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Yolk-shell structured nanomaterials, possessing a hollow shell and interior core, are
emerging as unique nanomaterials with applications ranging from material science,
biology, and chemistry. In particular, the scaffold yolk-shell structure shows great
promise as a nanocatalyst. Specifically, the hollow shell offers a confined space, which
keeps the active yolk from aggregation and deactivation. The inner void ensures the
pathway for mass transfer. Over the last few decades, many strategies have been
developed to endow yolk-shell based nanomaterials with superior catalytic performance.
This minireview describes synthetic methods for the preparation of various yolk-shell
nanomaterials. It discusses strategies to improve the performance of yolk-shell catalysts
with examples for engineering the shell, yolk, void, and related synergistic effects. Finally,
it considers the challenges and prospects for yolk-shell nanocatalysts.
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INTRODUCTION

Core-shell nanomaterials have received enormous attention owing to their unique structure related
properties and the broad variety of ways in which they can be applied in energy storage (Xie
et al,, 2015; Lu et al,, 2019), sensing (Gong et al., 2019), cancer therapy (Wang et al., 2018b; He
et al., 2020), and in particular, catalysis (Gawande et al., 2015; Das et al., 2020; Salvatore et al,,
2020). By tuning the intrinsic properties of the core or shell, a variety of nanocatalysts, with active
centers that are properly shielded by permeable shells, are ready to be designed and fabricated
(Murugesan et al.,, 2020; Wang et al., 2020). Noveron et al. originally developed a green and
sustainable methodology with metal nanoparticles encapsulated in tea leaves (Ahsan et al., 2020a)
or tissue papers (Ahsan et al., 2020b,c). After carbonization, core-shell nanocatalysts with excellent
electrocatalytic performance were prepared. In comparison with the other nanocatalyst systems,
such as metallic nanoparticles or surface coating hybrids, the creation of a core-shell nanostructure
significantly improved instability by keeping the active center from coalescence (Zhang et al.,
2013). Though the stability issue was greatly enhanced, the surface area of the catalytic core was
largely blocked by the shell, therefore, there is still space for the development of nanocatalysts with
superior performance.

The yolk-shell nanostructure, which as an exterior hollow shell and interior movable core, has
received increasing attention since it was first reported (Yin et al., 2004). Compared with core-shell,
yolk-shell has an extra void space with an excellent catalytic performance in several ways. Among
these benefits, the yolk-shell scaffolds can provide a field of catalysis, with three major aspects that
should be highlighted: (1) the total exposure of the active center inside the shell is to some degree
balanced by the contradiction of catalytic efficiency and stability; (2) the presence of void largely
expands the space for the occurrence of catalytic reaction and mass transfer; (3) the manipulation
of shell, yolk, void, or a combination of these enables the flexible and dynamic modulation of the
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catalytic efficiency, stability, recyclability or even synergistic
effect induced multifunction. In this minireview, we
briefly introduce synthetic methods for creating yolk-shell
nanomaterials. We then discuss recent strategies for optimizing
the catalytic performance of a yolk-shell nanocatalyst and
explore the structure-property relationship.

METHODS FOR THE PREPARATION OF
YOLK-SHELL NANOMATERIALS

Through the flexible manipulation of basic physiochemical
principles, several methods have been developed to prepare
yolk-shell nanomaterials. These include hard template, soft
template, swelling and shrinkage, swelling and evaporation, ship-
in-a-bottle, hydrothermal and solvothermal methods, among
others, which can be categorized as the template-assisted and
template-free methods (Li et al, 2019a). Taking advantage
of alternative methods, yolk-shell nanomaterials with various
features, which boosted the field of catalysis in different
perspectives, were synthesized. In this section, we introduce
the typical methods that allow the design, preparation, and
modulation of the yolk-shell nanomaterials. By summarizing
the pros and cons that each method owns, we anticipate
providing an instructive guide for the desired preparation of
yolk-shell nanocatalysts.

TEMPLATE-ASSISTED METHODS

Template-assisted methods are usually performed according to
the mechanism of layer by layer assembly and, due to the
simplicity of this synthetic strategy, are widely employed in
the preparation of yolk-shell nanostructures (Liu et al., 2014).
Among the versatile template-assisted methods that have been
developed to date, the hard template method is one of the most
commonly adopted approaches. Typically, the method primarily
involves synthesizing core-shell structures with a sacrifice inner
shell. After the removal of the sacrifice layer, hollow spheres with
an interior core are obtained. Fan et al. (2018) developed the
standard procedure of yolk-shell fabrication, taking advantage
of this method (Figure 1A). In this example, pre-prepared
AuNPs were capped by SiO, shells through the hydrolysis
of tetraethyl orthosilicate (TEOS), resulting in Au@SiO;.
Subsequently, polymerization of dopamine occurred on the
surface of the Au@SiO,, after which Au@SiO,@polydopamine
was obtained. Then, the materials were carbonized to convert
the polymer shell into a carbon sphere. In the end, the
SiO, layer was etched with NaOH and Au@C yolk-shell
structured nanomaterials were prepared. In this method, SiO,
was employed as a sacrifice layer due to its low cost and
the simplicity with which it can be removed. Carbon sphere
(Zhang et al.,, 2015) and polymers (Joo et al, 2016) are also
commonly used as a sacrifice layer. To avoid the preparation
of an extra template shell, selectively etching of the shell
(Liang et al, 2017) or core (Lee et al, 2008) of a core-shell
nanostructure provided alternative ways to fabricate yolk-shells

with a tailored interior cavity and a controllable size of the
active core.

Although vyolk-shell nanomaterials can be elaborately
designed and synthesized, the hard template method exhibits
several disadvantages, such as the tedious nature of the
procedure, the harsh conditions for template etching, a necessity
for surface functionalization, and the fact that it is also time-
consuming (Fan et al., 2012; Guiet et al., 2015). To circumvent
the above-mentioned problems, the soft template method was
developed. In this method, a mixture of surfactants, which can
easily form micelles or vesicles, were employed to encapsulate
core materials. Then, with the replication of the morphology
formed by the surfactant, a hollow sphere encapsulated with
the desired core can be synthesized in a relatively simple
way. Wu et al. have presented a method for preparing the
yolk/silica materials, taking advantage of the soft template
strategy (Figure 1B) (Wu and Xu, 2009). In their strategy, core
materials were first dispersed in a mixed solution consisting
of zwitterionic (lauryl sulfonate betaine, LSB) and anionic
surfactant (sodium dodecyl benzenesulfonate, SDBS). Then,
with the addition of 3-aminopropyltriethoxysilane (APS), the
formation of vesicles with a movable core was promoted.
Besides being a vesicle-inducing agent, APS can also interact
with the surface of the vesicle through electrostatic attraction,
acting as the costructure-directing agent. The hydrolysis
of APS and TEOS led to the direct formation of a hollow
SiO; shell along the surface of the vesicle. Interestingly, the
shells formed were adaptive to the size and shape of the core
through self-adjustment. The template can be easily removed
by washing or calcination depending on the intrinsic nature
of the shell, core, and template. This methodology provides
a general principle for the relatively simple preparation of
various yolk-shell nanomaterials. This method is particularly
productive since, by repeating the soft template driven process,
yolk-multishell nanomaterials can also be designed (Wu and Xu,
2010).

TEMPLATE-FREE METHODS

Even though template-assisted methods are a productive
approach for the preparation of yolk-shells, their application is
largely limited due to the multistep reaction and consumption of
the template (Yu et al., 2019). Thus, template-free methods with
a simpler procedure have stimulated intensive attention. Various
strategies have been developed based on the above consideration
and the related synthetic mechanisms were focused on an
external trigger induced volume variation, Ostwald ripening, or
Kirkendall effect.

A template-free method inspired by the cell plasmolysis
phenomena in nature was developed for yolk-shell preparation
by Yue et al. (Figure 1C) (Yue et al., 2017). The mechanism
of this strategy lies in the fact that the low cross-linking
resorcinol-formaldehyde resin with loose morphology can
undergo volume swelling and shrinkage upon being soaked
in or extracted from a specific organic solvent. The strategy
developed by Yue et al. primarily synthesized Fe3;O4 NPs
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FIGURE 1 | lllustration of the methods for the preparation of yolk-shell nanomaterials. (A) Hard-template method. Reprinted with permission from Yin et al. (2004).
Copyright 2018 American Chemical Society. (B) Soft-template method. Reprinted with permission from Lee et al. (2008). Copyright 2009 American Chemical Society.
(C) Plasmolysis inspired method. Reprinted with permission from \Wu and Xu (2009). Copyright 2017 American Chemical Society. (D) Swelling-evaporation method.
Reprinted with permission from Yu et al. (2019). Copyright 2014 Royal Society of Chemistry. (E) Ship in a bottle method. (F) Hydrothermal/solvothermal method.
TEOS, tetraethyl orthosilicate; SDBS, sodium dodecyl benzenesulfonate; LSB, lauryl sulfonate betaine; RF, resorcinol-formaldehyde; CTAB,

coated with resorcinol-formaldehyde (RF). Then, an SiO, shell
was deposited on the swollen surface of Fe;O4@RF in a
mixed solvent of n-hexane/H,O. After the extraction of the
solvent by the above system, the Fe304@RF sphere shrank and
spherical Fe;O04@RF@void@mSiO; yolk-shell nanostructures
with uniform dispersion were obtained. It is worth noting
that yolk-shell structures achieved in this way can reversibly
transit between the compact core-shell and spacious yolk-shell
by repeating the swelling and shrinkage process, which offer
a unique flexibility of the as-prepared nanomaterial. Another
example presented by Niu et al. also (Niu et al, 2019)
demonstrated the feasibility of this principle. In their case, the
yolk-shell nanostructures were fabricated via the modulation
of the repulsive interaction between polystyrene-b-poly(acrylic
acid) (PS-b-PAA) and CTAB by solvent extraction, which further
directed their morphology transformation, leading to the cell
plasmolysis like behavior induced yolk-shells formation.
Controllable tuning of the relative position between the
exterior shell and interior yolk can modify the yolk-shell
interaction. Meanwhile, the migration of the yolk close to the
shell will enhance its contact probability with the external
substrate, which represents a significant improvement in catalytic

efficiency. Taking this into account, our group reported a yolk-
in-shell synthetic strategy with the swelling-evaporation method
(Figure 1D) (Han et al., 2007, 2014). In our method, asymmetric
Au-poly(o-methoxyaniline) (POMA) core-shell was prepared
with the proper modulation of the addition point of Au NP
during the polymerization of o-methoxyaniline (OMA). After
dispersing the Au@POMA core-shell into ethanol, the POMA
shell underwent volume expansion due to the entering of the
solvent. When ethanol was eventually evaporated, the polymer
chain of POMA together with ethanol moved outward, enabling
the transformation of the solid core-shell into a hollow sphere
with a single AuNP embedded in the shell.

The starting point for the design and preparation of yolk-shell
nanostructures is to create a confined microenvironment where
the core material can maintain both its activity and stability. For
the above mentioned synthetic methods, each displayed unique
advantages, however, they all are limited by the fact that the
core material has to be prepared in advance and, unavoidably,
suffers from the harsh conditions during processing, such as high
temperature and highly acidic or alkaline environments, which
may have an adverse effect on the physiochemical properties of
the core (Zhou et al., 2019). To address these problems, methods
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known as “ship in a bottle” (Xiao et al., 2012) have attracted recent
attention. This approach involves preparing hollow shells in
advance and seeding initiators of the core through diffusion. With
the addition of appropriate reduction agents, the core material
can grow in the preexisting hollow shell, without the risk of being
exposed to the harsh conditions that are employed during the
template removal (Figure 1E) (Goebl and Yin, 2013).

In the “ship in a bottle” method, the yolk material successfully
avoided the harsh conditions for template removal, however,
this synthetic procedure is a complex way of preparing the
hollow sphere. The hydrothermal and solvothermal methods
offer a one pot synthetic approach. In this approach, the
precursors were dissolved in hot water (hydrothermal method)
or organic solvent (solvothermal method) under high pressure
in autoclave. In these conditions, the precursors grow into yolk-
shell morphology with the mechanism of Ostwald ripening or
Kirkendall effect (Figure 1F) (Wang et al, 2018a,c). Besides
the simplified procedure, the formation of homo yolk-shell
is also an advantage provided by this method. However,
this method is only suitable for the fabrication of metal
or metal oxide based yolk-shell architectures (Li et al,
2019a).

STRATEGIES TO OPTIMIZE YOLK-SHELL
MATERIAL AS NANOCATALYST

Yolk-shell structured nanomaterials, with a unique hollow shell
and interior core, have gained increasing attention in the field of
catalysis due to the dual or multiple combination of components,
which induce synergistic effect that provide the possibility for
high performance catalysis. For the initial study of the yolk-
shell scaffold as a catalyst, the shell was designed as a protecting
agent to prevent the active metal yolk from aggregation and
deactivation. Yin et al. reported the preparation of Pt@CoO in
2004 and confirmed its activity in the ethylene hydrogenation
reaction, which, to the best of our knowledge, is the first yolk-
shell based nanocatalyst (Yin et al., 2004). Afterwards, alternative
yolk-shell materials were elaborately designed by tuning the
categories of yolk and shell components. Lee et al. fabricated
the Au@SiO; yolk-shell nanomaterials, since Au is catalytically
active and SiO; shell is mesoporous and can be easily deposited
on the nanosurface (Lee et al., 2008). Catalytic investigations
have shown that the Au@SiO, exhibits high efficiency toward
the reduction of p-nitrophenol. Although modulation of the
shell and active center significantly enhanced both the stability

SCHEME 1 | Schematic illustration of the structure related optimization of yolk-shell nanomaterials in catalysis.
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and efficiency of the as-prepared catalysts, the construction
of superior catalysts is still challenging. In recent decades,
novel methods have used flexible modulation of the shell, yolk,
and void or a combination of them, to maximize catalytic
efficiency. This section discusses the strategies employed to
improve the performance of yolk-shell based materials as a robust
catalyst (Scheme 1).

MODULATION OF SHELL

The shell layer of the yolk-shell catalyst plays an important
role in the catalytic process. Even though the shell provides a
physical barrier that keeps the active cores from aggregation,
it also in some ways hinders the entering of the reactants into
the existing products. Therefore, the appropriate modulation
of the porosity of the shell can increase the contact probability
between substrates and the active center. With a more elaborate
design, the shells with specific pore range can offer the yolk-shell
structured catalysts intrinsic selectivity (Hofer et al., 2018;
Das et al, 2020). Jia et al. (2015) developed a method of
preparing Au NPs, which are encapsulated in a hollow styrene
shell, in which the size of the pores embedded is <0.8 nm. To
investigate the size selective permeation of the yolk-shell, they
studied the chemical transformation of benzaldehyde and its
sterically crowded analog, 3, 5-di-tert-butyl benzaldehyde. The
results showed that the conversion ratio for benzaldehyde is
more than 70%, while the conversion ratio for 3, 5-di-tert-
butyl benzaldehyde is <10%. Additionally, when cross-linked
polymers were employed as the hollow shell, the pore size can be
adjusted by solvents with various polarities due to the differential
in swelling degree (Xu et al, 2019), which also leads to size
selective catalysis.

MODULATION OF YOLK

The interior yolk of a yolk-shell nanostructure acts as an
active center where the reagents can undergo a chemical
transformation. In principle, looking for highly efficient catalysts
and embedding them into a well-designed hollow shell could
be a feasible way to improve the catalytic performance of
yolk-shell nanomaterial. Meanwhile, in terms of addressing
catalyst limitations, there are other promising approaches
such as the design of dual or multiple functional yolks.
Our group synthesized the yolk-shell with dumbbell-like
Pt-Fe3O4 encapsulated in the N-doped carbon hollow
nanospheres (Sun et al, 2019). With the investigation of
the reduction of 4-nitrophenol and oxidation of S-ionone
to the epoxide, the as-designed yolk-shell exhibits highly
improved catalytic efficiency due to the presence of the
heterojunction interface, which largely benefits electron
transfer. Moreover, the catalyst can be easily recycled by
exploiting the magnetic field thanks to the intrinsic magnetic
property of Fe3O4. Further studies have shown that with
six successive cycles, the catalyst maintained its catalytic

performance, indicating the high stability of the yolk-shell
based catalyst.

It is well known that catalysts with a smaller size exhibit
superior performance. However, most conventional yolk-shells
are composed of a single core with a relatively large diameter,
to prevent unwanted aggregation. Chen et al. reported a
facile method for the preparation of Co@C-N yolk-shell,
featured with Co cores embedded in N-doped carbon (C-
N) nanosheet and a porous C-N shell (Chen et al., 2018).
In this novel scaffold, the nanosheet encapsulated inside the
hollow shell can anchor multiple tiny Co NPs, playing an
important role in the enhancement of the catalytic efficiency
and simultaneously preventing the deactivation of the catalytic
centers. Owing to the multi-core and porous shell characteristics,
the hollow Co@C-N nanoreactors were highly efficient in the
aerobic oxidation of alcohols in neat water under atmospheric
pressure in air and base-free conditions. Moreover, due to the
intrinsic magnetic nature of Co NPs, the Co@C-N catalyst
can be easily recycled by a magnet without significant loss of
catalytic activity.

Although the yolk-shell scaffolds already render the active
yolk high accessibility to the substrates, catalytic efficiency is
still limited due to the relatively large distance between the
substrates and the catalytic center. Taking the abovementioned
problem into consideration, a feasible way to improve the
catalytic performance of the yolk-shell nanocatalyst is to migrate
the movable interior yolk into the shell. With this in mind,
our group fabricated the Au-POMA yolk-in-shell nanomaterials
by elaborately modulating the addition time of AuNP to the
polymerization mixture of OMA (Han et al.,, 2014). Catalytic
experiments demonstrated that in the reduction reaction of 4-
nitrophenol to 4-aminophenol, the catalytic efficiency of Au-
POMA vyolk-in-shell is two times higher than that of the Au-
POMA core-shell. The comparison between yolk-shell and yolk-
in-shell catalysts was also investigated (Hu et al., 2020). The
Au@C yolk-shell and Au@C yolk-in-shell were prepared with
a single Au nanoparticle located inside the hollow cavity and
encapsulated in the shell, respectively. The Au@C yolk-in-
shell revealed much higher catalytic efficiency toward the 4-NP
catalytic reduction and S-ionone catalytic oxidation compared to
the Au@C yolk-shell. Interestingly, the relationship between the
thickness of the shell and size of Au NP has a significant effect
on the catalytic performance of the Au@C yolk-in-shell. The
above examples illustrate how both the decoration and migration
of yolk material can endow the yolk-shell nanocatalysts with a
better performance.

MODULATION OF VOID

The existence of a void in the unique structure of the yolk-
shell material is vital and functions in several ways, such as by
providing an isolated space for confined catalysis, offering a high
surface to volume ratio, promoting the reflection and scattering
of light, and enhancing light absorbance efficiency and therefore,
improving photocatalytic performance (Ren and Yu, 2019; Xiao
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et al., 2019). Considering the abovementioned feature of voids,
the creation of multi-level voids has emerged as an efficient
approach to optimizing the performance of yolk-shell catalysts.
Liu et al. prepared a ZnFe;O4 double shelled material with a
facile solvothermal method (Liu et al., 2017). The shells were
mesoporous and the double-shell ZnFe;O4 was confirmed to
possess the surface area of 126.7 m? g~1. Due to the high surface
area and scattering enhancement induced strong absorption of
visible light, the kinetic constant of double-shell ZnFe,Oy4 toward
the photocatalytic degradation of gaseous 0-DCB is 1.46 and 1.82
times as high as that of yolk-shelled spheres and solid spheres.
Another typical example method of creating multi-level voids
is reported by Wang et al. (2012), who prepared a unique ZnO
hollow sphere with double-yolks. Compared with the double-
shelled architecture, the nanomaterials with double yolk-shelled
morphology provide three interior compartments, which may
significantly enhance light reflection and scattering in light
harvesting. This was confirmed by photocurrent measurements.
The photocatalytic ability was investigated by examining the
degradation of Rhodamine B. The highest activity was achieved
by the double yolk-shelled ZnO, compared with the single yolk-
shelled ZnO and single-shelled hollow spheres of ZnO.

MODULATION OF YOLK@VOID@SHELL
SYNERGETIC EFFECT

Besides the engineering of one component, another common
and efficient approach to improving the activity of the yolk-shell
catalyst is to enhance the synergistic effect between the shell
and yolk. One of the typical examples is Au@TiO, yolk-shell
material. Li et al. reported the Gold Nanoparticle@TiO, and Gold
Nanorod@TiO, yolk-shell nanostructures for photocatalytic
reaction (Li et al, 2015). The design of this scaffold is based
on the fact that TiO, shows low activity in solar light and the
combination of it with the plasmonic metal would significantly
expand the solar light absorption range and favor visible light
catalysis. As expected, the Au@TiO, yolk-shell shows higher
efficiency for the oxidation of benzyl alcohol. An examination
of this mechanism showed that when irradiated with light, the
electron generated from Au migrated to the conduction band of
TiO,, leaving positive charges on the Au core. The generation
of charge separation caused by the synergistic function of Au
and TiO, greatly benefits the oxidation reaction upon visible
irradiation. To further improve the photocatalytic efficiency
based on Au@TiO; yolk-shell material, our group introduced
graphene as the inner shell (Wang et al., 2015). In this case,
graphene facilitates electron transfer from Au to TiO,, thus
suppressing the recombination of the electron-hole pair. When
used for H, production under visible light, the H, evolution
rate of Au@r-GO/TiO; hybrids is 1.8 times higher than that of
Au@TiO;, confirming an enhanced synergistic effect.

The electrochemical water splitting reaction is a promising
way of converting and storing renewable energy. With an
elaborate design, this yolk-shell nanostructure provides
several advantages in water splitting catalysis (Mei et al,

2018; Zhang et al, 2020). Tan et al. synthesized Au NP
@ Ni(OH); nanomaterials and investigated their catalytic
performance for oxygen-evolution reactions (OER) (Cai
et al, 2020). They found that the introduction of Au core
improved the OER activity of hollow Ni (OH),. Further
study indicated a strong electronic interaction between
Au and Ni (OH); for Au NP @ Ni(OH), and the valence
state of Ni (OH),, which shifted to positive, indicating the
production of a larger amount of active sites for OER. The above
example illustrates that the synergistic effect of the yolk-shell
nanostructure can be favorable for the electrocatalysis of water
splitting reaction.

The synergistic effect provided by the unique structure
of yolk-shell offered a promising application in the catalysis
of tandem reaction. Liu et al. prepared Pd@Al-MSiO; yolk-
shell for the chemical transformation of glucose to 1, 2-
propylene glycol (Lv et al., 2020). In this well-designed scaffold,
the mesoporous SiO, shell is doped with Al, which mainly
exists in the form of 4-coordinate, provided the Lewis acid
microenvironment and facilitated by the isomerization of glucose
to fructose. The isomerization of glucose is the first rate-
determining step for the conversion to 1, 2-propylene glycol.
Then the resulting fructose underwent retro-aldol condensation
in the voids and hydrogenation at the interface of the Pd
nanoparticle. With this design, the undesired reaction routes
were greatly suppressed. The catalytic transformations processed
in the different compartment of yolk-shell make them excellent
catalysts for performing tandem catalysis.

SUMMARY AND OUTLOOK

This minireview has summarized methods for the preparation
of a yolk-shell nanocatalyst, illustrating the advantages and
disadvantages of each method. We also discussed strategies
that were recently adopted to improve the catalytic efficiency,
stability, and recyclability in the regulation of shell, yolk, voids,
and related synergistic effects. These examples demonstrate
the promising potential application of yolk-shell structured
nanomaterial as catalysts.

One pot synthetic methods, which are suitable for general
materials, represent a promising way of further boosting this
area of research in the future. Another direction lies in
the minimization of the size of the active core, which will
undoubtedly optimize the catalytic performance of yolk-shell
nanocatalysts. Pickering microcapsule (Wang et al., 2018d)
with proper encapsulated inner material, exhibit yolk-shell like
structure and may provide a promising alternative for efficient
catalysis due to their high interfacial activity (Shi et al., 2018;
Li et al, 2019b). Moreover, more control over the tuning of
the catalytic performance may bring new dynamic benefits. In
terms of practical applications, the scaled-up preparation of
yolk-shell catalysts deserves more attention. Additionally, the
integration of low-cost and energy clean components could
decrease the production price and facilitate the development of
more sustainable options.
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