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Core-shell nanoparticles (NPs) have emerged as a type of important nanomaterials for various applications. The challenge 

in the preparation of core-shell NPs is to find a simple, cost-effective and less time-consuming strategy with minimum 

environmental impact. The consolidation of multiple preparation steps into one step represents a new green synthesis 

pathway in chemistry and materials science. In this review, we provide an overview of the recent developments in the 

fabrication of core-shell NPs through one-step/pot methodologies. A variety of one-step/pot preparation methods are 

presented, discussed and compared, followed by the summary and outlook of this emerging area. 

 

1. Introduction 

 

The rapid development of nanotechnology over the past few 

decades has lead to the emergence of core-shell nanoparticles 

(NPs) as a new type of important functional material.
1
 Core-

shell NPs with different functional compositions are being 

widely investigated because of their potential applications in 

many fields, such as electronics, biomedical, pharmaceutical, 

optics, and catalysis.
2-5

 The coating shell on the precious core 

materials would not only increase the functionality, stability 

and dispersibility, but also reduce the consumption of precious 

materials. Both from technological and economic points of 

view,  core-shell NPs represent a type of important materials in 

energy, environment and sustainability. The core-shell type 

NPs can be broadly defined as comprising a core (inner 

material) and a shell (outer layer material). The core may be a 

single sphere (Fig.1A) or aggregation of several small spheres
6
 

(Fig.1B). It is also possible to have a small sphere entrapped 

inside a hollow shell, a rattle-like or yolk-shell structure
7
 

(Fig.1C). Beside continuous layer, the shell structure can also 

be an attachment of smaller spheres onto a bigger core 

sphere
8 

(Fig.1D). Complex core-shell structures are made 

possible with multiple shells
9 

(Fig.1E) or may also be 

represented as the combination of other basic  structures
10

 

(Fig.1F).  

  The core and the shell can be different materials or the same 

materials with different structures. In general, core-shell 

nanostructures can be divided into several classes depending  

Fig. 1 Schematic representation of different types of core–shell particles 

 

on the compositions, including inorganic/inorganic
11

, 

inorganic/organic
12

, organic/inorganic
13

 and organic/organic
14

 

type. The properties arising from either core or shell materials 

can be modified by changing the constituting materials or the 

core/shell ratio. The size of the core particle, the shell 

thickness and the porosity in the core or the shell can be tuned 

to meet different requirements. Besides its own functionality, 

core-shell NPs can also serve as a structured template for the 

preparation of hollow particles after removing the core either 

by dissolution or calcination.
15-17   

  Traditional synthesis of core-shell NPs is through a two-step 

or multiple-step process. The core particles are pre-

synthesized and depending on the interaction between the 

core and the shell, the shell is then formed on the core particle 

via different methods. Layer-by-layer coating utilizes the 

electrostatic interactions between the positively charged and 

negatively charged species to assemble multiple layers 

together.
18

 The polymerization of shells on pre-formed cores 

represents another common technology for a large percentage 

of core-shell particles.
19,20

 One important challenge, often 

faced by synthetic chemists and materials scientists, is the 

development of robust, low-cost and environmentally benign 
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core-shell nanomaterials through a facile, green and efficient 

methodology. Great progress has been made and many 

examples have been reported in the synergistic preparation of 

core-shell NPs through a one-step/pot strategy during the past 

decade. Rational selection of precursor is prerequisite for all 

the precursors should have ability to form core or shell 

materials under the same reaction condition. Design of the 

interaction between the core and the shell is another 

important factor to control core grow and shell coating. In this 

review, we provide a focused summary of recent progress in 

the one-step/pot construction of core-shell nanostructures. 

Due to the large amount of reports on this aspect, we have 

only focused on molecular design and experimental 

preparation for core-shell NPs. The structure-property 

relationships and the applications of the synthesized materials 

have been not included here as they have been extensively 

discussed in other reviews.
1-5,21-23

 

2. Simultaneous Oxidation-Reduction  

2. 1 Co-reduction 

In situ co-reduction and seeding-growth was developed for the 

one-step synthesis of core-shell bimetallic NPs. The difference 

in reduction potentials of different metal ions is key factor, by 

which the metal ions with higher reduction potential are 

reduced first and then serve as the in situ seeds for the 

successive reduction of shell metal ions. Xu and co-workers 

prepared Au@Co core-shell NPs using ammonia-borane to 

simultaneously reduce Au
3+

 and Co
2+

 precursors based on the 

difference in reduction potentials of the two soluble metal 

salts (E
o

Co2+/Co= -0.28 eV vs SHE; E
o

Au3+/Au= +0.93 eV vs SHE).
24

 

The synthesis progress can be visibly monitored by the 

evolution of solution colour, changing from light-pink to 

orange-red, then to black (Fig. 2). They found that a suitable 

reductant is essential because strong reductants inevitably 

lead to the formation of binary alloys, while reducing agents 

are too weak and cannot effectively reduce the metal 

precursors. The same group also prepared Au@Co@Fe core-

shell-shell NPs through in situ co-reduction of HAuCl4, CoCl2 

and FeCl3.
25 

  Core-alloy shell NPs can also be one-step synthesized through 

suitable selection of metal ions and reductants. Han and co-

workers reported a one-step co-reduction method for the 

preparation of  trimetallic Au@PdPt core-shell NPs with a well-

defined octahedral Au 

 

 

core and a highly crystalline dendritic PdPt alloy shell.
26

 The 

simultaneous reduction of multiple metal precursors, namely, 

a HAuCl4-K2PdCl4-K2PtCl6 mixture, was performed with dual 

reducing agents, ascorbic acid and hydrazine. The one-step co-

reduction gave a fine control over the nucleation and growth 

kinetics, resulting in the formation of Au@PdPt. Typical core-

shell NPs, precursors, reductants and particle morphology 

through one-step co-reduction are listed in Table 1. 

 

2.2 Redox reaction 

In situ redox reactions has been demonstrated in the 

integration of different metals and metal oxides to fabricate 

core-shell hybrid materials. Synthesis of Au@TiO2 involves 

redox reactions between Ti
3+

 and Au
3+

 ions in the presence of 

ethanol and Na2CO3.
42

 Au
3+

 ions were immediately reduced by 

Ti precursors and nucleated rapidly to form clusters and 

meanwhile, Ti
3+

 was oxidized by the Au
3+

 ions, hydrolyzed, and 

assembled on the surface of Au NPs, leading to the formation 

of Au@TiO2 (Fig. 3). Ag@CeO2
43,44

 and Pt@CeO2
45

 core-shell 

composites have been synthesized using the redox reactions 

between oxidative noble metal ions and reductive cerium(III) 

nitrate. The materials exhibited excellent catalytic properties 

in the oxidation of CO and chemoselective reduction 

reactions.
46

 

  Simultaneous oxidative polymerization of monomer and 

growth of metal nanostructures were confirmed in the 

fabrication of metal-polymer core-shell NPs. The adjustable 

conductivity, ease of oxidation, and good environmental 

stability endow conducting polymers (e.g., polyaniline, PAN 

and polypyrrole, PPY) great potential in the construction of 

shell layers.
47-55

 Ag@PPY nanosnakes have been prepared by 

polymerization of pyrrole in the presence of Ag2O under 

hydrothermal condition.
47,48

 Au@PPY was obtained by  simply 

mixing pyrrole monomer with HAuCl4 in an aqueous solution, 

where the HAuCl4 is spontaneously reduced by pyrrole to form 

gold dendrite while the pyrrole is simultaneously oxidized to 

grow polypyrrole thin film and deposit on Au NPs.
49

 Novel 

polymers are being explored and employed in the redox-

controlled fabrication of core-shell NPs. Polydopamine (PDA) 

has received significant attention due to its unique coating 

quality and reducing ability.
56

 One-step synthesis of core–shell 

Ag@PDA structures was demonstrated via simple oxidative 

polymerization of dopamine monomers by Ag
+
 ion.

57
 The DA 

serves as a reducing agent and a monomer, while Ag
+
 ions as 

 

Fig . 2 (a) Schematic illustration, (b) color evolution in the formation 

process of Au@Co core-shell NPs via a one-step co-reduction method. 

Reproduced with permission from ref. 24. Copyright 2010, American 

Chemical Society 

Fig . 3 TEM images of samples collected from the reaction system after (a) 

40 s, (b) 15 min, (c) 60 min, and (d) schematic illustration of the formation 

of Au@TiO2 core-shell composites. Reproduced with permission from ref. 

42. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA. 
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the oxidant to trigger the DA polymerization and the source of 

the metallic NPs. Fe3O4@PDA NPs were synthesized though 

one-step electrochemical process.
58

 Magnetite NPs were 

produced by electro-oxidation of iron in an aqueous medium 

in the presence of dopamine. The oxidative conditions and 

alkaline pH involved in the synthesis favored the self-

polymerization of dopamine that adheres at the surface of the 

magnetic NPs in a simultaneous process. 

 

2.3 Hydrothermal reduction-carbonization  

The hydrothermal carbonization (HTC) process can generate a 

variety of core-carbon shell materials with attractive 

properties. Biomass (e.g., glucose, sucrose, starch and lactose) 

is widely used and converted into interesting carbon 

nanostructures during HTC coating process.
59-68

 Li et al. 

reported a series of metals or metal oxides encapsulated in 

carbon by in situ hydrothermal reduction of noble-metal ions 

with glucose.
69-71

 Zong et al. prepared FexOy@C core-shell 

catalysts from iron nitrate and glucose by a one-pot 

hydrothermal method (Fig. 4a and b).
72

 During the HTC 

process, iron nitrate catalyzes the dehydration of glucose at 

the initial stage of the synthesis, leading to small carbonaceous 

colloids with a low degree of polymerization. Meanwhile, iron 

nitrate is transformed to FeOOH under the hydrothermal 

conditions and further reduced to FexOy by hydrogen released 

from the carbonization process. The FexOy NPs then combine 

with small carbonaceous colloids through Coulombic 

interactions and are further homogeneously distributed in the 

carbonaceous spheres. 

  Lou and co-workers directly carbonized a capping agent (e.g., 

polyvinylpyrrolidone, PVP) during HTC for the preparation of 

MoO2@C nanospheres (Fig.4c and d).
73

 At first, MoO2 

nanocrystals prepared by the reduction of ammonium 

heptamolybdate tetrahydrate with ethylene glycol. Excess 

amount of PVP is introduced as the capping agent to prevent 

overgrowth of the primary MoO2 nanocrystals, as well as over-

agglomeration of the assembled MoO2 nanospheres. After 

simple annealing under an inert atmosphere, a thin carbon 

layer is simultaneously generated on the surface of the 

nanospheres from carbonization of absorbed organic residues, 

resulting in the formation of MoO2@C nanospheres.  

 

3. One-step Stöber synthesis 

3.1 Stöber silica shell 

The stöber method is the most established and facile approach for 

the preparation of silica colloidal spheres and silica coated 

composites through the hydrolysis and condensation of a silica 

source, such as tetraethylorthosilicate (TEOS), in basic 

water/alcohol solutions.
74

 By optional selection of metal 

precursors, reducing agents, and surfactants, a series of metal-silica 

core-shell nanomaterials, such as Au@SiO2
75-77

, Ag@SiO2
78

, 

Fe@SiO2
79

and Cu@SiO2
80

, through a simple one-pot stöber method 

have been successfully prepared.  For example, Zhao and co-

workers reported one-pot synthesis of uniform core-shell 

nanospheres with a Au nanoparticle core and a mesoporous silica 

shell by using HAuCl4 as a precursor, formaldehyde as a reducing 

agent, cetyltrimethylammonium bromide (CTAB) as the stabilizer 

Core/Shell Precursor Reductant Particle morphology Ref. 

Au/Co HAuCl4/CoCl2 NH3BH3 roughly spherical 24 

Au/Co/Fe HAuCl4/CoCl2/FeCl3 NH3BH3 roughly spherical 25 

Au/Pd HAuCl4/K2PdCl4 cetyltrimethylammonium chloride nanooctahedron 27 

 HAuCl4/PdCl2 bayberry tannin spherical or cubic 28 

 HAuCl4/Na2PdCl4 reduced graphene oxide nanocluster 29 

 HAuCl4/H2PdCl4 polyvinylpyrrolidone near Spherical 30 

 HAuCl4/PdCl2 ethylene glycol(EG) irregular 31 

Au/Pt HAuCl4/H2PtCl6 polyethylene glycol(PEG) spherical 32 

Au/PdPt HAuCl4/ 

K2PdCl4/K2PtCl6 

ascorbic acid and hydrazine nanooctahedron 26 

Au/Pd/Pt HAuCl4/K2PtCl4/ Na2PdCl4 ascorbic acid dendritic  33 

Ag/Ni AgNO3 /Ni(NO3)2 bayberry tannin spherical 34 

 AgNO3 /Ni(NO3)2 NaBH4 spherical 35 

Au/Ag HAuCl4/AgNO3 EG and PEG  irregular 36 

Ag/Au AgClO4 /HAuCl4 NaBH4 spherical 37 

Pd/Pt K2PtCl4 /PdCl2 ascorbic acid  spherical 38 

 K2PdCl4/K2PtCl4 ascorbic acid cube cores/dendritic 

shells 

39 

 PdCl2/ K2PtCl4, ascorbic acid star-like 40 

Cu/FeNi CuCl2/FeSO4/NiCl2 NH3BH3, roughly spherical 41 

 

Table 1 One-step co-reduction preparation of core-shell NPs 

Fig . 4 (a) Schematics of one-pot formation and (b) TEM of FexOy@C 
NPs.

72
 (c) Schematics of one-pot formation and (d) TEM of MoO2@C 

nanospheres.
73 

Adapted with permission from ref. 72. Copyright 2010, 

American Chemical Society and ref. 73. Copyright 2010, The Royal Society 

of Chemistry. 
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and 

 template, TEOS as the silica source, and sodium hydroxide as a 

basic catalyst.
75

 TEM images of the samples obtained after different 

reaction times show that the formation process involves the growth 

of a gold core followed by coating with a mesoporous silica shell 

(Fig. 5a-d). As a result, the one-step synchronous process shown in 

Fig. 5e combines several steps into one, including the reduction of 

HAuCl4, assembly of surfactant-stabilized Au nanocrystals and silica-

surfactant micelles, transfer and aggregation of Au nanocrystals to 

form a Au core in condensed silica mesostructures. He and co-

workers developed a facile one-pot stöber method for the 

fabrication of Au NPs encapsulated inside hollow silica.
81

 As shown 

in Fig.6, poly(acrylic acid) (PAA) was added into the one-pot 

process, where PAA played a dual role during the fabrication, both 

as a core template of the hollow silica sphere and as a captor of Au 

NPs through coordination interactions between the COO
-
 groups on 

the polyanionic chains and the empty orbital of the Au atom. The 

amount of Au loading in one hollow silica sphere was easily 

regulated by varying the volume of the HAuCl4 solution added.  

Other hydrolysis and condensation processes have also been 

applied in the fabrication of core-oxide shell nanostructure. For 

example, Ag@ZnO NPs were prepared by the one-pot feeding of 

silver nitrate and zinc acetate in N,N-dimethylformamide (DMF), 

where the solvent simultaneously behaves as a reducing agent for 

Ag
+
 ions and provides the basic medium for zinc acetate hydrolysis 

at room temperature.
82

 Similarly, Ag@TiO2 NPs were one-pot 

prepared by simultaneously feeding silver nitrate and Ti(OC4H9)4 in 

DMF.
83

 

  Metal oxide-silica core-shell, namely, Fe3O4@SiO2 can be prepared 

through one-pot stöber method by combining the Massart method 

for magnetite nanoparticles and the mesoporous silica.
84

 In 

addition, Zhang et al. reported one-pot synthesis of SiO2-SiO2 core–

shell, which contained a solid microsphere core (about 5.5 µm) 

with coated nanospheres of 200 nm, from one single precursor 3-

mercaptopropyltrimethoxysilane under stöber condition.
85,86

 SEM 

images at different reaction times show that the structure evolution 

consisted the initial formed microspheres, followed by the growth 

of new silica nanospheres on the microsphere surface. The 

application of SiO2@SiO2 particles in chromatography showed fast 

separation of protein mixtures at low back pressure. 
 
3.2 Stöber polymer shell 

A major breakthrough in the development of core-shell fabrication 

was achieved in 2011 by extending the stöber method for the 

preparation of resorcinol–formaldehyde (RF) resin spheres.
87

 Due to 

its ability to form a coordinated covalently bonded framework 

during polymerization similar to silica, the stöber method was 

successfully confirmed by preparation of monodisperse RF spheres 

with tunable particle sizes.
87 

The extension of the stöber method for 

polymer synthesis opens the pathway for synthetic strategies in the 

preparation of not only RF based polymer spheres and derived 

carbon spheres, but also for the development of one-step 

synthesized core-RF shell NPs. A one-step method was first 

reported to produce uniform SiO2@RF polymer spheres with a core-

shell structure by combining the synthesis processes of silica and 

resorcinol-formaldehyde under stöber conditions.
88 

  Although both 

occur under similar reaction conditions (i.e., reaction medium, 

temperature and catalyst), the polymerization reactions of silica 

and resorcinol-formaldehyde occurring at different time scales was 

Fig . 5 TEM images of samples collected from the reaction system (a) 10 

min after the addition of HCHO and HAuCl4, (b) 5 min, (c) 15 min, and (d) 

50 min after the addition of TEOS, and (e) schematic illustration of the 

formation of Au@SiO2 core-shell composite. Adapted with permission 

from ref. 75 Copyrights 2010, Springer 

 

Fig . 6  Schematic illustration of the formation of Au@hollow SiO2 core-

shell composite. . Reproduced with permission from ref. 81. Copyright 

2012, Wiley-VCH Verlag GmbH & Co. KGaA 

 

Fig . 7  Schematic illustration of the formation of SiO2@RF composites. 

Reproduced with permission from ref. 88. Copyright 2012, The Royal 

Society of Chemistry. 

 

Page 4 of 12Journal of Materials Chemistry A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

key to the formation of silica@RF polymer core-shell nanoparticles. 

The synthesis time of stöber silica particles is 1 hour at 30
o
C while 

the formation of RF particles occurs slower and requires a reaction 

time greater than 24 h. The electrostatic interaction between the 

RF oligomer and the early staged formed silica particles would 

direct the condensation of RF around the silica particles. (Fig. 7) 
  Qiao and co-workers synthesized Ag,AgBr@RF core-shell NPs by a 

one-pot stöber method involving simultaneous reduction of AgNO3  

and polymerization of RF resins in the presence of ammonia, with 

CTAB and the triblock polymer F127 as costabilizers.
89

 As shown in 

Fig. 8, CTAB first forms micelles with F127 to stabilize AgBr-core 

NPs. Then, the RF monomers aggregate on the micelles to form 

emulsion droplets; meanwhile, Ag
+
 is reduced to Ag

0
 by 

formaldehyde to form Ag/AgBr-composite cores. Simultaneously, 

Ag/AgBr-composite cores are encapsulated by RF polymer. 

Formaldehyde plays a dual 

role in the formation of the core-shell structure: it reduces Ag
+
 to 

Ag
0
 in situ and crosslinks with resorcinol to form the precursor RF 

polymer. Further annealing of the Ag,AgBr@RF core-shell particles 

to carbonize the RF shell results in unique core-shell-structured 

Ag@carbon spheres with 20% shrinkage in size. The same one-pot 

strategy was also successfully confirmed in the preparation of 

Te@RF nanowires starting from sodium tellurite.
90 

 

3.3 Stöber double shells 

Uniform core-shell-shell (CSS) NPs with different functional 

compositions are another important type of core-shell 

nanomaterials. One application of the core-shell-shell NP is their 

use as a template to develop various new nanostructures. Among 

them, the rattle-type or yolk–shell nanostructure is a novel and 

promising nanostructure, in which a movable core is encapsulated 

inside a polymer or inorganic shell.
91-93

 Usually, the synthesis of 

core-multiple shell NPs requires multiple coating processes. 

Priestley and co-workers reported a one-step strategy to simplify 

the multiple coating process.
94

 As illustrated in Fig. 9a, the Au-Silica-

RF polymer CSS nanostructures is simply obtained by feeding Au 

colloids, TEOS, resorcinol, and formaldehyde in a mixture of alcohol 

and aqueous ammonia. The different reaction kinetics is key to the 

successful formation of the CSS nanostructures. A series of TEM 

images at the different reaction times indicated that Au@SiO2 core-

shells with ~150 nm particle sizes were formed within 1h while no 

obvious RF polymer layer was observed even after 12h of reaction 

time (Fig. 9b-d). A thin 5 nm RF outer layer was formed after 24h 

(Fig. 9e). The hydrothermal treatment at 100 
o
C for another 24h 

grew the RF layer up to 18 nm, as indicated in Fig. 9f. The approach 

combines the fast coating of metal NPs by stöber silica with the 

slow polymerization of stöber RF polymer and provides a route to 

form CSS nanostructures, which can be further transformed into 

Au@C yolk-shell NPs (Fig. 9g). Metal oxide-SiO2-RF core-shell-shell 

NPs were also prepared by one-step stöber method when feeding 

pre-synthesized metal oxide NPs into the initial reaction solution.
95

 

  Priestley and coworkers further simplified the coating process by 

starting with the metal salts instead of pre-synthesized metal 

nanocrystals in the preparation of CSS nanostructures.  As 

illustrated in Fig.10a, the synthesis can be undertaken by feeding 

AgNO3, TEOS, resorcinol, and formaldehyde with CTAB, in a mixture 

of alcohol and aqueous ammonia.
96

 TEM images show that the 

Fig . 8  (a) Synthesis procedures of Ag,AgBr@RF and Ag@carbon core-

shell nanospheres, and TEM images of (b,c) Ag,AgBr@RF core-shell 

spheres and C,D) Ag@carbon core-shell spheres. Adapted with 

permission from ref. 89. Copyright 2013, Wiley-VCH Verlag GmbH & 

Co. KGaA. 

 

Fig . 9  (a)schematic illustration of one-step synthesis of Au@SiO2@RF CSS and conversion into Au@carbon yolk-shell nanospheres, and TEM images 

of Au@SiO2@RF CSS obtained with different reaction times (b)1h, (c)6h, (d)12h, (e)24h, (f)48h, and (g) TEM images of Au@C yolk-shell NPs. Adapted 

with permission from ref. 94. Copyright 2014, The Royal Society of Chemistry. 
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formation process involves the growth of a Ag/AgBr core followed 

by coating with a porous silica shell and subsequently a RF polymer 

outer layer. During the process, CTAB stabilized AgBr-cores are 

covered by the silica layer and partially reduced to Ag by 

formaldehyde to form an Ag,AgBr-silica core-shell. After subsequent 

addition of resorcinol for another 6 h, the Ag,AgBr core was covered 

by a denser layer of silica with ~170nm particle size while no 

obvious RF polymer layer was observed. Only after 24 h of reaction 

time was a 5 nm thick outer RF layer observed. After hydrothermal 

treatment at 100 
o
C for 24 h, the RF layer thickness grew to a 

thickness of 35 nm and the core-shell-shell Ag,AgBr-silica-RF were 

obtained and carbonized into Ag@C nanoparticles (Fig. 10b and c). 

The whole process combines the simultaneous Ag
+
 reduction by 

formaldehyde, the fast coating of Ag/AgBr NPs by stöber silica with  

the slow polymerization of stöber RF polymer to provide a one-pot 

route to simplify the fabrication process of CSS nanostructures, 

which usually entails multiple steps and previously synthesized 

metal NPs. 

4. Self-assembly 

4.1 Co-precipitation 

Encapsulation of preformed inorganic NPs into polymer micelles 

can be performed through one-step assembly of NPs and 

amphiphilic block copolymer in selective solvent to obtain 

NP@Polymer core-shell nanostructures. Taton and co-workers used 

a co-precipitation approach and prepared core-shell NPs based on 

amphiphilic polystyrene–poly(acrylic acid) (PS–PAA) and 

hydrophobic NPs.
97-99 

Taking Fe2O3@Polymer
97

 as a example 

(Fig.11a), PS–PAA and oleic acid-stabilized Fe2O3 were dissolved in a 

good solvent mixture of DMF and THF. Selective anti-solvent (e.g., 

water) simultaneously desolvated the NPs and the hydrophobic 

polymer block (PS), leading to the aggregation of the NPs with the 

hydrophobic block protected by the hydrophilic segment (PAA). The 

average number of encapsulated particles per micelle could be 

controlled by varying the relative starting concentrations of NPs and 

polymer. Increasing numbers of NPs were incorporated into each 

micelle with increasing particle concentration (Fig. 11a). The 

hydrophilic PAA shell could be further crosslinked to avoid 

dissociation as well as to create a stable vessel that could undergo 

reversible expansion and contraction. Wooley et al. applied the 

one-step co-precipitated magnetic shell cross-linked NPs in a 

contaminated aqueous environment, which resulted in the 

successful removal of the hydrophobic contaminants at a ratio of 10 

mg of oil per 1 mg of hybrid NP.
100

 On the other hand, the 

arrangement/location of NPs as well as the polymer morphology 

can be controlled during the one-step co-precipitation process by 

changing the initial solvent composition, polymer lengths, weight 

fractions and surface ligand of NPs.
101-103

 Park et al. controlled the  

location of NPs in colloidal block-copolymer assemblies by using 

NPs modified with mixed surface ligands, dodecanethiol (DT) and 

mercaptoundecanol (MUL).
101

 The AuNPs immobilized with 100% 

DT segregated into the PS core of polymer micelles due to the 

favorable enthalphic interactions between the hydrophobic NPs 

and the PS block as well as the attractive interactions between 

AuNPs (Fig. 11b). As the fraction of MUL increased to 25% or 33%, 

Fig. 10  (a)schematic illustration of one-step synthesis of 

Ag,AgBr@SiO2@RF CSS and conversion into Ag@carbon yolk-shell 

nanospheres, and TEM images of (b) Ag,AgBr@SiO2@RF and (c) Ag@C 

yolk-shell. Adapted with permission from ref. 96. Copyright 2014, The 

Royal Society of Chemistry. 

Fig . 11  Schematic illustration and TEM of (a) co-precipitation of PS-b-PAA and Fe2O3 NPs, and (b) PS-b-PAA and AuNPs with varying surface ligands 

Adapted with permissions from ref. 127 and 128. Copyrights 2005 and 2013, American Chemical Society, respectively. 

from ref. 127 and 128. Copyrights 2010, American Chemical Society and 
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the nanoparticle aggregates moved toward the PS–PAA interface, 

forming Janus-type particles. A further increase of the MUL over 

50% led to AuNPs distributed at the PS–PAA interface.  

 

 4.2 Microfluidic 

Microfluidics concerns small (from 10
-9

 to 10
-18

 liter) volumes of 

fluids, using channels with dimensions from tens to hundreds of 

micrometers. Continuous microfluidic synthesis of organic and 

inorganic compounds offers a number of advantages in comparison 

with conventional batch synthesis or continuous synthesis 

conducted in tubular reactors.
104-107

 Typically, microfluidics produce  

extremely monodisperse emulsions/double emulsions and micro-

spheres with complex morphology and compositions  in the 

preparation of core-shell nanostructures.  For example, a silica sol 

were dispersed into an oil phase containing tetrabutyl titanate via a 

coaxial microfluidic device (Fig. 12a).
108

 The titanium alkoxide 

hydrolyzed at the water-oil interface after the formation of the 

aqueous droplets. A gel shell containing the titanium hydroxide 

formed around the droplets, and the SiO2-TiO2 core-shell 

microspheres were obtained after calcinations. On the other hand, 

a double emulsion approach is more used in producing core–shell 

particles via the microfluidic approach.
107

 The PLGA-alginate core-

shell microspheres were fabricated using a capillary microfluidic 

device for generating an oil-in-water-in-oil double emulsion as a 

template.
109,110

 As shown in Fig. 12b, poly(lactide-co-glycolide) 

(PLGA)/dichloromethane solution was injected through an inner 

capillary into a flow of aqueous alginate solution. The resulting oil-

in-water emulsion droplets were then dispersed in a flow of 

toluene. The crosslinking of alginate and removal of solvent 

dichloromethane produced PLGA-alginate core–shell particles .  

  Co-precipitation of core-shell NPs can also be realized through a 

microfluidic approach.  The controlled self-assembly of polymer-

stabilized quantum dots (QDs) into mesoscale aqueous spherical 

assemblies was one-step accomplished using microfluidics.
111

 The 

microfluidic device employed here involved combining a stream 

containing the polystyrene-coated QDs (PS-CdS) and amphiphilic PS-

b-PAA constituents in DMF with a sheath flow of DMF/water 

solution, followed by a quench step with pure water (Fig. 12c). In a 

flow-focusing configuration, self-assembly is initiated by the 

addition of water to a blended solution of PS-CdS and PS-b-PAA 

stabilizing chains and terminated in a downstream quench step. 

Farokzhad and co-workers have developed a microfluidic platform 

to achieve a rapid mixing and precipitation.
112,113

 They found that, 

in contrast to slow mixing, rapid mixing directly results in the 

formation of homogeneous NPs with relatively narrow size 

distribution.  

  

4.3 Flash Nanoprecipitation (FNP) 

FNP is a rapid self-assembly processing technique used to create 

NPs of uniform size within 30 nm to 800nm.  It is a process in which 

two high velocity linear jets of fluid, one containing the block 

copolymer solution and the other containing a non-solvent for the 

polymer, mix in a small chamber using a multi-inlet vortex or 

confined impinging jets mixer (Fig. 13).
114-117

 The block copolymer 

solution rapidly mixes with the non-solvent for a few milliseconds 

to induce self-assembly of the block copolymers into kinetically 

frozen NPs. The main advantages of FNP are that it is a three-

component process (involving only bulk polymer, a solvent, and a 

non-solvent), 

Fig. 12 The mechanism of the core-shell microsphere generation by microfluidic process: (a) SiO2@TiO2, (b) PLGA@alginate and (c) CdS@PS-b-PAA. 

Reproduced with permission from ref.108. Copyright 2011, American Chemical Society and ref. 109. Copyright 2013, Elservier;. Adapted with 

permission from ref. 111. Copyright 2008, American Chemical Society  

 

Fig. 13 Schematic diagram of the multi inlet vortex (MIV) mixer and 

the confined impingement jet (CIJ-D) Reproduced with permission 

from ref. 117. Copyright 2013, American Chemical Society 
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non-solvent), with low residence time, continuous process, low 

energy consumption, and high reproducibility. Priestley and co-

workers have used FNP to generate monodisperse polystyrene NPs 

and illustrated that the sizes of PS NPs can be fine-tuned between 

30-150 nm by changing the polymer and/or electrolyte 

concentration.
118-120

 On the other hand, the technique has been 

successfully used to entrap hydrophobic drug, fluorescent 

molecules or NPs into biodegradable polymers to make core-shell 

NPs.
121-124

 Using flash nanoprecipitation, Prud’homme and co-

workers have demonstrated essentially quantitative incorporation 

of hydrophobic gold NPs within poly(ε-caprolactone)-block-poly-

(ethylene oxide) micelles.
121

 The hydrophobic block of the polymer 

and the hydrophobic NPs are encapsulated in the core. The 

hydrophilic block forms a corona, sterically stabilizing the particles 

by preventing further aggregation. Priestley and co-workers 

recently reported a scalable and continuous preparation route for 

Au NPs decorated polymer nanosphere core-shell composites 

through FNP.
125

 Fig. 14a shows a schematic FNP process for the 

formation of polymer@metal NPs composed of two separate 

streams is used. A syringe containing  polystyrene-b-poly(4-

Vinylpyridine) (PS-b-PVP) dissolved in THF was placed at the inlet of 

Stream 1, and a syringe containing HAuCl4 in H2O was placed at the 

inlet of Stream 2. Subsequently, fluid was expelled manually from 

both syringes at the same rate (~1 mL per second), causing the two 

streams to merge into a mixing stream and then diluted into a 

water reservoir containing the reducing agent, NaBH4 and 

stabilizer, sodium dodecyl sulfate (SDS). The water reservoir 

quenched the precipitated nanoparticles and a stable colloid 

solution was obtained (Fig. 14b-e).  The process of nanoparticle 

formation can hence be envisioned as follows: PS-b-PVP block 

polymers self-assemble into NPs with PS as the predominant core 

and PVP as the corona when the two input streams mix in the 

confined chamber. Subsequently, AuCl4
-
 ions are attracted into the 

PVP network. The ion-block copolymer complex disperses into a 

water reservoir containing NaBH4 that reduces the entrapped AuCl4
-

ions into Au seeds.  The growth of gold within the PVP layer then 

takes place and the complex is quenched to form stable polymer-Au 

core-shell composites with tunable particle size and gold 

nanoparticle loading amount by changing the feeding ratio. The 

reported methodology has also been demonstrated in the 

successful fabrication of other metal(e.g. Pt, Ag)-polymer 

nanocomposites.  

   

5. Other methods 

Electro-jetting is an attractive way to produce fibers and particles in 

the industrial scale. Electrospraying and electrospinning designate 

technologies for fabrication of polymeric nano-/micro-particles and 

fibers by applying high electrical voltage to polymeric solutions.
126-

128
 Jeong et al. designed a coaxial nozzle in electrspraying setup, 

where a  polymer solution for the core was introduced through the 

outer nozzle, and the  solution for the shell was supplied through 

the inner nozzle (Fig. 15).
129

 When the volumetric feed rate of the 

shell-forming polycaprolactone (PCL)  solution was higher than that 

of the core forming PS solution, the core-shell structures in uniform 

size were readily obtained. Electrospinning is essentially an 

extension of electrospraying process at higher solution 

concentrations where chain entanglement occurs and is capable of 

producing polymer fibers at submicron dimensions. The co-

electrospinning technique allows one-step fabrication of micro- and 

nano- core-shell fibers with different pairs of polymers. For 

instance, Medina-Castillo et al. used co-electrospinning of two 

copolymers to design multifunctional core-shell fibres via a one-

step technique: a fluorescent pH-sensitive copolymer was used as 

the outer fluid, and a suspension formed by polymethyl 

methacrylate (PMMA) melt magnetic NPs and O2 indicator was used 

as the inner fluid.
130

 Thus, the core is magnetic and optically 

sensitive to O2 while the shell is pH sensitive.  

  Ultrasonic spray pyrolysis is used to develop a facile one-pot 

method of synthesizing sandwich structured core-shell particles.
131

 

During the formation process of a nanoparticle consisting of a Pd 

core, a V2O5 inner layer, and a porous SiO2 outer  layer, PdO was 

directly reduced to Pd metal in air. Melted V2O5 acted as a flux 

material that accelerated the growth of the Pd crystal. Single-

crystalline Pd core particles formed in the center of the composite 

particles. The amorphous SiO2 component moved to the outer 

surface of the particles and formed the outer shell during the  

formation of crystalline Pd and V2O5. V2O5 crystals formed the inner 

shell covering the Pd single-crystal core. The V2O5 inner shells were 

easily washed with distilled water and were dissolved to produce 

the Pd@SiO2 yolk-shell structure. 

Fig. 14  (a) Schematic process of  FNP to produce Au@PS-b-PVP, 

(b)SEM,( b)DLS , (c,d) TEM images of Au@PS-b-PVP. Adapted with 

permission from ref. 125. Copyright 2014, The Royal Society of 

Chemistry. 
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  Direct deposition (e.g. eletrodeposition and chemical vapor 

deposition) represent another coating technologies for the 

fabrication of core-shell materials.
132,133

 A one-pot synthesis 

method of PdAu-Au core-shell NPs using electrodeposition and 

displacement reaction was reported.
132

 It was ascertained that Au 

and Pd atoms were well-distributed inside and Au shell was 

successfully formed via displacement reaction. Ga2O3–SnO2 core–

shell microribbon was synthesized via a simple one-step chemical 

vapour deposition from  Ga2O3–SnO2–C powder.
133

 

 

6. Conclusion and outlook  
We have reviewed the recent progress in the construction of core–

shell nanostructures via a one-step/pot strategy. With the rapid 

development of synthetic chemistry, colloid and interfacial science, 

and device setup,  many core–shell nanostructures have been 

successfully fabricated via different one-step strategies: e.g., 

oxidation-reduction, stöber method, self-assembly and 

employment of different jetting or coating setups. All the methods 

aim for the green and effective production of core-shell NPs with 

controllable sizes, composition, architecture and  properties though 

the rational molecular design and  materials preparation. 

  However, though tremendous advances have been made, the one-

step/pot strategy in the preparation of core–shell nanostructures is 

still in its infancy, and many challenges remain to be solved. For 

example, the facet control of metal@metal  or metal@metal oxide 

crystalline NPs in one-step co-reduction is limited compared to 

those prepared through two step seed coating process
134

. The 

current limitation in stöber method is the selection of precursor, 

mostly now TEOS and phenolic resin based monomer,  which would 

be overcomed by other new precursors. Dopamine is a promising 

candidate. Very recently, Lu and his colleagues found that 

dopamine could directly polymerize into polydopamine(PDA) 

nanospheres in a mixture containing water, ethanol, and ammonia 

at room temperature, similar to stöber condition.
135

 In addition, 

PDA has been shown to be an effective carbon source for the 

formation of carbon-coated materials.
136,137 

Compared to the 

carbon spheres obtained by carbonization of phenol/formaldehyde 

resins, the PDA-derived carbon spheres contained nearly 100% of 

sp
2
C (graphitic carbon) and high-level electroactive nitrogen 

species, thus exhibiting enhanced electroconductivity.
138-140

 

Therefore, the application of dopamine in the one-step stöber 

preparation  of core-shell NPs would expand the new synthesis 

pathway as well as endow more new functions. 

  The bottleneck in self-assembly methodologies is to find an 

efficient, feasible, low cost, and easy way to scale up for designing 

various functional core-shell polymer NPs. The versatility and low 

productivity of both co-precipitation and microfluidic approaches 

have limited their application for industrial production. FNP has 

many distinctive advantages, which render it a transformative route 

for commercial nanocolloid production: i) one-step and continuous 

process, ii) room temperature and low energy process, and iii) 

proven scalability.  A variety of polymers can be employed in FNP as 

well as facilitate the simultaneous entrapment of various functional 

(e.g., magnetic, fluorescent) cores during the precipitation process. 

The strategy is therefore a simple and versatile synthetic approach 

towards designing multifunctional and novel nanostructures for 

different applications.  For example, Janus-based core-shell 

nanocomposites would be formed when inducing the phase 

separation of dissimilar polymers in nano-domains precipitated 

during FNP. An indispensable feature of FNP is that key process 

parameters and molecular features of the polymers can be 

independently manipulated for the facile control particle size, 

composition and surface chemistry. It is worthy to note that the 

FNP mixers are not microfluidics devices. Microfluidics geometries 

are intrinsically poor mixers, even with the incorporation of mixing 

elements, because they operate at low Reynolds numbers. All of the 

fluid streams in FNP mixers experience the high energy mixing 

(Reynolds numbers > 1000), resulting in the achievement of 

uniform supersaturations as high as 10,000 in 1.5 ms.
141

 This drives 

the high nucleation rates that enable high concentration processing 

of nanoparticles and production capacity. Using continuous flow in 

the current geometry would enable production of 3.5 kg/day of 

material, and currently commercial production of b-carotene NPs 

are produced at 1400 kg/day using confined impinging jet 

technology.  

  Along with the development of materials science, chemistry and 

fluid mechanics, core-shell nanomaterials and other nanocomposite 

could be efficiently designed and fabricated  with experimentally 

controllable size, composition and chemical ordering under suitable 

reaction conditions, choice of precursors, and combination physical, 

chemical, and biological generation methods. The one-step or one-

pot strategies presented this review are expected to provide a 

simple and versatile synthetic approach towards designing 

multifunctional assemblies and other novel nanostructures for 

biological, energy, and environmental applications. 
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