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1. Introduction

The developments and innovations in nanotechnology and
nanoscience have opened numerous opportunities in various fields,
such as energy storage [1,2], energy conversion [3,4], nanoelectronics
[5-7], nanocatalysis [8-11], integrated catalysis [12], and so on [13-21],
due to the pretty unique properties of nanomaterials compared to those
bulk materials. In the early stages, single component nanomaterials
were studied extensively, and numerous superior properties have been
proven, including tunable optical properties, ease of processing, higher
ratio of surface atoms, and excellent catalytic performance. With the
rapid development of characterization and synthesis techniques, re-
searchers have found that much better properties could be gained by
combining multicomponent nanomaterials, and the diversities in their
structure and composition could enrich their applications in various
fields. Therefore, core-shell structured nanomaterials have become one
of the most popular research topics in recent years. Traditionally, compos-
ite nanomaterials composed of inner material (core) and outer layer ma-
terial (shell) are broadly defined as core-shell nanoparticles (the notation
of “@” represents the core-shell structure, core@shell).

Among all multicomponent nanomaterials, core-shell structured
nanomaterials have attracted increasing concern due to their outstand-
ing properties, which include the following. (i) The ligand effect is dom-
inated by the adsorption capacity of the material due to the existence of
diverse atomic groups on its surface. (ii) The ensemble effect contains
the interconnections between the shell and core due to changes in the
charge transfer between the components influenced by atomic vicinity,
thereby affecting the band-structures. (iii) The structure effect is caused
by the 3D structural constraints, resulting in the difference in surface
atomic activity. Due to the unique physical and chemical properties,
core-shell structured nanomaterials have been widely used in energy
storage and conversion. For instance, coating noble metal or metal ox-
ides, as a monoatomic layer on the surface of non-noble metal-based
nanocomposites (e.g., Co, Fe or Ni), can produce cost effective and
atomic economy core-shell structured nanomaterials with superior en-
ergy storage capacity and conversion efficiency. Rapid development of
technology over the past few decades has enabled researchers to con-
sider traditional energy storage and conversion from a new perspective
[22-26]. Nanoparticles containing precious metals (usually as catalytic
or active components) can particularly serve as catalysts on the elec-
trode of storage devices. They can now be controlled to regulate their
shapes, crystal facets, structure and composition [27-31]. Such control-
lability of material structure enables researchers to develop new strate-
gies for applications in economical, sustainable and green chemical
industry, which is now considered to be one of the most promising
yet challenging fields in chemistry [32-36].

Traditionally, due to the difference in arrangements and composi-
tions of core and shell materials, core-shell structured nanomaterials
could be divided into several classes, such as organic/organic, organic/
inorganic type, etc [37]. Currently, along with the increasing interest
for nanocomposites with specific functions or improved properties,
core-shell structured nanomaterials have attracted more attention be-
cause of their multi-functional compositions and structures [38,39],
where the synergistic effect between the shells and cores could exist
along with the newly generated performance [40-43]. The application

of core-shell structured nanomaterials in photo-voltaic cells exhibits re-
markable advantages to improve the cost/efficiency ratio by decreasing
the probability of charge recombination and enhancing effective optical
path. Such useful, unique and tailorable properties provide core-shell
structured nanomaterials with significant potential as emerging nano-
composites for energy storage and conversion (Fig. 1).

Researchers in the field of energy conversion and storage are faced
with the daunting task of developing low-cost, environmentally benign
systems with large energy conversion and storage efficiency. This goal
can be relieved by developing nanocomposites with core-shell struc-
tural possessing potential advantages. For example, the shell supported
by the core guarantees the specific surface architecture depending on
the porosity, surface area, etc., leading to superior energy storage and
conversion performance. Meanwhile, the synergistic interactions be-
tween the core and shell allow for higher energy storage capacity and
conversion efficiency. The prepared carbon-supported Pd@Co core-
shell structured nanoparticles by Wang et al. were applied and exhibited
superior performance for the oxygen reduction reaction [44]. Similarly,
Hong et al. used Co30,@CoNi-sulfides nanowire arrays as the electrode
material for supercapacitors, which displayed excellent electrochemical
performance [45]. It is an effective method of covering transition metals
surfaces with a monolayer noble-metals shell (e.g., Co@Pt, Fe@Pt) to re-
duce the content of precious metals in the energy storage and conver-
sion systems. This process can enhance oxygen adsorption energy,
thereby improving electrode stability and activity [46,47].

Recently, Du et al. prepared Au nanoparticles surrounded by a film of
TiO,. The core-shell structured nanomaterials were used as the
photoanodes for solar cells and showed significantly enhanced effi-
ciency in power conversion systems [48]. The improved conversion ca-
pability of the photoanodes materials was principally due to the
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Fig. 1. Trends in the number of publications on core-shell structured materials for
supercapacitor, lithium ion battery, and hydrogen storage. Inset: trends in the number
of publications on core-shell structured nanomaterials for energy conversion in last five
years, including solar cells, Fuel cells, and hydrogen production (data obtained from
Web of Science on Oct 30, 2017).
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existence of the TiO, shell, which contains more active sites and is easier
to be electronically activated through the Au core. The lattice strain has
also been demonstrated to be beneficial in improving the catalytic activ-
ity of core-shell structured nanomaterials. Au@Co core-shell structured
nanomaterials prepared by Li et al. [49] and Xu et al. [50] exhibited su-
perior catalytic activity for hydrogen evolution reaction. In another ex-
ample, Ag nanowires@TiO, core-shell structured nanomaterials
showed excellent performance. They showed high power conversion ef-
ficiency, which was superior to single component nanomaterials in the
energy conversion systems, such as solar cells [51]. The power conver-
sion efficiency for solar cells is improved by using core-shell structured
nanomaterials as electrode materials.

Overall, various core-shell structured nanomaterials with different
morphologies (nanotube, spherical, etc.), structures (hollow, yolk-
shell, etc.), compositions (inorganic, organic, etc.), synthetic methods
(deposition-precipitation, chemical synthesis, etc.), and their energy
storage and conversion applications are discussed. Their involvements
in energy storage systems (e.g., supercapacitors, li-ion batteries, and hy-
drogen storage) are reviewed. Energy conversion systems, for instance,
fuel cells, solar cells, and photocatalytic H, production based on core-
shell structured nanomaterials, are then discussed.

2. Core-shell structured nanomaterials applied to energy storage
2.1. Core-shell structured nanomaterials for supercapacitors

Supercapacitors are typical energy storage devices including electro-
chemical double layer capacitors (EDLCs), pseudocapacitors and asym-
metric capacitors. They are considered to be the most potential
candidates for effective energy storage due to their long life expectancy,
high power density, high efficiency and safety. The energy density of
supercapacitors is usually hundreds of times greater than that of tradi-
tional electrolytic capacitors. EDLCs based on carbon materials have
attracted much attention due to its high power density and long cycling
life [52,53], which is attributed to the fact that carbon materials have
good electronic conductivity, high chemical stability, and large specific
surface areas [54]. Various carbon materials, such as mesoporous carbon
(MC), ordered mesoporous carbon (OMC), carbon nanotubes (CNTs),
activated carbon (AC), carbide-derived carbon, graphene and hierarchi-
cally porous carbon (HPC), etc., have been synthesized and researched
for supercapacitors.

However, it is practically difficult to obtain a single nanostructured
electrode material simultaneously with fast charging/discharging rate,
high energy density, and long cycle performance owing to some inher-
ent limitations of individual composition. For instance, carbon materials
have excellent cyclical stability and high rate capability while faced with
low specific capacitance. To solve these obstacles, various applicable
strategies have been proposed. For example, some researchers prepared
materials with high specific surface areas and well-defined pores to im-
prove the capacitance. Others synthesized the core-shell nanostruc-
tured materials with high stability and high rate capability. In general,
the core materials are the main active component with specific func-
tions, while the shell materials serve as a protective layer to enhance
the core materials performance or to produce new properties. The
unique structure could not only protect the active materials from aggre-
gation, but also be regarded as an effective strategy to simultaneously
obtain high utilization and high mass-loading of the electrode materials
for supercapacitors. Besides the spherical shape, the core-shell nano-
structures materials have a variety of other shapes, such as prism, octa-
hedron, wire, rod, cube, tube, etc. [55] These core-shell nanomaterials of
different shapes can provide short diffusion path and high active surface
area to ions and electrons and may produce a synergistic effect of each
component, resulting in high capacitance, low internal resistance, re-
markable rate capability, and excellent stability. [56] However, the
ideal core-shell structured nanomaterials in supercapacitors have
many requirements for shell materials: 1) maintain structural integrity

and limit volume expansion; 2) prevent outside environmental from
polluting the active core; 3) strengthen or produce new chemical or
physical properties; 4) protect the core from aggregation; 5) permit
rapid transport for electrons and ions, and etc.

2.1.1. Core-shell structured nanomaterials for double layer capacitors

Many researchers are dedicated to the exploration of core-shell
structured nanomaterials for EDLCs. Liu et al. [52] synthesized core-
shell structures carbon nanospheres, and used them as the electrode
of the supercapacitor. The results showed that the core-shell structures
carbon nanospheres had high specific capacitance, high current density,
and excellent long-term cycle stability. Meanwhile, there is a synergistic
effect when porous carbon materials and other carbon materials are
combined together. Based on the theory of electrochemical double
layer, the capacitive performance could be improved when porous car-
bon materials were combined with nanocarbons, such as CNTs [57,58],
graphene [59], and carbon nanofibers (CNFs) [60]. Using a simple sol-
gel method, Qian et al. [61] synthesized multiwall C(NT@MC (MWNT@
mesoC) composite, which exhibited excellent electrochemical perfor-
mance with greatly improved specific capacitance from 6.8 to
60.2 Fg~'in 6.0 M KOH. Good rate performance and high cyclic stability
(94% after 1000 cycles) were also obtained (Fig. 2).

Recently, graphene has attracted tremendous attention due to its
high theoretical surface area (ca. 2600 m? g~ '), which is substantially
higher than that of single-walled CNTs, most carbon blacks and AC
[62]. However, graphene sheets may easily re-accumulate and generate
irreversible agglomerates, damaging its energy storage performance.
Therefore, graphene is often combined with other carbon materials,
such as carbon nanofibers (CNFs), CNTs and hierarchically porous car-
bon. Lin et al. [63] synthesized novel heterostructure of CNTs@graphene
oxide nanoribbons utilizing graphene oxide nanoribbons as the shell
and the MWNT as the core. The specific capacitance (252.4 Fg~) of
this supercapacitor electrode was greatly improved and superior for
the supercapacitor electrodes compared with commercial GNP
(19.8 Fg~!) and MWN/CNT (39.7 F g~ !) because the surface area of
the contact to the electrolyte ions and the pore-size distribution can
greatly influence the capacitance. For instance, core-shell porous car-
bon@CNT ternary carbon material showed superior capacitive perfor-
mance because the developed porous structure could provide more
diffusion paths, which would significantly promote the ability of ion
transport/charge storage [64]. The electrode materials of EDLCs can be
used in some mobile and stationary systems that require high power
pulses. Therefore, There is a need to continuously improve the surface
area or select more appropriate porous structures to enhance the spe-
cific capacitance of carbon-based core-shell structured materials
[65-75]. Another method of enhancing the capacitance is to combine
the carbon materials with metal oxides/conducting polymers, as de-
scribed in the following section. They can quickly store energy in virtue
of their low time constant. Unfortunately, a high internal series resis-
tance among carbon materials is produced which makes them suffer
from high resistivity and low energy density [76]. The surface area inac-
cessible to electrolyte ions will also impede the energy storage perfor-
mance of core-shell structured nanomaterials [77]. Therefore, future
researches need to focus on rational pore distribution and higher spe-
cific surface area to improve overall conductivity and capacitance with-
out compromising stability.

2.1.2. Core-shell structured nanomaterials for pseudocapacitors
Pseudocapacitors that store charges through a Faradaic process have
attracted much attention due to their higher energy density compared
to EDLCs [78-80]. The component and the structure of the electrode ma-
terials play important roles in the charge-discharge process between
the electrolyte ions and active materials. Among all multicomponent
nanomaterials, core-shell structured nanomaterials are one of the
most promising high-quality materials due to the full contact, massive
active sites, fast ion diffusion and porous structures. Among all
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Fig. 2. (a) Nitrogen sorption isotherms, (b) pore size distribution curves, (c) the specific capacitance as a function of current density of the pristine MWNTs@mesoC and MWNTs electrode
materials in 1.0 M (C;Hs)4NBF,/PC electrolyte, (d) cyclic voltammograms at a rate of 5 mV s~ . Adapted from ref. [61]. Copyright (2011) The Royal Society of Chemistry.

core-shell structured nanomaterials, conducting polymers (CPs) (e.g.,
polythiophene [PTh], polypyrrole [PPy], polyaniline [PANI], and their
derivatives) are suitable materials for pseudocapacitors because of
their unique properties (e.g.,, low cost and small dimensions, high stor-
age ability/porosity and high voltage window, and controllable redox
activity) [21,81-85]. Jabeen et al. [86] synthesized unique NiCo,0,4@
PANI core-shell nanorod arrays (NRAs), which were used as the elec-
trode material for pseudocapacitors and attained a satisfactorily good
rate capability, high capacitance and cycling stability. In addition, note
that the work environment of CPs is harsh and needs a tough potential
window, namely, “limited scope”. Beyond the “limited scope”, the poly-
mer can be degraded in most positive potentials, and the polymer can
be turned into an insulating state when the potential is too negative.
Hence, it is vital to select a suitable potential range for pseudocapacitors.
Ma et al. [87] used the layer-by-layer process to prepare a novel material
containing PPy, ZnO and MnO,. The charge transfer impedance of the
composite was decreased, and the electrochemical property was im-
proved (~1281 F g7 1/25 A g !). Generally, poly(3,4-thylene-
dioxythiophene) is used as an alternate material for pseudocapacitors
because of its high stability [88,89]. Many researchers find it perplexing
that the shrinking and swelling of CPs in the deintercalation/intercala-
tion process result in weakening of mechanical strength of electrode
and the decline of capacitance during cycling. To solve these shortcom-
ings, some effective strategies have been investigated, including im-
proving the morphologies and structures of CP materials, hybridizing
pseudocapacitors, and fabricating composite electrode materials. For in-
stance, Hu et al. [90] synthesized hierarchical manganese dioxide/poly
(3,4-thylene-dioxythiophene) (PEDOT) core-shell nanoflakes on CNF
derived from ramie (RCFs) (Fig. 3a-d). The hybrid electrode material
achieved a high specific capacitance with 922 Fg~! (1A g™ ') and a re-
markable rate capability retention of 345 F g~ ! (40 A g~ 1). They also
found that the specific capacitance of the CP device after 10,000 cycles
at a charge-discharge density of 8 A g~! only slightly decreased,
retaining approximately 83% of the initial capacitance. The performance
of CPs can be significantly improved because of the unique merits of
core-shell structure electrode material.

Generally, metal oxides have better electrochemical stability than
CPs and higher energy density than traditional carbon materials for

pseudocapacitors. They can be used as a substitute for carbon materials
as new material for energy storage, and they can also produce faradaic
reactions between ions and electrode materials within a suitable poten-
tial window [93]. For metal oxides in pseudocapacitors applications, the
general requirements are (i) good conductivity, (ii) existence in two or
more oxidation states, and (iii) the protons can be out of the lattice on
oxidation (freely insert the oxide lattice on reduction), permitting facile
conversion of 0>~ « OH™. Until now, those materials with core-shell
structure, including nickel oxides, manganese oxides and other metal
oxides, have been widely used in pseudocapacitors applications. Since
an early study by Goodenough and Lee in 1999 [94], MnO, has been
concerning. It was regarded as a promising alternative materials for
pseudocapacitors applications because of low toxicity, environmental
safety, and low cost as well as good specific capacitance [87,95-97].
Both chemical factors and physical properties, such as the crystallinity,
crystal structure, specific surface area and pore structure, can affect
the electrochemical performance of Mn oxides. For example, the stabil-
ity of Mn oxides is primarily decided by their microstructure [98]. Liu
et al. [99] used nano-networks of a MnO,/Ni core-shell composite as a
pseudocapacitor electrode material, and it exhibited excellent electro-
chemical performance and demonstrated a capacitance of 214 Fg ™!, ac-
cording to galvanostatic testing in a stable current density of 20 Ag™".
Many researchers have also emphasized the hierarchical core-shell
structure to maximize the specific surface area of metal oxides
[11,95,100]. The construction of peculiar hierarchical core-shell nano-
structures plays a significant role in the effective enhancement of the
stability and the rate capacity. The cycling stability achieved 98.1%
after 10,000 discharge-charge cycles, higher than those reported in the
literature [101-103].

Generally, NiO and Ni(OH), composites are considered to be prom-
ising materials in pseudocapacitors applications because of the wide
potential window, high specific capacitance, inexpensive raw mater-
ials and easy control of the binary oxides composition [104]. The
synthesized nano-NiO composites involve nanoflakes, nanosheets,
nanocolumns, nanoring, and hierarchical nanoflowers as well as hollow
nanospheres [105-109]. However, it is challenging to use NiO-based
electrode materials for the pseudocapacitors because of its poor cycle
performance and high resistivity. Therefore, the hierarchical porous
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core-shell structured nanomaterials of nickel oxides have been highly
developed [110]. As a result, the capacitance retention ratio of nickel
oxide greatly improved because the hierarchical porous core-shell
structure could admit ions to easily pass through the electrode/electro-
lyte interface. Recent studies have found that the specific capacitances
of Ni(OH), composite are significantly higher than NiO [111]. Jiang
et al. [97] synthesized Ni(OH),@MnO, nanowires, which were used as
the electrode material for pseudocapacitors. This electrode material
could be used in both neutral electrolytes and alkaline electrolytes and

showed good cycling stability because of the synergistic effect between
the shell and core. Yin et al. [112] found that NiCo-O/Ni(OH), core/shell
electrodes had great practical values in the fields of pseudocapacitors.
Beyond that, other transition metal-based core-shell materials also
have desirable properties, such as Co304/Co(OH),, Fe304, ZnO, MoOs3,
and CuO, etc. [113-115]. For example, prepared 3D Co@Co30,4 nano-
network exhibited high capacitance (1049 Fg~) [80]. Aiming to further
improve the performance of transition metal-based core-shell mate-
rials, some optimizations have been performed by doping with other
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metal elements. For instance, Hong et al. [45] synthesized Co30,@Co-Ni-
sulfides nanowire arrays as the electrode material for pseudocapacitors.
This electrode material obtained a higher specific capacitance of
1844 Fg~!at 5 mA cm 2. Fe50,@Sn0, core-shell nanorod film was pre-
pared and exhibited good cycling stability [116]. Generally, compared to
Co304-based materials, Co(OH),-based materials can provide much
higher specific capacitances. Recently, other metal oxides have also
been studied extensively. Fe30,@Sn0, core-shell nanorod film was pre-
pared by Li et al. [116] and used as a pseudocapacitor electrode, which
exhibited good cycling stability. The noble metals of Au and Ag have
attracted considerable attention recently due to their high electrochem-
ical stability [117]. In particular, Yuksel et al. [118] prepared a novel
hybrid composite consisting of silver nanowire core with MoO,
shell as pseudocapacitors electrodes. The electrode material improved
the specific capacitance and exhibited excellent ability retention
after 5000 cycles. Many other metal oxide materials, such as ZnO,
MoO,, and CuO, have also been studied as electrode materials for
pseudocapacitors [113-115]. Basically, the redox activity and surface
area are improved by regulating the materials morphology or combin-
ing them with other materials. Pseudocapacitors materials, partic-
ularly CPs, are still subject to some problems, such as significant
volume changing in the process of charging and discharging and poor
cyclic stability.

2.1.3. Core-shell structured nanomaterials for asymmetric supercapacitors

The design of novel advanced supercapacitors should possess higher
energy and operating voltage in the future [119]. Recently, asymmetric
supercapacitors have attracted much attention due to their high cell
voltage, consisting of a capacitor-type electrode as power source and a
battery-type Faradic electrode as an energy source because it can signif-
icantly enhance energy density and improve specific capacitance
by exploiting the two electrodes, with different potential windows,
to enhance the operation voltage [120,121]. Various asymmetric
supercapacitors have been widely studied, such as AC//LiMn;04 [122],
AC//MnO, [123], AC//graphite [124], CNT//TiO, [125], etc. The perfor-
mance of asymmetric supercapacitors directly depends upon the prop-
erties and structure of the super-capacitive electrode materials [126].
Therefore, the construction of core-shell structured nanomaterials
with the transition metal oxides has attracted the concern of the re-
searchers due to their superior achievable oxidation states, electrical
conductivity, and high electrocatalytic activity.

As for the cathode material of asymmetric supercapacitors, carbon
materials are a widely utilized cathode material, due to their relatively
good electrical conductivity and high surface area [127]. To satisfy the
demand of high current density in a large charge/discharge process, car-
bon materials should have a high surface area and short pore length, as
well as narrow pore size distribution with interconnected pore struc-
ture, because it can provide not only a good rate capability but also an
enhanced energy, thereby producing an enormous amount of double
layers to expedite the transmission of electrolyte ions [ 128]. For the pos-
itive electrode material, the core-shell structure pseudo-capacitive ma-
terial with high electrical conductivity and smaller nanometer-sized
particles, such as MnOy, CoOy, FeOy and NiOy, are particularly attractive
because of their easy fabrication, tunable surface, desirable pseudo-
capacitive and structural properties, abundant nature, and high theoret-
ical capacitance [129,130]. For example, the 3D core-shell structured
NiCo-LDH@CNT (LDH- layered double hydroxide) and APDC (activated
polyaniline-derived carbon) were used as positive electrode and nega-
tive electrode, respectively [91]. The positive material exhibited high ca-
pacitance of 2046 Fg~'at1Ag 'and 1335Fg 'at15A g !, witha
mass loading of 8.5 mg/cm 2, respectively (Fig. 3e). It also exhibited ex-
cellent cycle stability (Fig. 3f). It is remarkable that the NiCo-LDH@CNT/
NE//APDC/NF supercapacitor device showed a maximum power density
of 8.7 kW kg~ ! with an energy density of 41.7 Wh kg ™! and a maximum
energy density of 89.7 Wh kg™~ ! at a working voltage of 1.75 V
when combined with APDC-based negative electrode. CoO@MnO,

nanowire@nanosheetarrays (NNSs) were tested in asymmetric hybrid
cell configurations, in which the CoO@MnO, NNSs exhibited a signifi-
cantly improved specific capacitance of 3.03 Fcm™2 (~1515 F g~ 1)
with a broad potential window of 0.8 V at 2.0 mA cm ™2, which was
much better than the most reported Co304-based core-shell structure
NNAs electrodes (Fig. 3g) [92]. Meanwhile, the energy density of asym-
metric supercapacitor devices with long-term cycling capacity can
retain 96.5% of the initial capacitance after 5000 cycles (Fig. 3h).
We can also see the electrochemical performance of asymmetric
supercapacitors compared to EDLCs and pseudocapacitors with differ-
ent core-shell structured nanomaterials in Table 1. The electrochemical
performance of pseudo-capacitive materials with CPs and transition
metal oxides can be enhanced through combination with carbon mate-
rials. The asymmetrical supercapacitors have been profoundly studied
to enhance the overall cell voltage, power densities and energy of elec-
trode materials. However, the coordinating optimum charge-discharge
rates between pseudo-capacitive materials and carbon material
must be considered fully in the practical application of asymmetric
supercapacitors.

2.2. Core-shell structured nanomaterials for lithium battery

The development of rechargeable lithium-ion batteries (LIBs) with
high energy densities has received considerable attention. However,
the electrode materials of LIBs are still suffering from many obstacles,
such as the slow Li* diffusion and high resistance at the electrolyte/
electrode interface. To solve these difficult problems, great efforts have
been devoted to the development of advanced active electrode mate-
rials with good thermal/mechanical stability, high power/energy den-
sity, low cost and environmental friendliness for practical applications.
Among all the research, various core-shell structured nanomaterials
have aroused great attention because they can improve the reactivity
and conductivity of Li*™ ion/electron, accelerate charge across the elec-
trolyte/electrode interface and shorten the Li* extraction/insertion
pathway. In this system, the shell also plays a vital role in enhancing
the performance of active core materials. To enhance the electronic
conductivity, besides traditional carbon materials like graphite,
metal/metal oxides and electrically conductive polymers are also suit-
able candidates for shell materials. To solve the problem of volume
change, polymers, amorphous carbon, and other flexible materials can
be selected due to their abundant pore structure. Thus, the selection of
shell materials should meet the following requirements: 1) it can im-
prove the electronic conductivity of active cores; 2) it should provide
a buffering space for the enormous contraction/expansion; 3) it can pro-
tect the active core materials from directly contacting the electrolytes or
air and avoid the loss of active ingredients; 4) it can react with HF pro-
duced from electrolytes to maintain a stable and high performance of
active cores (the shell always acts as a HF scavenger). Since related con-
tent as introduced in a 2011 review [148], here we mainly review stud-
ies from 2011 to the present and summarize the electrochemical
performances of core-shell structured nanomaterials for LIBs.

2.2.1. Lithium transition metal oxides

Lithium transition metal oxides (LTMO), such as layered LiCoO,,
Li4TisO1, and spinel-type LiMn,0,, are the typical and most promising
materials. The strong M-O bonds (where M = Co, Fe, Ni, Sn, Cu, etc.)
can provide favorable Li™ transport paths and electrons, and insure
the stability of the structure in the process of lithiation/delithiation. In
particular, the LTMO with core-shell structure is a promising material
to increase the yield of Li™ and facilitate the electronic transport, restrict
or accommodate the volume change. Carbon coating is considered to be
a feasible method because of its low cost, easy preparation, low resis-
tance and environmental friendliness. For instance, Zhong et al. [149]
synthesized a LiFeg sMng 3C0q,P04@C composite through a simple rhe-
ological phase reaction, in which the carbon source was stearic acid.
This symmetrical carbon layer achieved a high discharge capacity
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Table 1
Summary of the performances of core-shell structured nanocomposites anodes for supercapacitors (reported in the literature since 2011).
Type Active material Synthesis method Eenrgy density Capacitance' Capacitance? Cycle Ref
Double layer N-doped active carbon Dipcoating 50.0 W kg ™! 5528Fg~! 3732Fg™! 2000 (90%) [131]
capacitors fiber@graphene (171 Whkg™") (0.1Ag™Y) (20Ag™)
Sea urchin-like core-shell One-pot cooperative assembly - 230Fg! 103Fg! 10,000 [132]
hierarchical porous carbon (05Ag™ ") (10Ag™") (95.02%)
Graphene and core-shell Hydrothermal - 193Fg~! 138 Fg~! 6000 [64]
activated carbon coated carbon (10mvs~1) (5000 mVs—!)  (100%)
nanotube
Multiwall CNT@ mesoporous Sol-gel methods - 60.2Fg™! 36Fg™! 94% (1000) [61]
carbon (1Ag™) (20Ag™)
Pseudocapacitors Multi-walled CNT@ graphene Layer-by-layer hydrothermal - 3119Fg! 80.7Fg! 95% (1000) [133]
oxide nanoribbons (5mvVs1) (1000 mV s~ 1)
C030,@CoMo0,4 nano-pine 400 W kg ™! 1902Fg! 1200Fg! 5000 (99%) [134]
forest arrays (452Whkg™ 1) (1Ag™) (10Ag™)
Ag nanowire@Ni(OH), Electrodeposition - 11652 Fg ! 863.0Fg! 3000 (93%) [135]
(3Ag™) (500Ag™")
Highly porous honeycomb Hydrothermal+ in situ redox 12,000 W kg~ ! 29524 Fg™! 5828 Fg~! 3000 [136]
manganese oxide@carbon fibers replacement reaction (100Whkg™ 1) (100mA g™ 1) (500mA g 1) (96.4%)
Hollow Sn0,@Co50,4@ graphene Deposition+ hydrothermal - 530Fg! 350Fg! - [137]
foam (05Ag™ 1) (10Ag™)
NiC0,0,@MnMo0y, core-shell Hydrothermal 7000 W kg ! 1118 Fg! 746 Fg~! 5000 [138]
flowers (1264Whkg™") (1Ag™) (10Ag™") (92.3%)
3D NiO@MnOOH Electrodeposition+chemical bath ~ 17.1 W kg™! 1890.5Fg™! 12233Fg! 5000 [139]
deposition (80Whkg™1) (1.7Ag Y (20Ag™) (105.7%)
Asymmetric 3D ordered core-shell Electrodeposition hydrothermal 473Wkg™! 1200Fg ! 370Fg! 2000 (96%) [140]
supercapacitors*  macroporous Mn/Mn oxide (79Whkg™1) (10mvs~1) (500 mVs—)
C050,@CoMo0,//CNTs 6400 W kg~ 128 Fg~! 68Fg! 3000 [134]
(37.0Whkg™") 3Ag™" (8Ag™) (98.5%)
NiC0,5,@Co(OH),//AC Hydrothermal+ electrodeposition 400 W kg ™' 9.6 Fcm ™2 6.4Fcm—2 5000 [141]
(35.89Whkg™1) (2mA cm™—2) (32mAcm~2)  (70.0%)
Hirearchically porous MnO, Sol-gel 9000 W kg ! 276 Fg! 200Fg! 6000 [142]
nanflakes@PPy nanowires//AC (17Z1Whkg™) (2Ag™ (20Ag™") (90.3%)
ZnO@MnO, nanofiber//AC Electrodeposition 650 W kg ™! 907Fg™! 210Fg™! 2500 (97%) [143]
(17.0Whkg™ 1) (06Ag™ 1) (35Ag™ 1)
A-Fe,0;@PANI// Electrodeposition 120.51 mW cm 3 202mFecm™3 078 mFcm™3 10,000 [144]
(0.35mWh cm—3) (5mVs1) (100 mVs—1) (95.7%)
Hierarcal Fe;0,4@Fe,05 nanorod ~ Hydrothermal+ electrodeposition ~ 15.6 mW cm 3 1206 mFcm ™ 0.55 mFcm > 5000 (92%) [145]
arrays//Fe;0,@Mn0, (0.83mWh cm—3) (5mvVsT) (200mVs1)
MnO,@NiMoO,//Porous carbon  Hydrothermal 450 W kg~ ! 1869Fg! 465Fg! 20,000 [146]
(125Whkg™1) (10mvs) (100mvs—)  (132.7%)
Homogeneous core-shell Hydrothermal 247 Wkg ' (10.6 1948 mFcm™2 1546 mFcm™2 5000 (94%) [147]
NiC0,S4// Whkg™ 1) (5mA cm™—?) (20 mA cm—2)

Capacitance': Capacitance at low current density.
Capacitance?: Capacitance at high current density.
* a//b a-positive electrode, b-negative electrode.

(146.7 mAh g~ ! at 0.1C) and maintained 90.6% after 100 cycles with
ability retention because the existence of carbon shell avoided the active
component from corroded by electrolyte. Meanwhile, carbon-coated
LiFePO,4 was synthesized by Wang and coworkers using a solid-liquid
reaction milling method [150] and exhibited good electrochemical per-
formance (131.3 and 163.6 mAh g~! under different temperature).
However, carbon-coated lithium transition metal oxides electrode ma-
terials have been rarely reported because the active metals, particularly
high-valence metal, might be reduced by the CO or H, in the carboniza-
tion process of hydrocarbons [151]. Accordingly, researchers have been
working on developing carbon-coated layer substitutes, which would
greatly improve the electrochemical behaviors.

LiFePO4 and vanadium-based phosphate (LiVOPO,, LizV,(PO4)3 and
LiVPQO,) are one of the most promising materials due to their abundant
raw materials, good thermal stability and good electrochemical perfor-
mance. However, poor ionic and electronic conductivity limit their wide
application. To enhance the electronic conductivity of Li* inherently, an
effective method is to cover a layer of carbon shell on the surface. For ex-
ample, preparation of LiFePO, powder with a high conductivity carbon
shell through mechanical mixing, such as acetylene black, graphite,
mesocarbon microbead (MCMB), can produce a rough core-shell struc-
ture. However, the active sites are not completely encapsulated by the
carbon shell, and many naked areas are directly exposed to electrolytes
or air [150]. The strategy can avoid these results by using organic matter

as carbon source. Liu et al. [152] fabricated LiFePO,@C composite by
using organic matter as a carbon source, showing prominent initial ca-
pacity (161 mAh g~'/0.1 C), excellent rate discharge ability (135 mAh
g~ '/5C) and high cycling retention (99.6% after 100 cycles). Despite
the fact that the low conductivity can be enhanced by being fully cov-
ered with carbon materials as mentioned above, the low tap density
and high cost of nanomaterials still limit their large-scale practical ap-
plication. Xu et al. [153] synthesized LiFePO4@C using ascorbic acid as
carbon source which exhibited excellent electrochemical performance.
This composite produced inter-connective pores that benefited electro-
lyte adsorption and dramatically decreased the diffusion pathway of
Li*. The LiFePO,@C composites showed excellent electrochemical per-
formance. However, both LiCoPO4@C and LiMnPO,@C possessed higher
potential (4.1 V and 4.8 V vs. Li*/Li) than LiFePO,4 (3.4 V vs. Li*/Li)
[154-156]. Cheng et al. [157] synthesized LiMnPO,4@C nanocomposites
which produced a high capacity of 156 mAh g~ and superior stability
because the uniformly covered carbon layer could prevent LiMnPOg4
from an HF attack and even lead to lesser manganese dissolution,
lower resistance and optimal conductivity. Meanwhile, LisV,(POg4)3
has the same low conductivity as LiFePO,4. The issue can also be resolved
by doping or covering the conductive materials. Duan [158] synthesized
LisV,(P0O4)3@C nanocomposites by using ascorbic acid and PEG-400 as a
carbon source, using a hydrothermal-assisted sol-gel method. It exhib-
ited a prominently long cyclic stability and high rate capability. Fig. 4a
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Fig. 4. The electrochemical performance of M-LVP and N-LVP: the initial charge/discharge profiles (a), the cycling performance (b), the corresponding differential capacity plots (c) at 5 C;
The electrochemical performance of LVP@CNT: cycling performance at 5 C charge and 100 C discharge rates (d), corresponding cycling performances of LVP@Graphite, LVP@Graphene,
LVP@CNT, and LVP@SP at 5 Crate (e), and electronic conductivities (f); Adapted from ref. [158, 160]. Copyright (2013) The Royal Society of Chemistry; Copyright (2015) American Chem-
ical Society, respectively. (g) SEM images of S24 h (react time) and (h) cross-sectional TEM images, (i) variation of discharge capacities versus cycle number for S24 h and S48 h at room
temperature and 50 °C, and their coulombic efficiency at room temperature (j and k), (1) charge/discharge curves of S24 h and (m) S48 h between 2.0 and 4.0 V at 10 mA g~ ! under room

temperature. Adapted from ref. [161]. Copyright (2011) Elsevier B.V.

shows that the nanocomposites with different crystalline phase have a
similar charge-discharge profile shape. In particular, N-LVP (the red
line) exhibited a discharge capacity of 138 mAh g~ ' at 5 C within a volt-
age range of 3-4.8 V, and the capacity retention was 86.0% after
1000 cycles. However, the capacity of M-LVP (the black line) had
faded to 84.0% after 200 cycles, with an initial discharge capacity of
111.0 mAh g~ ! (Fig. 4b). The corresponding dQ/dV plots suggested
that all three Li ions are mobile during discharge-charge process. The
peaks of N-LVP (the red line) are sharper and have a higher intensity,
suggesting easier insertion/extraction of Li™ (Fig. 4c). Zhang et al.
[159] anchored the monoclinic LisV,(PO4)3@C particles to graphene
sheets using the Pechini method, in which the graphene was first sug-
gested to use as a chelating agent. The composite showed excel-
lent electrochemical performance and provided high capacities
(104,91 mAh g~ /5 C and 85 mAh g~ /30 C, respectively). Moreover,
the cycling stability was also enhanced in voltage window of 3.0-
4.8 V, and the initial capacity remained 83% after 100 cycles. Mao et al.
[160] synthesized the LizV,(P0O,4);@CNT nanocomposites through an in
situ synthesis strategy (LVP@CNT). It exhibited a high rate ability and
long cyclic stability and provided a remarkably reversible capacity
(91.94 mAh g~ 1/100 C) (Fig. 4d). Even after 200 cycles, the capacity re-
tention could retain 91.28% at a 5C rate compared to different carbon
materials. The initial reversible capacity could even remain 80.0% after
382 cycles, and the Coulombic efficiency was hardly reduced (Fig. 4e).
Meanwhile, LVP@CNT had the highest electronic conductivity
(~1072S cm™!) compared to that of its counterparts; this outcome
was highly related to its intrinsic properties (Fig. 4f).

The electrolytes have an important influence on the performance of
coating materials. The traditional electrolytes primarily include car-
bonic esters and lithium salt (LiPFg), which are easily affected by
damp air. In truth, LiPFs-based electrolytes with a little water will
greatly accelerate the decomposition of LiPFg salt along with HF gener-
ation [162]. The active component will be corroded by HF; meanwhile,
the solvent will be oxidized to produce a stable solid electrolyte

interface sheeting by the high valence metals. To inhibit the corrosion
of active component, electrolyte additive are widely studied, which
can generate effective solid electrolyte interface sheeting. Simulta-
neously, modifying the surface to form a “shell” is also a feasible strat-
egy because it can guarantee the direct contact between an active
component and electrolyte and prevent co-intercalation and corrosion
by producing a protective layer. Furthermore, the dense passivation
layer could also enhance the cyclic stability and stabilize the crystalline
lattice. Cho et al. [163,164] earlier adopted a strategy to modify the sur-
face by covering inactive metal oxides on LiCoO, particles. They found
that the dense inactive metal layer could significantly impede the
change of lattice constant and inhibit the unwanted phase transition
during electrochemical cycling. Li et al. [161] synthesized the core-
shell structure Li;Mns0;,@Li,MnO;3 using a facile LiNO3 flux method.
The TEM image of the nanocomposite revealed that microspheres
were a kind of core-shell structure (Fig. 4g). A layer nanorod with
lengths of 200-300 nm, and diameters of 20-30 nm grew on the surface
of the microsphere, which constituted the shell of the microsphere
(Fig. 4h). In addition, as shown in Fig. 4i, S24 (prepared for 24 h) exhib-
ited good cycle stability with initial capacity of 136.0 mAh g~!, which
remained 94.2% after 50 cycles. The two constructed devices showed
excellent coulombic efficiencies and demonstrated highly reversible in-
sertion/extraction of Li* during discharge and charge process (Fig. 4;
and k). Meanwhile, the discharging and charging behaviors of the nano-
composites S24 h and S48 h (prepared for 24 h and 48 h) exhibited the
typical characteristics of a LisMns0;, electrode at the current density of
10 mA g~ ! (Fig. 41 and m). These results indicated that the Li,MnOs
shell could enhance the cycling stability of electrode materials.

2.2.2. 5i, Sn and alloys with carbon shells

Silicon-based materials have obtained tremendous attention due to
their high theoretical capacity of nearly 4200 mAh g . It is approxi-
mately 11 times as much capacity as traditional graphite (372 mAh g ™!
for LiCg). However, the large volume expansion/contraction of electrode
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materials seriously limits the practical application, resulting in the break-
down of the electrically conductive network and pulverization of the
electrode [165]. To solve these issues, researchers emphasized the fol-
lowing three strategies: usage of effective binders, and preparation of
nanoscale materials and construction of core-shell structures. For
instance, roughly carbon-coated Si-based materials were prepared
through various strategies and exhibited excellent capability (500-
900 mAh g~ 1) [166-168]. Ascribing to the large surface stress, nanoscale
Si-based materials were hard to wrap into carbon particles without
pretreatment, therefore, micron-sized Si-based materials were often
used to prepare core-shell structured nanomaterials with carbon shell.
On the other hand, since the nanoscale Si-based powder possesses higher
irreversible capacity and more side reactions, they can shorten the path
lengths of Li-+ transport, increase interfacial areas, and improve accom-
modation of the volume change. Hence, it is meaningful to develop a sim-
ple and low-cost synthesis method of nanoscale Si-based powder with
carbon shell. Kim et al. [169] synthesized carbon-coated Si nanocompos-
ites through thermal decomposition. The Si-based anode materials
exhibited excellent rate capability (1700 mAh g~ !), stable cycle
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performance (remain 1200 mAh g~ after 300 cycles) due to the exis-
tence of carbon shell. Similarly, Zhou et al. [170] synthesized Si@C core-
shell composites through a flexible and tunable route, which showed
large volume variations and poor cycle stability. The combination of car-
bon and silicon is essential to improve the performance of the Si-based
electrode materials. In addition, Si@C nanocomposites can also be syn-
thesized through scattering silicon nanoparticles in carbon composites
with immediate carbonization. These composites showed high revers-
ible capacities (1000 mAh g~ ') [171]. Si@C nanotubes and nanowires ex-
hibited better high-rate performances and higher reversible capacities
than pure Si@C nanoparticles. Carbon-coated 1 D materials, particularly
when nanowires/nanotubes are regularly coated the collector, can pro-
vide good accommodation and improve electronic transport capacity
[172]. It is also easy to coat Sn and Sb-based composite with a carbon
shell. This composite can provide a larger expansion space and high elec-
tronic transfer rate, leading to high cycling stability and energy density. Li
et al. [173] synthesized yolk-shell Sn@C composite (SCE) using a facile
method. The synthetic procedure of the composite is shown in Fig. 5a.
The hollow SnO,@C was first fabricated as precursors through a simple
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Fig. 5. (a) Synthetic procedure of SCE, (b) SEM images of hollow SnO, precursors and (c) TEM images of SCE, (d) CV curves at a scan rate of 0.1 mV s~ ! in 0.02-3 V, (e) cycling performance
of SCE at 100 mA g~ . Adapted from ref.[173]. Copyright (2016) American Chemical Society. (f) FESEM and (g) TEM images of the Sn0,@C yolk-shell nanospheres, (h) cycling performance
of the pure hollow SnO, particles and Sn0,@C yolk-shell nanospheres, (i) FESEM images and (j) TEM images of the core-shell SnO,/C hollow fibers, (k) rate capability of bare SnO, nano-
particles and core-shell SnO,/C hollow fibers at various current densities. Adapted from ref. [178, 179]. Copyright (2015) American Chemical Society; Copyright (2014) The Royal Society of

Chemistry, respectively.
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solvothermal strategy. Then, it was homogeneously dispersed in glucose/
NaCl solution because NaCl is a thermally stable template. The SnO,@C
was reduced to Sn@C and the glucose was turned into carbon after car-
bonization process in Ar/H,. The Sn@C yolk-shell structure could be
clearly observed in Fig. 5b and c. The electrochemical test was used to
evaluate the SCE electrodes at 0.1 mV s~' (0.02-3 V) (Fig. 5d). The gen-
eration of solid electrolyte interface films resulted in the difference
between the second and first cycles. This novel nano-architecture
showed good electrochemical performance in LIBs. The electrodes still
retained a capacity of 850 mAh g~ after 50 cycles with initial capacity
of 1200 mAh g~ !, which is higher than the traditional graphitic anode
(373 mAh g 1) (Fig. 5e). More efforts recently have been directed toward
developing advanced core-shell structured nanomaterials and tech-
niques to enhance the performance of electrode materials [174-177].

2.2.3. Other metal oxides with carbon shells

The process of Li storage in metal oxides consists of the decomposi-
tion and formation of Li,0, along with the oxidation and reduction of
metal particles; this process is different from the traditional Li
deinsertion/insertion or Li-alloying/dealloying processes. However,
these obstacles, including the low coulombic efficiency, large volume
change and poor electronic conductivity during charge/discharge pro-
cesses, limit their wide applications. Construction of a core-shell
structure is regarded as an effective method for electrochemical perfor-
mance improvement because it has the advantages of shortening the
distance of Li™ transfer, increasing electronic conductivity and buffering
volume expansion. Huang et al. [180] introduced a two-step strategy to
synthesize Fe;0,@C nanoparticles and this composite exhibited stable
discharge capacity (800 mAh g!) with no significantly decrease after
100 cycles, which is much higher than the theoretical discharge ability
of the commercial graphite. Following this line of thought, Li’s group
synthesized Fe;0,@C chains, rings, and spheres with adjustable mag-
netic properties by regulating time and temperature [181]. The results
revealed that the Fe;0,@C chains (1410 mAh g~ !) and rings
(1381 mAh g~ 1) had superior cycling stability and better reversible ca-
pacity than monodisperse Fe;0,@C spheres (1031 mAh g~ 1) because
the closed ring and chains structure could distinctly enhance the ionic
and electronic conductivity. Another advanced strategy to limit volume
change is a reasonable combination of different structures, such as com-
bining the Fe;0,@C with the nanotubes structure. The results indicated
that the novel composite possessed high voids and large surface area. It
also provided evidence supporting the conclusion that the carbon coat-
ing could enhance the electrode materials performance for LIBs. Fe;0,4
composites have high electronic conductivity, similar to amorphous car-
bon. Therefore, they would be the most potential active materials, due
to the higher tap densities, superior coulombic efficiencies.

Sn0, is also regarded as a potential candidate for application in ad-
vanced materials, such as the next generation of lithium-ion batteries,
due to the high theoretical capacity. Several SnO,@C nanocomposites
have been successfully prepared and recently exhibited excellent elec-
trochemical performance [178,179,182-184]. For example, Wang et al.
[178] synthesized uniform yolk-shell SnO,@C nanospheres as the
anode materials for lithium-ion batteries. This nanocomposite had uni-
form spherical morphology (Fig. 5f) and possessed a yolk-shell struc-
ture (Fig. 5g). This nanocomposite with a hollow highly crystalline
Sn0, core possessed high surface area (~205 m? g~ 1), with large pore
volume (~0.25 cm® g~ 1). It also exhibited a high Li* storage capability
(2190 mAh g~ 1), good rate capability and excellent cycling stability.
This novel nanocomposite improved the cycling performance with a re-
versible capacity of 630 mAh g~ after 100 cycles (Fig. 5h). Some studies
have also indicated that a hollow SnO,@C sphere can shorten the path-
way of Li* transportation, retard the volume expansion and improve
the rate capability. Zhou et al. [179] prepared novel hollow SnO,@C
nanoparticles through coaxial electrospinning and used those nanopar-
ticles as anode materials for lithium batteries. These nanocomposites
presented hollow tubular fibers with an approximately 50-100 nm

shell and average diameter of 2 um (Fig. 5i-j). The existence of core-
shell structure significantly improved rate capability than bare SnO,
nanoparticles at various current densities (Fig. 5k). Meanwhile, this
composite showed a high reversible capacity (1002 mAh g~ 1), a high
cycling stability and superior rate capability (remain 833 mAh g™!
over 500 cycles). The unique hollow core-shell structure can retard
the volume expansion and contraction of electrode materials by provid-
ing sufficient voids during delithiation/lithiation processes. All results
confirmed that the existence of carbon shell could significantly improve
the performance of SnO, electrode materials, particularly when com-
bined with mesoporous and hollow structures. TiO, composites are
also a type of special electrode material due to the small volume change,
excellent rate capability and high stability. Moreover, compared to
LisTis01 (1.9 V vs Li*/Li), TiO, composites possess lower voltage
(1.5 V vs Li*/Li). However, the inherent low conductivity restricts
their wide applications, thus combining with other highly conductive
composites with core-shell structure is an effective strategy.

Other MOs have been widely studied in depth as the anode materials
for lithium-ion batteries, except for the aforementioned Fe504, TiO,, and
SnO,. However, most of the MOs cannot be coated with a carbon shell
because many high valence metal elements can be reduced by a CO or
H, atmosphere [185]. For example, Fe;03, MnO,, Co304, CuO, and
MoOs5 can be reduced to Fe304, MnO, CoO, Cu,0, and MoO, in turn,
and the high temperature can also promote the generation of counter-
part high valence metals. To obtain advanced core-shell nanostructure
MOs materials with environment friendliness, low cost, superior energy
density, and good mechanical stability for LIBs applications, various syn-
thetic methods have been studied, such as the optimization of crystal
structure of MOs materials, combination with MOs and active/inactive
materials, and formation of nanoscale MOs materials. In particular, the
reaction time and atmosphere need reasonable control to avoid the
high valence metals being reduced. Correspondingly, some promising
prospects can be inspired by previous reports, which can guide the di-
rection of future research. Thus, more studies that focus on studying ad-
vanced core-shell structured nanomaterials and exploring the
modification mechanism should be performed. Finally, new industrial
techniques and large-scale production are the two key factors for
nanomaterials in the practical application. We can also see the perfor-
mance of Li-ion batteries with different types of core-shell structured
nanomaterials in Table 2.

2.3. Core-shell structured nanomaterials applied to hydrogen storage

The utilization of H, as a carrier or energy source, such as fuel cell
powered electrical vehicles, is restricted by the lacking of safe and effec-
tive H, storage system. In this section, we review the progress of various
core-shell structured nanomaterials adsorbents for H, storage, includ-
ing carbon materials, MOFs (metal organic frameworks), etc. The new
techniques to improve the capacity of hydrogen storage are discussed,
along with future directions. Since Dillon and co-workers first published
their report on H, storage in carbon materials [202], increasingly more
researchers have focused on H, storage in carbon materials. However,
there are still some problems with the large-scale application of carbon
materials to storage H, because carbon material is difficult to restore its
re-adsorption capacity. Meanwhile, the impurities in the H, and carbon
samples, the differences in accurate measurement, and the obscure
mechanism of hydrogen adsorption are considered to be the causes of
this difference in the H, storage capacities of carbon materials
[203-206]. Recent studies have demonstrated that the core-shell nano-
structure with carbon materials could significantly improve H, storage
capacity. For example, Chang et al. [207] prepared CNF@Co and CNT@
Co nanoparticles, and these nanocomposites exhibited excellent H,
storage reversibility and superior H, storage capacity. The as-obtained
CNF@Co and CNT@Co have high H, storage capacities of 739.4 mAh
g~ ! and 717.3 mAh g~ !, respectively, under ambient pressure and
room temperature. They also found that the hydrogen storage capacity
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Table 2
Summary of the performances of core-shell structured nanocomposites anode for lithium battery (reported in the literature since 2011).
Type Active material Surface  Synthetic method CcD? DC® (mAh  CP¢ Ref
area g 5
2 1 Cycle DC” (mAh
(m?g") (cycley  FE 5
Lithium transition metal Li4TisO;,@Carbon 79 Solid-state reaction 1C 153 1000 145(10C) [186]
oxide LiFePO4@CNT nanowires 343 Sol-gel route+ solid state 17mAg~' 160 100 34(0.2C) [187]
reaction
LiFePO4@CNT nanowires 729 Liquid deposition+ 02C 132.8 300 62.4(20C) [188]
solvothermal
F-doped LiFePO4@C composite - Sol-gel+ heat treat 01C 162 400 67 [189]
Li3V5(PO4);@C 130.8 Hydrothermal+ sol-gel 5C 138 1000 119 [158]
method
LiFe; 3Mn; 3C04,5P04/carbon - Microwave heating rout 01C 160 30 76 (20 C) [190]
Si, Sn and alloys with carbon  Si/CNT encased in carbon - Electrospinning+ C/10 1500 100 1000 (1C)  [191]
shells carbonization
Core-shell amorphous Si@C nanoparticles 176 Laser-driven chemical vapor 2 C 800 500 1250(0.2C) [192]
pyrolysis
Si/hollow carbon composite fibers 191 Coaxial electrospinning 02Ag! 903 100 804 [193]
Mesoporous silica encapsulated by carbon 506 Hydrothermal+ calcination 500 mAg~' 1055 150 1055 [194]
core and shell
Si@Ti0,.x/Carbon mesoporous microfiber 163 Hydrothermal+ 12C 939 50 945 (02C) [195]
composite Electrospinning+
Heat-treated
Other metal oxides with GeO,/nitrogen-doped porous carbon 86.8 Sol-gel+ calcination 20C 412 200 831(05C) [196]
carbon shells Zn/ZnFe,0,@C mesoporous nanospheres 80 Sol-gel+ calcination 100mAg~"' 1170 500 718 [197]
Graphene@Fe;0,@C 136 Solvothermal 100mAg~"' 1468 100 1200 (0.2C) [198]
Core-shell structure Co3;04/CNF 331.8 Electrophoretic deposition+ 200 mAg~! 1446 50 911 [199]
annealing
MnO@C hybrid 69.3 Hydrothermal+ calcination 03 Ag™' 691 200 934 [200]
MnO@N-C 114 Hydrothermal+ 100mAg~"' 799 60 578 [201]

carbonization

@ Current Density (CD).
" Discharge Capacity (DC).
¢ Cycling Performance (CP).

was much higher than the capacities of individual CNF (49.0 mAh g~ ')
and CNT (29.9 mAh g~ '). Bao et al. [208] also synthesized Cs,@Co nano-
composites, and these nanomaterials obtained high H, storage capaci-
ties of 907 mAh g~ ! and superior cycle reversibility of H, storage
under room temperature and ambient pressure.

Metal hybrids have been investigated intensively over four de-
cades [209]. However, core-shell nanostructure metal materials are
just starting to be used in electrochemical hydrogen storage [210].
Recently, Konda et al. [211] synthesized the Cd@Pd nanomaterial
for H, adsorption and storage. When the molar ratio of Cd to Pd
was 1:2, the prepared Cd@Pd nanomaterial showed the highest H,
storage capacity among all materials. Moreover, a 340% increase
compared with pure Pd nanoparticles of hydrogen storage could
be achieved. Christian et al. [212] synthesized core-shell nanostruc-
ture NaBH,4@Ni using an antisolvent precipitation method. The stor-
age capacity of NaBH,@Ni was found to be of 5 mass %, and hydrogen
kinetics were rapid during 5 cycles in less than 60 min. In recent
years, core-shell structured nanomaterials have been developing
swiftly in the sphere of H, storage due to their high H, storage capac-
ity. There is still an enormous obstacle for the large-scale practical
application of core-shell structured nanomaterials, because of their
high reactivity and the melting of the related complex hydride.

3. Core-shell structured nanomaterials applied to energy conversion
3.1. Core-shell structured nanomaterials for solar cells

The radiant energy that the earth surface receives from the sun in
one day is comparable to that humanity used in ten years. [213]. If we
can translate this power into a source of energy that human beings
can use directly, then the energy crisis that has long perplex society
and the environmental pollution issues caused by fossil fuel burning
will be efficiently solved. It will be a great step if chemical or other

forms of energy could be obtained directly in a cost-free and efficient
manner from solar energy. Therefore, many researchers have been de-
voting their attention to developing the devices and materials for the
conversion of solar energy to chemical energy by solar cells. In particu-
lar, semiconductor core-shell nanocomposites are considered to be ex-
tremely promising materials due to their significantly improved
photochemical stability. The inorganic shell materials are grown on
the surface of a core quantum dots and it can enhance the surface pas-
sivation of the core quantum dots in the quantum dots solar cells. The
inorganic shell is also expected to act as a barrier to offer a robust pro-
tection to the core quantum dots in the quantum dots solar cells. More-
over, both electronic and optical properties can be designed based on
the surface electronic structure of the core materials and shell materials,
but these requirements can't be achieved by simple single-function ma-
terials. The complex heterostructure, especially the bimetallic core-shell
nanostructure composites, can greatly improve their intrinsic properties
and produce new unique properties. To reduce the costs, it is an advis-
able strategy to replace the core of solid precious metal with a non-
noble metal. Furthermore, it is also expected that the synergistic effect
can be enhanced and take place when the shell is confined to a few sin-
gle metal atoms. Besides, other properties may emerge by a few specific
materials. Therefore, it is critical to expand the scope of core-shell mate-
rials and to further improve our controllable synthesis capability.

3.1.1. Dye-sensitized solar cells

Core-shell structured nanomaterials are ideal materials for light har-
vesting through multiple light reflections and scattering. Meanwhile,
the working electrode of dye-sensitized solar cells (DSSCs) prepared
by core-shell structured nanomaterials can adsorb considerable dyes;
this ability is conducive to enhancing the efficiency of light conversion
because the core-shell structure can enhance the light absorption ability
of the core material by changing the chemical and physical properties,
leading to high light conversion efficiency. To date, the electrode
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materials of DSSCs with core-shell structure, which are widely studied,
include TiO,, ZnO and other composites because they are easily
prepared.

TiO, is currently a common photocatalyst, and tremendous efforts
have been made to enhance its activity. [214,215]. Mahmood et al. [216]
synthesized WO;@TiO, nanoparticles to improve the power conversion
efficiencies (PCE) (11.2%). Dong et al. [51] prepared plasmonic silver
nanowires@TiO, core-shell nanocomposites (AgNW®@TiO,), and the com-
posites possessed high aspect ratio with several micrometers length, the
diameter of shell is approximately 300 nm and diameter of core is 60—
80 nm. The results of electrochemical analysis and electrical properties re-
vealed that the AgNW@TiO, significantly facilitated electron-hole pairs
separation, and then enhanced the charge collection productivity of
DSSCs. In particular, the PCE (8.84%) was better than that of free-
modified DSSCs (6.16%). It is expected to be a promising metal-
modified technology to improve the energy conversion efficiency of
DSSCs. Pang et al. [217] prepared hierarchical microspheres constructed
from a SnO, shell and a TiO, core using a one-step solvothermal method.
They found that the content of precursor Sn** had a great influence in the
formation of the hierarchical microspheres. The TiO,@SnO, composites
showed higher power conversion efficiency because the hierarchical
structure of the microspheres and large surface area can lead to light scat-
tering, a suppression of charge recombination, and an increase of dye ad-
sorption as well as prolonging the electron lifetime. To further improve
the PCE of DSSCs, Qi et al. [218] found that localized surface plasmons
(LSPs) can improve the adsorption ability of the materials to dye mole-
cules; this outcome is conducive to enhance electron collection and im-
prove the performance of device. For example, the PCE of Ag@TiO,
nanoparticles increased from 7.8% to 9.0% after LSPs. Meanwhile, Liu
et al. [219] studied the effect of the thickness of shell to PCE and found
that Au@TiO, nanoparticles with 5 nm thick shell exhibited the maximum
efficiency enhancement (23%) in DSSCs after LSPs.

Hybrid materials of zinc oxide and titanium dioxide used for the DSSCs
have also attracted much attention. Lin et al. [220] prepared ZnO@TiO,
nanowires and used them as the photoanodes for DSSCs. ZnO nanowires
were synthesized on an FTO glass through chemical bath deposition, and
then the surface of ZnO nanowires were precisely enwrapped with a
layer of TiO, to enhance the chemical stability of ZnO. A higher PCE was ob-
tained for the ZnO@TiO, nanowires based DSSC with optimized dye sensi-
tization time than for the pristine ZnO nanowires (0.75%). The high
performance could be attributed to the TiO, shell, which could act not
only as a protective layer to avoid the generation of Zn?>*/dye complexes
on the surface of ZnO nanowires but also as a barrier against the recombi-
nation of injected electrons at the interface of ZnO nanowires and the elec-
trolyte. Chen et al. [221] prepared ZnO@ZnS nanowire arrays as
photoanodes for efficient DSSCs, and these composites exhibited enlarged
surface area and excellent light-scattering effect. The DSSCs obtained the
high efficiency (2.09%). The improvement of efficiency was 140%, which
was higher than other cells without a shell. In addition, the ZnO core can
accelerate the rate of electron transfer. The ZnS shell can impede the re-
combination of the electrolyte and injected electrons. Samsuri et al. [222]
investigated the performance of TiO,@ZnO DSSC. They found that the de-
vice exhibited high conversion efficiency () (0.622%) with the J;. of
1.89 mA cm 2, V,. of 0.64 V and FF of 0.51 (photovoltaic parameters: Jo-
the short-circuit current density, V,-the open-circuit voltage, and FF-the
fill factor; PCE = Js. x V, x FF). To further improve the performance of
TiO,/ZnO, Song et al. [223] prepared TiO,@ZnO rice grains through coaxial
electrospinning and calcination. Using this original structure as the
photoanodic material, the DSSCs had high 7 (5.31%), which increased by
23.9%, based on the TiO, rice grains. This increase was primarily ascribed
to the improvement in both electron collection efficiency and light har-
vesting efficiency, and the effective suppression of charge recombination.

3.1.2. Quantum dot solar cells
Due to their distinctive characteristics, including low cost, simplicity
in fabrication, etc., quantum dot-sensitized solar cells (QD-SSCs) are

famous energy devices. However, the PCE of many QDSSCs is weaker
than those of DSSCs. The maximum PCE can only reach 12% because
the finite adsorption ranges and electron recombination were produced
at the electrolyte interfaces. Therefore, novel sensitizers are needed to
develop for improving the m of QDSSCs. Core-shell structured
nanomaterials are suitable for photosensitization due to the unique
core-shell structure and high emission and adsorption spectra. Various
core-shell structured nanomaterials, including CdS, [224] PbS,
[225,226] CdTe, [227] ZnSe, [228] and Ag,S, [229] etc, have been
investigated in QDSSCs. Wang et al. [230] fabricated highly efficient
CdTe@CdSe QD-SSCs through the covalent bonding of a molecule
mercaptopropionic acid-capped QD sensitized around TiO, mesoporous
film electrodes. The corresponding photographs and absorption spectra
of the CdTe@CdSe and CdSe are shown in Fig. 6a. The high absorbance of
the CdTe@CdSe film reflected the high-loading amount of the QDs,
resulting in the deep color of the film electrodes. The J-V curves of the
reference CdSe and CdTe@CdSe cells suggested that the CdTe@CdSe
QD-based cells had good photovoltaic performance and chemical stabil-
ity (Fig. 6b). Meanwhile, the intensity-modulated photocurrent (IMPS)
results indicated that the 74 for the CdTe@CdSe cells (1.1-5.9 ms) was
significantly shorter than those reference CdSe solar cells (2.3-
13.2 ms) (Fig. 6¢), resulting in larger charge formation in the CdTe@
CdSe cells, creating an enhanced electron concentration in the substrate.
It also exhibited a record PCE of 6.76% (V,c = 0.606 V, J, =
19.56 mA cm—2, and FF = 0.569).Yang et al. [231] chose CdSeq gsTeq 35
as a model core material, and a CdS shell was then coated around the
CdSegg5Teg 35 core QD to decrease the surface defect density and im-
prove the stability of the core QDs. The PCE of the CdSeq gsTeg 35 QDSSCs
was increased by 13% compared to that of plain CdSeggsTeg 35 QDSSCs
by optimizing the thickness of CdS shell. With the further overcoating
of SiO, and a-TiO, barrier layers around the QD-sensitized photoanode,
the PCE of champion CdSeTe QDSSCs reached 9.48% (V,c = 0.713 V, Js
= 20.82 mA cm 2, FF = 0.639) with average PCE 9.39 + 0.09% under
AM 1.5 G one full sun illumination (Fig. 6d-f). This system could also
offer a fast charge separation and low charge recombination rate.
Searching suitable QD sensitizers to amplify the light-harvesting
range, retarding charge recombination, and accelerating charge separa-
tion are effective methods of improving PCE of QDSSCs. The Ag,S QD ex-
hibits negligible toxicity and has tunable bandgap energy (Eg) of
approximately 1.1 eV that is close to the perfect Eg of ~1.13 eV, making
it a potential modular for construction of high performance photovoltaic
device [232]. Meanwhile, ZnO has been attracting extensive attention
over the past decade. ZnO exhibits a similar conduction band edge
(—4.36 eV vs. —4.41 eV of TiO,), with a high charge mobility (130-
200 cm? V™1 S™1 vs. 0.1-4 cm? V! S~ 1of TiO, ), which is beneficial to
efficient charge transport, with less recombination [233]. Zhang et al.
[229] synthesized the environmental-friendly 2D ZnO@Ag,S nanowire
arrays as electron transporters and light absorbers. Compared to the de-
vice with Ag,S QD, the device with a core-shell ZnO@Ag,S photoanode
exhibited a higher PCE and increased by 32%. The improved PCE was
principally because the ZnO enhanced the ability to collect
photogenerated electrons and accelerated the electrons transfer rate
from the QD to contact.

3.1.3. Silicon/organic solar cells

Silicon nanowires have been used as an the energy storage device
[234], energy chains or energy harvesting devices (similar to thermal
electrical generators) [235,236], and most importantly, as solar cells
[237,238]. In 2007, the first silicon single nanowire solar cells were fab-
ricated with the maximum output power of 200 pW and conversion ef-
ficiency of 3.4%. They exhibited the possibility of this kind of compact
photovoltaic cells to be used as the integrated power source for opto-
electronic nanosystems. [239] Then, Si-based core-shell structured
nanomaterials have attracted more attention. Adachi et al. [240] synthe-
sized core-shell structure silicon-based solar cells, and this device ex-
hibited different electrochemical performance with different Si shell.
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Fig. 6. (a) Diffuse reflectance absorption spectra of identically sized CdSe QD-sensitized TiO, film and CdTe/CdSe electrodes, (b) J-V curves, (c) electron lifetime; (d) J-V curves of CdSeTe@
CdS (red) and CdSeTe (black) representative cells under the irradiation of 1 full sun, (e) incident photon to current efficiency curves, and (f) the schematic illustration of the proposed
electron transfer mechanism. Adapted from ref. [230,231]. Copyright (2013) American Chemical Society; Copyright (2015) American Chemical Society, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The enhancement of short circuit current was 26% or 15% when using a
nanocrystalline or an amorphous Si shell, respectively. Compared to the
planar device (12.1 mA cm?), the core-shell structure Si-based device
with amorphous Si shell showed a higher J,. (13.9 mA cm?). Beak
et al. [241] prepared an ultrathin and low cost solar cell based on
Cdo5ZnpsS@ZnS quantum dots. These flexible ultrathin solar cells only
had ~30 pm thickness and possessed flexible stable and twistable char-
acteristics. The unique core-shell structure improved the power conver-
sion efficiencies by 0.7% through an energy downshift effect and
improved external quantum productivity in the ultraviolet light area.
Furthermore, the devices showed superior bending fatigue properties
and PCE, with cycle stability maintained at ~12.4% after 5000 cycles.

Low-cost and high-efficiency organic solar cells have attracted much
attention. Multifarious metal nanocomposites have also been investi-
gated in organic solar cells to improve PCE [242-244]. Liu et al. [245]
prepared the Au@Ag nanocuboids for organic solar cells. These nano-
composites exhibited stronger broadband plasmonic that could be ad-
justed to match the optical light absorption spectroscopy by tuning
the thickness of Ag shell. Researchers also found that the PCE of the or-
ganic solar cells enhanced for up to 22.8% under optimum conditions.
Meanwhile, Baek et al. [246] coated the surface of Au core with a thin
Ag shell to prepare Au@Ag nanocube as a scattering enhancer. This
core-shell composite exhibited stronger scattering efficiency. Mean-
while, other core-shell structured nanomaterials have also been re-
ported, such as Au@SiO, [247], SnO,@TiO, [248], CdSe/PbS core-shell
nanotetrapods [249], and Ag@organic (organic = PVA, 2-nitroaniline,
PVP and 4-choloroaniline) [250]. The electrochemical performance of
solar cells with different core-shell structured nanomaterials is shown
in Table 3.

3.2. Core-shell structured nanomaterials for fuel cells

Fuel cells (FCs) have attracted more attention and development due
to their low emissions and high PCE. The catalyst plays a significant role
in FCs. For example, the catalyst on the anode can oxidize the fuel to
form protons which are conducted across the electrolyte to the cathode.
The catalyst on the cathode can reduce oxygen to form oxygen ions, and
then oxygen ions combine with the protons to produce water. However,
the catalysts currently used still face many problems, such as low

stability and high costs. It is important to exploit low-cost electro-
catalysts with highly enhanced kinetics. Core-shell nanostructured
materials can significantly reduce the loading of noble metals in
electrocatalysts for FCs. They have the potential to obtain high perfor-
mance catalysts with improved durability and catalytic activity com-
pared to the commercial Pt/C electrocatalysts. Furthermore, a wide
array of transition metal (TM) elements have been studied and incorpo-
rated into TM/Pt core-shell composites. In general, TMs such as Ti, Cr
and Sc are usually used as the shell materials because these elements
are easily being oxidized and electro-negativities. However, this will de-
crease the stability of these systems. Therefore, it is wise to adopt appro-
priate synthetic method to optimize the core-shell structure to solve
this problem. Optimizing the shell thickness is one of the most common
methods. While some studies proved that the catalysts with thin or
monolayer Pt shell were most active, [274] and other researchers
found higher activities for catalysts with slightly thicker shells. [275]
Another strategy or requirement may focus on improving active site
availability and surface area of catalysts. Core-shell structured
nanomaterials can improve the stability and activity of the catalyst
and offer special light, electric, and magnetic properties due to the
unique core-shell structure. There are many types of FCs. The lower
temperature fuel cells, including polymer electrolyte membrane FCs
(PEMFCs), alkaline FCs, and phosphoric acid FCs (PAFCs), etc., essentially
operate on H, fuel. For the higher temperature FCs, including solid oxide
FCs (SOFCs) and molten carbonate FCs, can also electrochemically oxi-
dize CO. Core-shell structured nanomaterials have been widely used in
the design of high current density and high efficiency FCs because the
construction of fuel cells requires cathodes and anodes to accelerate
the diffusion of the chemical wastes produced and fuel. Here we only
discuss the application of the core-shell structured nanomaterials in
the two promising SOFCs and PEMFCs technologies.

3.2.1. PEMFCs with noble metals

Generally, core-shell structured materials for electrodes in FCs play
two roles. One is transporting gases from/to the FCs electrode. The cru-
cial component of PEMFCs is the membrane electrode assembly (MEA)
which is made up of a catalyst layers, polymer electrolyte membrane for
the cathode and anode, and GDLs (gas diffusion layers). In PEMFCs, the
core-shell structured nanomaterials play a critical role in improving



H. Feng et al. / Advances in Colloid and Interface Science 267 (2019) 26-46 39
Table 3
Summary of the performances of core-shell structured nanocomposites anode for solar cells (reported in the literature since 2011).
Type Active material Synthesis method Jsc(mA  Voc (V) PCE (%) FF(%) Thickness Ref
cm~2)
Dye-sensitized ~ Ag@TiO, NPs Spin coating 8.31 0.60 9.0 67 1.5 pm [251]
solar cells Sn0,@TiO, Electrospinning + direct sintering + deposit 14.71 0.723 5.11 48 13 pm [252]
TiO,@SnO, Solvothermal 12.55 0.756  6.24 66 114pum  [253]
Core-shell TiO, microspheres Solvothermal 18.6 0.664 822 65 12 um [254]
Hierarchical core-shell TiO, Solvothermal 17.22 0.745 8.90 69 21.6um  [255]
Si0,/TiO, core-shell NPs Sol-gel 15.9 0.71 7.9 70 10 um [256]
Au@TiO, NPs Solvothrmal+ plasmonic heating 1473+ 071+ 7384+ 70+1 10um [219]
0.65 0.01 0.31
TiO,-ZnO core-shell rice grain Coaxial electrospinning +calcination 115 0.783 531 59 8 um [257]
Ag@SiO, Solvothermal 14.4 0.70 8.4 73.5 4474 um  [258]
Core-shell structure B-NaYF,: Stober sol-gel process 15.84 0.80 8.23 65.72 7.5 um [259]
Yb,Er@SiO,@Au
Au@SiO, core-shell NPs Spin-coating +thermally evaporated 3.37 0.7466 1.95 67.0 1 um [260]
Quantum dot core-shell PbS/CdS Hydrothermal + cation exchange +hot injection 21.3 0475  4.16 41 170 nm [261]
solar cells technique
PdS/CdS core-shell quantum dots and TiO, ~ Hydrothermal+ wet chemical synthesize 17.38 0515 443 50 - [262]
nanorod arrays
ZnO/PbS core/shell nanorod arrays Successive screen-printing+ chemical bath 1117 0.52 3.06 52.68 11 um [263]
deposition+ thermal deposition
Quasi core-shel PbS/graphene quantum dots Hot injection method 1234+ 059+ 41+ 56 +£3 360nm  [264]
1.2 0.04 0.2
Type-I core-shell CdSeTe/CdS Successive screen-printing+ ex-situ ligand 20.50 0.626  8.02 61.9 16 um [265]
exchange
Core-shell ZnTe/CdSe Successive screen-printing+ deposition 19.65 0.642 7.17 57 6 um [266]
Core-shell Cdg5Zng5S/ZnS Hydrothermal+ thermal evaporator 33.05 0.495 12.37 75.63 30 pm [267]
Silicon solar Multiple core-shell structure TCO/Al,03/a-Si:  Atomic layer deposition 23.13 0532 993 80.7 - [268]
cells H(P"+i)/c-Si nanowire
Core-shell structures Si nanowire Wet etching technique+ chemical vapor 2927+ 053+ 12434+ 81.05 5pm [269]
deposition 0.44 0.01 0.33 + 5.2
Organic solar Core-shell Au@Ag nanocubes Hydrothermal 17.50 0.75 9.19 70 - [270]
cells Core-shell Au/Ag nanocuboids Hydrothermal 19.39 0.792 10.59 69.1 - [271]
SmPO,4@Ei>"-doped SiO, compoiste Sol-gel+ hydrothermal+ precipitate+ 797 0.727 3.30 57 250 nm [272]
spin-coating
Core-shell PbSe/PbS Schlenk line techniques+ deposition 11.8 0.46 6.5 49 250 nm  [273]

electrode kinetics and minimizing losses, and noble metals are still
regarded as being the best electrocatalysts for PEMFCs up to today.
Noble metals are valued for their excellent activity, selectivity and sta-
bility. Among them Pt-based catalysts are a kind of promising materials for
hydrogen and methanol oxidation due to their high catalytic activity and
ideal chemical inertness [276-278]. For instance, Chai et al. [279] synthe-
sized carbon spheres with mesoporous shell and hollow structures. The
carbon spheres were used as a support material for Ptso-Rusg catalyst
and exhibited much higher specific activity for methanol oxidation. The
authors also demonstrated that the existence of carbon spheres could sig-
nificantly improve the catalytic activity and electrochemical stability of the
noble metal catalysts for methanol oxidation. Lin et al. [280] synthesized
Co@Pt/C nanocomposite through two-step reduction and heat treatment
in N, and H, mixture, and this catalyst exhibited much higher specific ac-
tivity with a low content of Pt. The Co@Pt/C catalyst was used as the neg-
ative electrode of the PEMFCs and produced a high-power density
(475 mW cm~2/0.475 V) because the existence of core-shell structure is
conducive to enhance the stability and the active surface area of catalyst.
Due to the high cost of rare Pt, enormous amount of studies devoted to de-
veloping novel and high efficiency core-shell Pt-based catalyst with a min-
imum content of Pt [281-283]. Liu et al. synthesized Pt@Au nanorods with
carbon supported and exhibited superior electrochemical performance via
a wet chemical reduction strategy (Fig. 7a and b) [284]. The oxygen reduc-
tion reaction (ORR) kinetics exhibited that the PtAu shell catalyst showed
higher stability than a pure Pt shell in 0.5 M H,SO, before and after
50 cycles (defined as L) (Fig. 7c). Meanwhile, the experimental results of
cyclic stability suggested that a huge loss of electrochemical surface area
(ECSA) for the PtAu shell and Pt/C, indicating that the Pt shell is more elec-
trochemically stable than its counterparts (Fig. 7d). It is also an effective

method to synthesize bimetallic materials with core-shell structure
formed by noble metal and transition metal. Rashid et al. [285] anchored
Ag@Pt nanoparticles on the multiwall carbon nanotubes (MWNT) and ap-
plied to methanol fuel cells and electrochemical gas sensors. These com-
posites also showed a higher peak point current than other comparable
Pt/C or Pt-MWNT for methanol oxidation, and the results exhibited excel-
lent stability and good detection times, with a high range of 5-1000 ppm.
This enhanced performance contributed to the unique core-shell nano-
structure, which provided an effective interactions and highly active sur-
face between Ag and Pt.

Du et al. [286] synthesized the Pt@Cu intermetallic nanotubes that
showed superior catalytic activity and rather high durability compared
to the conventional Pt/C catalyst. The results demonstrated that the ac-
tivity of Pt@Cu was 4 times higher than that of Pt/Cu, and the durability
was 10 times higher than that of Pt/C. Yang et al. [287] synthesized Au-
Pd bimetallic with a thin Pd shell and an Au core. This composite was
used as the cathode catalysts in fuel cells and exhibited excellent stabil-
ity and activity for ORR under a neutral condition. The strong lattice
strain effect and electronic interaction between the Pd shell and Au
core improved the electrochemical performance of the catalyst. Mean-
while, the thickness of the Pd shell also influences the performance of
catalysts. Lee et al. [285] synthesized Ni@Pt nanoparticles with a con-
trollable particle shape and thickness of the Pt shell, using a one-step
reaction method. The electrochemical data.

3.2.2. Higher temperature SOFCs with transition metal/nonmetal oxides
Depending upon the FCs design, core-shell structured nanomaterials

for PEMFCs and SOFCs can be prepared either for the cathode and anode

material. In PEMFCs, porous core-shell structures can effectively reduce
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of transport limitations, and it can significantly enhance the accessibility
of the active sites by electrolyte and gas phase due to the presence of
mesopores and large pores. In SOFCs, the unique structure can also pro-
vide sulfficient porosity for GDLs to ensure effective reactant delivery.
Core-shell structured nanomaterials with high surface area are quite
important for cathode and anode materials because it can reduce the
operating temperature of SOFCs through reducing the barrier for chem-
isorption and allowing easy diffusion of gaseous reactants.

It is advisable to reduce the Pt loading or use the non-noble metal cat-
alysts in terms of cost, stability and sustainability. Therefore, developing
higher temperature SOFCs with transition metal and nonmetal electro-
catalysts with good ORR durability and high activity have become a pop-
ular research topic. Zhang et al. [289] prepared Ni/Al,O3 with a shell of
MSU-1 and used them as the catalyst for SOFCs. This catalyst exhibited su-
perior stable methane conversion and hydrogen yield in hydrogen evolu-
tion experiment. It is difficult to obtain the low cost and abundant
ORR catalyst, thereby hindering the wide application in fuel cells.
Heteroatom-doped carbon-based catalyst has recently attracted much
more attention. Zhong et al. [288] synthesized B- and N-co-doped
carbon-based catalyst (NB-CPs) and used it as the catalyst for SOFCs.
This device obtained a high current density, which could be comparable
to that of noble metal catalysts, such as Pt (Fig. 7e). The LSV results sug-
gested that the higher rotation speeds would increase the limiting current
density (Fig. 7f). This nanocomposite exhibited a high-power density
(642 mW cm~2) and higher cathode potential over current density
(Fig. 7g and h). Note that the cathode potential decreases rapidly along
with the increasing of current density for N-CPs and CPs cathodes. If it
can be large batch preparation with low cost, the NB-CPs might be a
promising substitutable cathode catalyst. In addition, Lim et al. [290] syn-
thesized NiO@GDC nanoparticles with GDC shells and NiO cores. These
composites were used as an anode catalyst and exhibited superior elec-
trochemical performance. Due to the existence of the GDC shell, the per-
formance of catalyst remained unchanged after 500 cycles. Lee et al. [291]
synthesized Ni@YSZ (yttria stabilized zirconia) nanoparticles through hy-
drothermal technique. The YSZ nanoparticles were uniformly loaded on
the surface of the Ni core and significantly improved the conductivity.
Wau et al. [292] synthesized a novel samarium-doped ceria (SDC)@LiZn-
oxide nanoparticle for SOFCs, in which the SDC were covered by a LiZn-
oxide shell. Electrical property measurements demonstrated that the
thin shell could greatly improve the ionic conductivity (0.1S cm™!).

3.3. Core-shell structured nanomaterials for photocatalytic hydrogen
production

There has been much concern that the use of solar energy and other
renewable resources for the photocatalytic hydrogen production was
regarded as a potential for environmental remediation and clean energy
generation in the future. Theoretically speaking, an excellent photo-
catalyst for hydrogen production should have more positive valence
band edge potential than E (O,/H,0) (1.23 V at pH = 0) and a more neg-
ative conductive band edge potential than E (H*/H,). There are many
splendid reviews of various composites, such as TiO,, CdS, BiWOs,
ZnS and g-C3Ny4, and structures for photocatalytic H, production
[293-297]. Thus, we simply introduced the research progress of core-
shell structured nanomaterials for photocatalytic H, production in
recent years.

Efficient hydrogen production is regarded as a critical strategy to
solve the future energy crisis. Sun et al. [298] synthesized CoP,@CdS
nanorods and demonstrated superior performance of photocatalytic
H, production with visible light irradiation. The photocatalyst generated
hydrogen with evolution rate of ~500 umol h™! mg~"'. The maximum
hydrogen yield was ~35% in aqueous solution under optimal conditions
and the turnover numbers achieved ~630,000 per mole Co (Fig. 8a-c).
CdS is a photocatalyst with good light response for H, production, how-
ever, the rapid photocorrosion and recombination of photogenerated
electron-hole pairs restrict its wide application. To solve these issues,
Wang et al. [299] prepared PANI@CdS as the photocatalyst and studied
the inhibition mechanism of photocorrosion. This photocatalyst, with a
thin PANI shell, exhibited high H, production efficiency of 310 umol h™!
in 30 h without deactivation (Fig. 8d-f) because the PANI possesses
high-occupied molecular orbital and the photogenerated holes can
effectively migrate from valance band of CdS to it. The results also
revealed that the newly formed C-S or N-Cd bonds could inhibit sulfide
ions to reduce the sulfur and then effectively inhibit the photocorrosion.
Yan et al. [300] synthesized CdS@ZnO nanofibers through single
cylinder electrospinning. The CdS@ZnO nanofibers exhibited superior
photocatalytic efficiency and stability for H, production (Fig. 8g-i).
Stability and efficiency of photocatalysts are essential to realize the
practical applications of them for photocatalytic hydrogen production
from industrial sulfide effluent. Kim et al. [301] synthesized NiFe,0,@
TiO, magnetic nanoparticle and used it as a photocatalyst, resulting in
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ORR polarization curve of NB-CPs before and after 1000 scanning cycles), (f) rotating-disk electrode LSV of NB-CPs at various rotation rates, (g) individual potential and (h) power density
versus current density curves of the MFCs with various cathode catalysts. Adapted from ref. [288]. Copyright (2014) Elsevier B.V.
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significantly enhanced photocatalytic efficiency and stability. The
results revealed that the H, production efficiency with the core-shell
structured NiFe,0,4@TiO, nanocatalyst was 10 times greater than that
of either pure NiFe,04 or TiO,. Although various core-shell structured
nanomaterials have been used for photocatalytic H, production, large
scale use of core-shell structured nanomaterials still faces many
challenges. Developing core-shell structured porous photocatalysts,
particularly non-noble core-shell structured nanomaterials with
N-doped, S-doped, graphene and g-CsN4 modification, would be an
effective and promising strategy to improve the H, evolution
performance.

4. Conclusion and perspectives

In this review, the important achievements of core-shell structured
nanomaterials in energy storage and conversion are summarized.
Meanwhile, the relationships among the unique core-shell structure,
energy storage and conversion efficiency have also been investigated.
However, it is found that computational chemical research on core-
shell structures for energy applications are scarcely done. More atten-
tion should be paid to the fundamental studies of core-shell materials
in the future review work. More theoretical studies can contribute to
improve the synthesis process and experimental trials of novel core-
shell nanomaterials, and to better understand the mechanisms in their
application.

The physical property compatibility between the shell and core ma-
terials and their construction are rarely studied, but they are important
factors to determine the stability of the whole structure. For instance,
the differences in thermal expansion coefficients between the shell
and core will lead to form alloys or poor adhesion. Thus, to enhance
the quality of the core-shell nanomaterials is another focus in future re-
search. The adoption of different elements for the shell and core respec-
tively is beneficial to find the stable structure and to promote the
generation of new core-shell nanomaterial, which will help to achieve
the goal of sustainability. Finally, this review gives some special

examples of the practical application of core-shell nanomaterials in en-
ergy conversion and storage. It is found that the practical application re-
quires large-scale, low-cost, and high-yield fabrication methods of high-
quality core-shell nanomaterials. The present advances in core-shell
structured nanomaterials provide a solid base for the development of
advanced green core-shell structured nanomaterials in the near future.
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