
Ultimately aggregate-free hollow nanoplates could be obtained.
A brief explanation for the formation of hollow SnO2 nano-
plates is given as follows: first, a thin SnO2 shell was formed as
a consequence of the reaction with the outermost Sn ions and
oxygen. As the SnO2 shell becomes thicker, Sn ions located at
the core are consumed, producing the SnSe@SnSe2@SnO2

arrangement. This could be attributed to the diffusion speed
of the Sn ion, Se ion, and O2 gas, where the diffusion speed
increases in the following order of O2 gas, Se ion, and Sn ion.
After the Sn ions completely react with oxygen, the Se species
left in the core vaporize as SeO2 gas, and a void is formed
inside the SnO2 shell. Oxidation of the nanoplates at 400 °C
produced core–shell structured SnSex@SnO2 nanoplates. Upon
increasing the calcination temperature to 600 °C, hollow SnO2

nanoplates could be obtained (Fig. 30e–g). When employed as
the anode material in the LIB, a cycling stability up to 600
cycles at 5 A g−1 could be observed (Fig. 30h), and a discharge
capacity of 267 mA h g−1 was delivered at an extremely high
current density of 30 A g−1 due to the unique morphological

characteristics. This strategy was applied to synthesize hier-
archically structured SnO2 microspheres comprised of hollow
SnO2 nanoplates.

317,318 A study by Park et al. exploited the use
of Sn oxalate, sucrose, and polystyrene dissolved in aqueous
solution to prepare 3DOM SnOx–C composite microspheres
resulting from the decomposition of the polystyrene well-dis-
tributed within.318 The sulfidation of the microspheres yielded
the 3DOM SnSx–C composite, where dense SnSx nanoplates
and nanocrystals were embedded in the carbonaceous micro-
spheres. Oxidation of the microspheres yielded hierarchically
structured SnO2 microspheres comprised of hollow SnO2 nano-
plates and SnO2 nanocrystals comp rising the framework.

3.6.3 Hollow nanospheres. Won et al. reported on the syn-
thesis of hollow nanospheres via flame spray pyrolysis.319,320

First, nickel nitrate and TEOS were dissolved in the spray solu-
tion, and then they were flame spray-pyrolyzed, producing
NiO@SiO2 core–shell nanoparticles via phase separation.319

The powder was then reduced under a H2/Ar atmosphere to
produce Ni@SiO2 core–shell nanospheres. During the oxi-
dation of Ni@SiO2, Ni cations with a radius of 83 pm diffused
outward, whereas the oxygen anions with a radius of 140 pm
diffused inward, producing a void space within the nano-
particles. Owing to the void space that buffers the volume
change during charging and discharging processes, the

Fig. 30 Schematic illustration of the synthetic process of (a) hollow-structured SnO2 nanoplates via the spray pyrolysis process and thermal oxi-
dation in an air atmosphere and (b) SnO2 hollow nanoplates via Kirkendall diffusion. TEM images and elemental dot mapping images of the (c and d)
SnSe–C composite and (e–g) SnO2 hollow nanoplates. (h) Cycling performance of the nanoplates at 5 A g−1. Reproduced with permission from ref.
316. Copyright 2016, Wiley-VCH.
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capacity retention after 100 cycles at 0.5 A g−1, measured from
the second cycle, was 100.4%, whereas the filled NiO@SiO2

nanoparticles had a capacity retention of only 41.7%. Cho
et al. also prepared hollow SnO2 nanospheres by spray drying
of the aqueous solution containing Sn oxalate and PVP.321 The
spray-dried powder with a hollow interior due to the formation
of a gas-impermeable layer during the process was then
reduced under a H2/Ar atmosphere, resulting in metallic Sn
encapsulated in the carbon matrix. Oxidation of the Sn–C com-
posite led to the formation of aggregate-free SnO2 hollow
nanospheres by the combustion of the amorphous carbon
matrix and the nanoscale Kirkendall diffusion. The initial
charge capacity of hollow SnO2 nanospheres measured at the
initial cycle was 680 mA h g−1, while that of dense SnO2

showed a similar value. After 300 cycles at 2 A g−1, the dis-
charge capacities of hollow and dense SnO2 nanoparticles were
643 and 280 mA h g−1, respectively, which proved their effec-
tiveness at introducing a hollow space within the
nanoparticles.

3.7 Other formation mechanisms

In this section, other formation mechanisms are introduced,
including nanoparticle-embedded carbon microspheres, nano-
particles, and a cutting-edge strategy for the synthesis of nano-
structure materials prepared via the spray process including
N-doped CNT growth on spray-pyrolyzed microspheres.
Primarily, various nanoparticle-embedded carbon composites
such as pitaya-structured pyrite have been mainly synthesized
by the liquid solution process for use as the anode for LIBs
and SIBs, since this type of structure permits a high volumetric
density owing to its spherical shape.322,323 Secondly, examples
of nanoparticles formed from spray processes are introduced.
Finally, a new strategy that is capable of growing CNTs on the
synthesized hollow, yolk–shell, and multiroom structured
microspheres prepared from spray processes is introduced.

3.7.1 Pitaya-like structure. Synthesis of the aforementioned
type of pitaya-like microsphere is possible by simple spray
pyrolysis or drying and subsequent heat treatment.324–326

Spray processes are considered ideal for the synthesis of this
type of structure owing to the ease of its fabrication. Alloying
type materials, like Sn and Sb, have been favored since the syn-
thesis of electrode materials requires only one-step heat treat-
ment. Wang’s group synthesized uniform nano-Sn/C compo-
site spheres for use in the LIB anode (Fig. 31a).325 First, an
ethanol-based solution containing tin chloride and PVP under-
went the spray pyrolysis process under a 5% H2/Ar gas atmo-
sphere. The synthesized spheres were post-treated at 900 °C to
yield nanosized Sn particles encapsulated in carbon micro-
spheres. The Ostwald ripening of the once-small nanoparticles
resulted in the formation of individual particles encapsulated
within the carbonaceous microspheres. The TEM image of the
synthesized microspheres shown in Fig. 31b reveals that Sn
nanoparticles are homogeneously encapsulated in the carbon
matrix. The first discharge capacity of the nano-Sn/C compo-
site at 0.2 A g−1 was 710 mA h g−1, which is close to the theore-
tical capacity of 756 mA h g−1. This is attributed to the highly

uniform nano-Sn nanospheres encapsulated in the carbon
matrix that can fully utilize the Sn nanoparticles that can store
Li-ions and resultantly achieve high discharge capacities. The
TEM image of the microsphere after 50 cycles at 0.2 A g−1

shows no sign of structural destruction (Fig. 31c). The dis-
charge capacity was almost the same as the initial capacity
even after 130 cycles at 200 mA g−1, which is attributed to the
carbon matrix that effectively buffers the volume changes
during the lithiation/delithiation processes (Fig. 31d). Chen’s
group also synthesized nano-Sb@C microspheres through the
spray pyrolysis method using an ethanol solution containing
resorcinol, formaldehyde, and SbCl3 under an Ar atmo-
sphere.326 The spray-pyrolyzed particles were heat treated
under an Ar atmosphere at 800 °C to yield nanoparticles for
the nano-Sb@C composite with a similar morphology, which
are employed as the anode material for SIBs (Fig. 31e and f).
The nano-Sb@C composite microspheres exhibited a dis-
charge capacity of 385 mA h g−1 after 500 cycles, and a capacity
retention of 88% was achieved (Fig. 31g).

3.7.2 Nanoparticle formation. Some difficulties arise in the
production of nanoparticles from spray pyrolysis and spray
drying processes, and several methods have been proposed for
their synthesis.327–337 The most studied method is the syn-
thesis of microspheres, or the ballooning of sprayed products,
followed by the ball-milling process.328–330 As mentioned
earlier, microspheres with a desired composition can be
formed by the spray processes. The synthesized particles are
ball-milled to produce nanoparticles with a narrow size distri-
bution and desired composition. Taniguchi and his co-
workers demonstrated that LiMnPO4 precursor microspheres

Fig. 31 (a) Schematic illustration of the synthetic process of ultrasmall
nano-Sn dispersed carbon spheres. TEM images of nano-Sn/C compo-
site particles (b) before cycling and (c) after 50 cycles. (d) Cycling per-
formance of the microspheres at 0.2 A g−1. Reproduced with permission
from ref. 325. Copyright 2013, American Chemical Society. (e) TEM and
(f ) elemental dot mapping images of Sb/C composite microspheres and
(g) their cycling performance at 0.1 A g−1. Reproduced with permission
from ref. 326. Copyright 2015, Springer Nature.
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with a hollow morphology and a thin shell prepared from
spray solution can be pulverized into LiMnPO4/C nanoparticles
by ball-milling LiMnPO4 microspheres with acetylene black
(Fig. 32a and b).331 These nanoparticles were applied as the
cathode for LIBs, and exhibited a stable performance over 100
cycles at current densities of 0.2, 0.5, and 1C. The discharge
capacity retentions after 100 cycles were 80% and 92% at 0.2
and 0.5C rate, respectively (Fig. 32c). The nanoparticles also
exhibited an excellent rate capability, and a discharge capacity
of 65 mA h g−1 could be obtained at 10C rate (Fig. 32d).

Flame spray pyrolysis is used to facilitate the synthesis of
nanoparticles owing to its powder formation
mechanism.332–337 The atomized droplets with a desired com-
position evaporate and undergo nucleation and growth, result-
ing in nanosized particles with a dense morphology.332–337

Most of the particles prepared by spray pyrolysis or spray
drying exhibit spherical morphologies, but those prepared by
flame spray pyrolysis have unique morphologies depending on
the surface energies and crystal growth behaviors of the
materials.338–348 Stark’s group synthesized cubic BaF2 nano-
particles by flame spray pyrolysis,343 whereas Pratsinis and his
co-workers synthesized nanorods by doping of In to ZnO,
whose aspect ratio was not equal to unity.344 Kim et al. likewise
synthesized nanoparticles with various shapes and employed
them as electrode materials in LIBs (Fig. 32e–j).345 A high
temperature of flame of >2500 °C and the subsequent quench-
ing process led to the formation of various metastable poly-

morphs, which are difficult to obtain by general preparation
methods that involve long reaction times at low temperatures.
CoOx–FeOx composite nanoparticles were fabricated at various
Co/Fe mole ratios, and nanoparticles with a Co : Fe ratio of 2 : 1
exhibited the highest capacity of 1101 mA h g−1 after 120
cycles at 1 A g−1 (Fig. 32k). Choi et al. synthesized core–shell
structured NiO@TiO2 nanoparticles by flame spray pyrolysis
and employed them as anode materials in LIBs.346 Mixed poly-
gonal shapes including hexahedra, octahedra, dodecahedra,
and triangular prisms were observed. The phase separation of
the nucleated composite resulted in the formation of the
NiO2@TiO2 core–shell structure, and the prepared particles
exhibited a stable cycling performa nce for 80 cycles at 0.3 A
g−1. The discharge capacity of the NiO@TiO2 composite nano-
particles for the 80th cycle was 970 mA h g−1. Choi et al. syn-
thesized ZnMn2O4 nanoparticles from flame spray pyrolysis
and employed them as the anode material in LIBs.347 The syn-
thesized nanoparticles did not aggregate and exhibited a dis-
charge capacity of 600 mA h g−1 after 40 cycles at 0.3 A g−1.
Park et al. prepared ultrafine TiO2-doped MoO3 nanoparticles
by one-pot flame spray pyrolysis (Fig. 32l–n).348 5 wt% TiO2-
doped MoO3 nanoplates were employed as the anode material
for LIBs and exhibited a stable cycling performance until 200
cycles at 0.5 A g−1 (Fig. 32o). The reversible discharge
capacities of TiO2-doped MoO3 nanoparticles at 0.2 A g−1 and
1 A g−1 were 1424 mA h g−1 and 978 mA h g−1, respectively
(Fig. 32p).

Fig. 32 (a) SEM image of (a) the LiMnPO4 synthesized by spray pyrolysis and (b) the LiMnPO4/C nanocomposite obtained after wet ball-milling. (c)
Cycling and (d) rate performances of the LiMnPO4/C nanocomposite. Reproduced with permission from ref. 331. Copyright 2010, Elsevier. TEM
images of single- and multi-component nanoparticles with Co/Fe mole ratios of (e) 1 : 0, (f ) 3 : 1, (g) 2 : 1, (h) 0 : 1, (i) 1 : 3, and ( j) 1 : 2. (k) The cycling
performances of the various samples at 1 A g−1. Reproduced with permission from ref. 345. Copyright 2014, Wiley-VCH. TEM images of (l) pure
MoOx, (m) 5 wt% TiO2-doped MoO3, (n) 10 wt% TiO2-doped MoO3 nanoparticles and their (o) cycling and (p) rate performances. Reproduced with
permission from ref. 348. Copyright 2014, The Royal Society of Chemistry.
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3.7.2 N-doped CNT growth. Recently, three-dimensional
hierarchically structured materials have received much atten-
tion, as they provide a large surface area and several advan-
tages of individual building blocks, leading to unprecedented
physicochemical properties.349–354 Kang’s group reported on
the synthesis of hierarchical microspheres grafted with
N-doped CNTs and their application in Li–S and Li–O2 bat-
teries (Fig. 33).351–354 As the first example, hierarchical hollow
microspheres grafted with Co nanoparticle-embedded
bamboo-like N-doped CNT bundles were synthesized from the
spray pyrolysis process and subsequent heat treatment
(Fig. 33a).351 Co3O4–MgO hollow microspheres were syn-
thesized by the one-pot spray pyrolysis process from an
aqueous spray solution containing cobalt nitrate and mag-
nesium nitrate. The microspheres were put in an alumina boat
and placed onto another large alumina boat containing
dicyandiamide powder. After the large crucible was covered
with the alumina cap, it was placed in a quartz tube and
underwent heat treatment at 400 °C for 3 h and at 800 °C for

1 h, consecutively. During the post-treatment with dicyandia-
mide at 400 °C, cobalt oxide is reduced to cobalt metal,
whereas magnesium oxide maintains its phase owing to its
high thermal stability. The growth of Co metal particles is
noticeably restricted by the presence of nearby MgO. Upon
increasing the heat treatment temperature to 800 °C, dicyan-
diamide was decomposed and formed CHx and NH3 gases,
resulting in the growth of bamboo-like N-doped CNTs on the
interior and exterior of the hollow microspheres. This direct
synthetic method for fabricating N-doped CNTs represents one
of the general approaches.355 The direct synthesis of N-doped
CNTs can be described as the simultaneous occurrence of tube
formation and N-doping during heat treatment under a NH3

atmosphere.355,356 Metal catalysts including cobalt, nickel, and
iron are required to promote carbon precursor decomposition
and tubular morphology formation.355,356 Subsequently, MgO
was etched with HCl and a porous shell was formed. This
approach was applied to not only hollow microspheres, but
also to yolk–shell and multiroom structures.352,353 Oh et al.

Fig. 33 (a) Schematic illustration of the synthetic process of Co–b-NCNT hollow microspheres. SEM image, TEM images, magnified TEM images,
and HR-TEM images of (b–e) hollow, (f–i) multiroom, ( j–m) yolk–shell microspheres prepared from N-CNT growth mechanism. (n) Oxygen evol-
ution reaction (OER), (o) oxygen reduction reaction (ORR) polarization profiles, and (p) cycling performance of the microspheres. TEM images of
Co@BNCNT YS microspheres. Reproduced with permission from ref. 351. Copyright 2017, Elsevier. Reproduced with permission from ref. 352.
Copyright 2018, Elsevier. Reproduced with permission from ref. 353. Copyright 2019, Elsevier. (q) Before and (r) after sulfur infiltration, and their (s)
cycling performance when applied as the cathode for Li–S batteries. Reproduced with permission from ref. 354. Copyright 2017, Wiley-VCH.
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synthesized Co-encapsulated N-doped CNT-grown yolk–shell
structured MnO–Mn4N and Ni-embedded N-doped CNT-grown
multiroom-structured MoC–C composite microspheres for use
as cathode catalysts in Li–O2 batteries.352,353 The SEM and
TEM images of the synthesized N-doped CNT-grown hollow,
yolk–shell, and multiroom structures are shown in Fig. 33b–m.
The advantages of architecting these types of microspheres
when employed in Li–O2 batteries include: (1) CNT growth
leads to an increase in the specific surface area of the micro-
spheres, and the N-doping itself acts as active sites, thus the
total number of catalytic active sites is increased. (2) From the
use of nanostructured microspheres as templates for CNT
growth, the penetration of Li and O2 gas is facilitated due to
the existence of the porous shell. This ultimately leads to the
formation and decomposition of Li2O2 inside the nano-
structured microspheres. (3) During the heat treatment step
using dicyandiamide, materials with phases that possess
electrocatalytic activity such as MoC and Mn4N are generated.
C and N originate from the carbon and nitrogen source (CHx

and NH3 gas) in dicyandiamide. (4) Li2O2 formed during
electrochemical reactions is an insulating material. N-doped
CNT supplements the electrical conductivities of these
materials and thus enhances the electrochemical properties of
the cathode material. Because of the aforementioned merits,
N-doped CNT-grown microspheres exhibited improved electro-
chemical properties including the electrocatalytic activities for
the oxygen reduction reaction and the oxygen evolution reac-
tion, and a prolonged cycle life (Fig. 33n–p). Park et al. syn-
thesized the Co-containing N-doped CNT-grown yolk–shell
structure and used it as the sulfur host for Li–S batteries
(Fig. 33q and r).354 The microspheres exhibited high discharge
capacities owing to the improvement of sulfur utilization by the
formation of ultrafine S nanocrystals loaded within CNT-grafted
microspheres, which can be converted into short-chain lithium
polysulfides. A stable cycling performance until 400 cycles was
observed at 1C rate, and 752 mA h g−1 was achieved at 2C rate
(Fig. 33s). Excellent electrochemical properties can be attributed
to the hierarchical CNT-grafted microspheres that offer
sufficient space for sulfur loading and a strong chemical affinity
of N-doped CNTs and the Co metal with sulfur.

4. Conclusions

In this review, the synthesis of nanostructured electrode
materials via spray processes and their formation mechanisms
were discussed in detail. As can be ascertained in this study,
spray processes are powerful tools for the synthesis of innu-
merable electrode materials with distinct morphologies and
functionalities for conventional LIBs as well as next-generation
SIBs, Li–S, Li–Se, and Li–O2 batteries. We classified the for-
mation mechanisms of nanostructures prepared by spray pro-
cesses into seven different categories. First, the influence of
metal precursors and organic additives on the formation of
nanostructured microspheres via spray processes was
explained. Second, the formation mechanism of the yolk–shell

structure was described by the ignition and combustion of
spray-pyrolyzed or dried microspheres from a precursor solu-
tion containing a metal salt and carbon precursor. Next, the
formation mechanisms for unique-structured microspheres
synthesized from phase segregation, including multiroom,
core–shell, yolk–shell, and Janus structures were investigated
in detail. The inclusion of inorganic/organic templates in the
spray solution resulted in the formation of nanovoids within
the microspheres by the simple removal of template materials.
Colloidal particles could be added to the spray solution to
yield a superstructure consisting of pre-designed particles, Si
nanospheres, and carbonaceous materials with high electrical
conductivity, including rGO and CNTs. The nanoscale
Kirkendall effect has been applied to the spray-processed pro-
ducts in the synthesis of microspheres consisting of nanosized
hollow spheres and plates. Other formation mechanisms of
nanostructures including pitaya-like structures, N-doped CNT-
grown nanostructured microspheres, and nanoparticles were
introduced in the final section. As is well known, spray pro-
cesses are powerful methods for preparing materials with
homogeneous compositions and controlled stoichiometry. The
homogeneous morphologies of the synthesized particles are
attributed to the reactions taking place in each atomized
droplet. The spray processes yielded various novel nano-
structures with desired morphologies and enhanced electro-
chemical characteristics when employed as electrode materials
for various types of rechargeable batteries. However, there are
still several issues and challenges to overcome. Unlike liquid-
phase synthesis, it is often not straightforward for spray pro-
cesses to precisely control the certain physicochemical pro-
perties of the final product. For example, pore (or void) sizes
and their distribution in the internal structure cannot be tai-
lored accurately since the pyrolysis step involves a number of
sequential or simultaneous physical and chemical processes.
In addition, crystallization and growth of metal compounds
occur promptly owing to the short retention time at high temp-
erature, limiting the preferential growth toward a certain crys-
tallographic direction and phase control that may be crucial
for promoting certain electrochemical properties. Therefore, it
would be very promising to investigate the chemical inter-
actions between the precursors in the droplet during pyrolysis
by means of both experimental and theoretical approaches to
get a glimpse of underlying formation mechanisms of the
nanostructures. Integration of spray processes with other syn-
thetic methods is another promising way to design advanced
nanostructured materials. By doing so, the aforementioned
disadvantages of spray processes would be compensated to a
significant extent. We firmly believe that the continued search
for new mechanisms and the synthesis of highly efficient elec-
trode materials by spray processes could help resolve the chal-
lenges arising from energy demands.
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