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Abstract Self-assembly of nanoparticles at solid–liquid

interface could be promising to realize the assembled func-

tions for various applications, such as rechargeable batteries,

supercapacitors, and electrocatalysis. This review summa-

rizes the self-assembly of the nanoparticles at solid–liquid

interface according to the different driving forces of assembly,

including hydrophilic–hydrophobic interactions, solvophobic

and electrostatic interaction. To be specific, the self-assembly

can be divided into the following two types: surfactant-as-

sisted self-assembly and direct self-assembly of Janus parti-

cles (inorganic and amphiphilic copolymer-inorganic Janus

nanoparticles). Using the emulsion stabilized by nanoparticles

as the template, the self-assembly constructed by the inter-

action of the nanostructure unit (including metal, metal oxide,

and semiconductor, etc.) not only possesses the characteristic

of nanostructure unit, but also exhibits the excellent assembly

performance in electrochemistry aspect. The application of

these assemblies in the area of electrochemical capacitors is

presented. Finally, the current research progress and per-

spectives toward the self-assembly of nanoparticles at stabi-

lized solid–liquid interface are proposed.

Keywords Self-assembly; Solid–liquid interface; Driving

force; Electrochemical capacitors

1 Introduction

Nanoparticles are small materials with one or more

dimension, measuring in the nanometer scale range of

1–100 nm. In addition, nanoparticles have unique elec-

tronic, chemical and physical properties due to their high

specific surface areas and nanoscale sizes, and many of

their properties can be controlled by the degree of

nanoparticles aggregation [1]. Self-assembly refers to the

spontaneous assembly of building blocks into stable, well-

defined new nanostructures, which plays an important role

in the preparation of materials with special morphology

[2, 3]. Superstructures of different or identical nanoparti-

cles self-assembly in a particular way could realize mul-

tiple functions beyond the dispersed particles, which

usually demonstrate novel properties in many applica-

tions, such as in superconducting materials, energy stor-

age, electronic sensing [4]. As for the design and

synthesis of nanomaterials, the assembling nanomaterials

for ordered structures with various scales and structures,

such as one-dimensional (1D) [5], two-dimensional (2D)

[6, 7], or three-dimensional (3D) [8], resulting in novel

coordinated characteristics. It is of great significance for

the construction of micro-/nano-devices based on nano-

materials to realize the reasonable regulation in their

microscopic size. For the application of devices, it is

necessary to arrange these particles accurately to realize

the specific functions.

Self-assembly of nanoparticles is a facile, cost-effective,

operative method to prepare ordered functional
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superstructures [9, 10]. Functional materials with special

electrical and other properties can be obtained by adjusting

the distance and arrangement of nanoparticles [11, 12].

Nanoparticles can be used as basic building blocks to

construct ordered structures from the nanometer or micron-

scale by self-assembly technology. Superstructures with

highly specific morphologies may generate new properties

for applications in many fields [13, 14]. It is worth men-

tioning that interfacial self-assembly of nanoparticles is

mainly carried out at liquid–liquid interface or liquid–gas

interface.

Solid particles assembled in the Pickering emulsion

could not reduce the interfacial energy directly. Therefore,

the solid particles usually need outer force to minimize the

surface energy for a thermodynamically stable state at

liquid–liquid interface or liquid–gas interface [15, 16].

Solid particles irreversibly adsorbed at the oil/water inter-

face or immersed in a continuous phase can provide steric

hindrance between emulsion droplets to prevent the colli-

sion and coalescence [17]. When the colloidal particles

move to the oil–water interface, the area of the oil/water

interface would decrease and the interface energy of the

system would decrease. At this point, the particles will be

adsorbed at the interface. Emulsion stabilized by the solid

particles can be used as a template to prepare organic/

inorganic hybrid superstructure microcapsules and micro-

spheres [18, 19] which are widely used in food, cosmetics,

medicine, and other fields [20]. The driving forces of the

self-assembly can be hydrogen bonds, van der Waals,

magnetic forces, electrostatic forces, hydrophilic–hy-

drophobic interactions, surface organic molecular forces,

and so on [21–23]. In this review, we summarize two

typical superstructures assembled from the surfactants-as-

sisted nanoparticles and Janus particles. The different

driving forces in the assembly can be divided into hydro-

philic–hydrophobic interactions, solvophobic and electro-

static interaction. In addition, the typical self-assembled

superstructures at solid–liquid interface through different

driving forces are highlighted (Fig. 1). The representative

applications of self-assembled superstructures in the elec-

trochemical capacitors, especially the aqueous hybrid

supercapacitors (HSCs) and organic metal ion capacitors

(MICs), are also briefly introduced. Finally, the develop-

ment direction and challenges of the self-assembly of

inorganic nanoparticles based on Pickering emulsion tem-

plates are prospected.

2 Particle stabilized emulsions

The emulsion stabilized by solid particles is named Pick-

ering emulsion [24, 25]. The type of Pickering emulsion is

mainly determined by the wettability of the particles and

can be characterized by the three-phase contact angles

[26, 27]. When the solid particles are easily wetted by the

water phase, i.e., h\ 90�, it is easy to form oil-in-water

(O/W) emulsion. On the contrary, when the solid particles

are easily wetted by the oil phase, i.e., h[ 90�, it tends to

form water-in-oil (W/O) emulsion. However, when the

particles are largely hydrophobic (large contact angle) or

largely hydrophilic (small contact angle), they tend to

remain in the oil or water phase, resulting in an unsta-

ble emulsion [28]. Theoretically, the adsorption of solid

particles on the oil/water interface to form a stable emul-

sion requires a single hydrophilic or lipophobic surface,

and the adsorption on the oil/water interface reduces the

interface area and the surface energy. Therefore, the coa-

lescence between emulsion droplets can be inhibited to

ensure the formation of a durable and stable emulsion. The

stability of solid particles in an emulsion is usually related

to the desorption energy DE (the energy that excludes

particles from the interface into the two-fluid phase). For a

single smooth spherical particle of radius (R), assuming

that the particle is in an ideal state, DE can be described in

the following Eq. (1) [29]:

DE ¼ pR2co=w 1 � cos hð Þ2 ð1Þ

where co/w and h represent the oil/water interfacial tension

and the contact angle of particles at the oil/water interface,

respectively. When R and co/w are constants, h of particles

at the interface of two phases is a very important variable

parameter. According to Eq. (1), when h = 90�, DE value

reaches the maximum, and at this time, the adsorption of

colloidal particles at the oil/water interface is relatively

Fig. 1 Overview of self-assembly of nanoparticles at solid–liquid
interface via different driving forces
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strong. Therefore, solid particles with the contact angle

condition can form stable W/O emulsion or O/W emulsion,

and the type of Pickering emulsion is mainly determined by

the volume ratio of the oil and water phase. When the

contact angle is larger than 160� or smaller than 20�, the

DE decreases to 10 kBT or even smaller, which makes it

difficult to form a stable emulsion. And then, the change of

DE caused by the different wettability of particles is a key

factor affecting the ability of particles to stabilize the

emulsion. When particles are adsorbed to this interface, the

interface free energy will decrease, and self-assembly of

particles will occur under the driving of the principle of

minimum interface free energy. Besides, the presence of

particles at the interface causes the liquid–liquid interface

to deform, resulting in capillary forces that bind the par-

ticles closer together.

Therefore, to obtain solid particles with moderate wet-

tability and induce nanoparticle self-assembly, that is the

formation of the amphipathic nanoparticles, it is usually

necessary to modify the particle surface. The common

modifiers are small-molecule surfactant, amphiphilic Janus

particle (including inorganic Janus nanoparticles and

amphiphilic copolymer-inorganic Janus nanoparticles).

Figure 2 shows the two classical types of interfacial self-

assemblies including the surfactants-assisted self-assembly

and the self-assembly of Janus particles. The amphoteric

surfactants can self-assemble at the interface of two dif-

ferent solvents to form micelles. As the surfactant can be

absorbed on other particles, the attached particles can be

assembled as a special morphology. Similarly, heteroge-

neous Janus particles could also distribute in the interface

to generate secondary large particles. According to the type

of surface modifiers, the self-assembly can be divided into

surfactant-assisted and Janus particles. Surfactant mole-

cules contain both hydrophilic head group and hydrophobic

tail chain. Hydrophobic chains can gather the supramole-

cules together in polar solvents through hydrophobic

interaction for the orderly assembly, because the head

groups of ionic surfactants can interact with the functional

molecules with opposite charges. Therefore, ionic surfac-

tants are often chosen as one of the components for ion

self-assembly. In addition, the hydrophobic chains are

flexible and can bend freely, which promotes thermody-

namic stability of the supramolecules during the process of

assembly. Consequently, the ordered nanomaterials form

mainly through hydrophobic interaction combined with

ammonia bonding. Janus particles realize a unique asym-

metry structure with different chemical or physical prop-

erties within a single particle, which offers an opportunity

to access assembled structures [30]. When it ‘‘dissolves’’ in

a good solvent of one block (but a poor solvent of the

other), the poor solvent blocks would aggregate. Finally,

the resulting micelle structure mainly includes a core

formed by insoluble blocks and a flexible shell formed by

soluble blocks. The structure of block polymer is precise,

and its assembly shape can be effectively controlled by

adjusting the molecular weight, different block lengths, and

chemical composition. This method of encapsulating

nanoparticles in micelles is based on the non-covalent

interaction of solvophobic and electrostatic interaction

between nanoparticles and block copolymers, which can be

used to construct multifunctional capsules that show sev-

eral desirable properties in a single micelle, thus broad-

ening the range of applications [31]. The third section

mainly lists the self-assembly of nanoparticles at solid–

liquid interface, including the emulsions stabilized by

nanoparticles modified with the small-molecule surfactants

and Janus particles, according to the different driving for-

ces of solvophobic and electrostatic interaction and

hydrophilic–hydrophobic. The mechanism is briefly sum-

marized; the advantages and development direction of each

method are discussed.

3 Driving force of self-assembly of nanoparticle at
solid–liquid interface

3.1 Surfactants-assisted self-assembly driven by
hydrophilic–hydrophobic interactions

In many cases, solid particles often interact with surfactants

or polymers to stabilize emulsions. The addition of sur-

factant or polymer has three functions as follows, which

changes the wettability of the particle surface, promotes the

flocculation of the particle, and reduces the oil/water

interfacial tension. Binks and Murakami [27] studied the

properties of emulsions cooperatively stabilized by SiO2

and cetyltrimethylammonium bromide (CTAB). The

addition of CTAB improves the contact angle of the par-

ticles and controlled the stability of the emulsion. No

reverse of the emulsion was observed in the experiment. In

addition, they also investigated emulsions stabilized by

SiO2 in conjunction with non-ionic surfactants [28]. The

addition of surfactant leads to the decrease in flocculation

and hydrophilicity of the particles, thus improving the

stability of the emulsion stabilized by particles. The liquid

crystal state of the surfactant with different shapes can be
Fig. 2 Illustration of two classical types of interfacial self-
assemblies of nanoparticles
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obtained by adjusting the factors related to the liquid

crystal state of the surfactant. The most important charac-

teristic of the liquid crystal state is the directional

arrangement of molecules, which can be used as a template

for the formation of nanostructures. The concentration of

the surfactant increases gradually due to the constant

evaporation of the solvent, and the inorganic nanoparticles

and organic molecules are distributed at both ends of the

surfactant molecules, respectively, that is, the surfactant is

used as a template for an orderly arrangement. When the

surfactant concentration reaches the critical micelle con-

centration (CMC), the surfactant forms micelles. The cor-

responding inorganic and organic molecules are self-

assembled by surfactant micelles induced by further

volatilization of the solvent. Then, the meso-crystalline

phase with a certain shape and periodic arrangement is

formed, so that the inorganic and organic components can

be assembled in a very short period into an orderly 3D

regular sequence. Finally, the organic monomer or oligo-

mer can be polymerized by light or heat, accompanied by

the corresponding inorganic condensation process to

maintain and fix the formed nano-organic sequence.

W/O, O/W, and oil-in-oil (O/O) emulsions are the ideal

systems for the self-assembled superstructures. In these

cases, the addition of surfactants to reduce surface tension

can lead to the formation of tiny droplets, which are con-

ducted in an interfacial driven W/O microemulsion pro-

cess. Nanoparticle micelles self-assemble after evaporation

of a drop of nanoparticle micelle aqueous solution. This

interfacial process is driven by hydrophobic van der Waals

interactions between the stabilizing ligand primary alkanes

and the secondary alkanes of the surfactant, resulting in a

thermodynamically defined cross bilayer structure [32]. In

order to obtain stable emulsion, commonly used surfactants

include poly sodium styrene sulfonate (PSS), poly-

ethyleneimine (PEI), CTAB, sodium dodecyl sulfonate

(SDS), polyacrylic acid (PAA), etc. Nanoparticles could

assemble or aggregate on the surface between the two

phases.

Some surfactants are used as templates for the assembly

of inorganic nanoparticles. The absorption of surfactant on

nanoparticles can reduce the surface energy of particles,

control the morphology and size of the assembly and

reduce the direct agglomeration of particles. Most of the

atoms on the surface of the assembly would also produce

new or enhanced properties of nanoparticles [33]. Dins-

more et al. [34] discovered that when an aqueous solution

was added to an oil phase containing nanoparticles, an

emulsion is formed in a few seconds by gently continuous

shearing, which could be used as a template for nanopar-

ticles to adsorb on the surface of the emulsion to reduce the

total surface energy. These nanoparticles were either linked

to polymeric cations, aggregated by van der Waals forces,

or sintered together to form large particles. Surface

adsorption caused colloidal microspheres in the suspension

to pack closely on the shell of the emulsion droplets into

spherical capsules with a single layer arrangement. The

nanoparticles were transferred into water by centrifugation.

Particles could be adsorbed and transferred to the oil

emulsion in the outer layer of the water emulsion, which

was attributed to the surface energy between the oil

emulsion and the water emulsion was greater than that

between the oil emulsion and the particles and the water

emulsion and the particles.

Recently, it has been reported that hydrophobic Fe3O4,

Au, SiO2 and SdSe nanoparticles were assembled into 2D

and 3D structures on the interface of chloroform-water.

Using cyclohexane as the organic phase, Li et al. suc-

cessfully self-assembled BaCrO4, CdS, PbS, Fe3O4, ZrO2,

NaYF4 nanoparticles, PbSeO3 nanorods, Bi2S3, and LaF3

nanoplates into 3D microsphere at the two-phase interface

[35]. The preparation process is listed in Fig. 3a.

Nanocrystals self-assemble into the colloidal particles dri-

ven by the van der Waals force. Colloid crystals are

obtained by centrifugation and calcination to remove

excess surfactants (Fig. 3b). The basic idea of this method

is to use microemulsion droplets as a limiting template in

which the nanoparticles assemble as the low-boiling sol-

vent evaporates. Liu et al. [36] used Au nanoparticles as

assembly units to assemble 3D plasma colloids (PCs) with

hexagonal compact multilayer shells based on a novel

1-butanol aqueous reflectance emulsion system (Fig. 3c).

The particle size of the obtained superstructure is relatively

uniform (Fig. 3d, e). This is the result of strong coupling

between plasma particles, which makes it have low

reflectivity and strong wideband absorption. Zhao et al.

[37] added polyvinylpyrrolidone to ethylene glycol to form

microemulsion and prepared ZnMn2O4 hollow micro-

spheres (Fig. 3f, g). Mn2? and Zn2? bond with polyvinyl

pyrrolidone (PVP) to form spherical ZnMn-glycolic acid.

With the evaporation of the solvent, 3D hollow ZnMn2O4

microspheres are obtained by the shrinkage and solidifi-

cation of the ZnMn-glycolic acid microspheres.

Hyeon et al. have reported a study of the self-assembly

of the magnetic nanoparticles using O/W emulsion as a

template (Fig. 4) [38]. First, monodisperse nanoparticles

with particle size of 11–12 nm were prepared by thermal

decomposition method [39–41]. Then, mesoporous Fe3O4

nanoparticle clusters were prepared by bottom-up self-

assembly method using dodecyltrimethylammonium bro-

mide as a surfactant for emulsifying the oil–water inter-

face. The addition of PVP polymers stabilized the

nanoparticle clusters through spatial repulsive interactions

and guided the nanoparticle clusters into a more ordered

structure. A stable interface is achieved between the elec-

trolyte and the active material by controlling the geometry,
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which is beneficial to the improvement of the crushing and

mechanical degradation due to volume expansion during

the cycle. The assembly used as anode for lithium-ion

batteries (LIBs) shows good cycle stability and rate

performance.

This process allows surfactant-modified nanoparticles to

assemble on the surface of oil droplets and induces the

generation of new superstructures, which can be defined as

water-dispersed colloidal particles composed of hundreds

of nanoparticles. The formation of the assembled structure

is mainly driven by the hydrophobic–hydrophobic

interaction of the long alkyl chain during the slow evapo-

ration of organic solvents. Various highly ordered assem-

blies can be prepared flexibly through weak interactions

(such as electrostatic interaction, hydrogen bonding, van

der Waals interaction). Recently, nanoparticle superstruc-

tures with a variety of components have been made using

this principle. However, the assemblies created by this

hydrophobic action are usually fragile. The hydrophobic–

hydrophobic interaction between each nanoparticle is more

easily broken compared with the covalent interaction,

which limits the practical application of assemblies.

Fig. 3 Surfactants-assisted self-assembly of nanoparticles. a Schematic illustration of emulsion-based bottom-up self-assembly
method; b high-resolution transmission electron microscope (HRTEM) image of BaCrO4 colloids. Reproduced with permission from
Ref. [35]. Copyright 2007, Wiley. c Self-assembled mechanism of multilayered plasmonic superstructures; d, e scanning electron
microscope (SEM) images of self-assembled Au plasmonic superstructures. Reproduced with permission from Ref. [36]. Copyright
2015, Wiley. f Self-assembly process of hierarchical ZnMn2O4 hollow microspheres; g SEM image of self-supporting ZnMn2O4

microspheres. Reproduced with permission from Ref. [37]. Copyright 2014, Elsevier Publishing Group
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Although the resulting assemblies possessed a uniform size

and ordered nanoparticle arrays, disintegration of the

superstructures could occur in long-term storage or under

certain special conditions, such as violent agitation or the

presence of organic solvents. Therefore, polymers are

expected to improve the stability of the superstructures by

forming core/shell superstructures, that is, the core of

superstructures is bound to the polymer shell. For instance,

PVP is used to form an assemblies/PVP superstructure. The

chemical and physical stability of the superstructures is

usually better than that of the original composite. However,

the disintegration of the superstructures still occurs slowly

due to the water-solubility of PVP. Superstructures

decompose even faster after being stored in an alkaline

solution for several weeks.

3.2 Self-assembly of Janus particles driven by
solvophobic and electrostatic interaction

Janus particles not only possess the properties of emulsifier

which can reduce the interfacial adsorption energy as solid

particles, but also have the function of reducing interfacial

tension due to the amphiphile properties similar to sur-

factant. Given this property, emulsions stabilized by Janus

particles are more stable. In the Janus particle

stable emulsion, the Janus structure parameter (JSP) (the

ratio of the hydrophilic domain to the total particle volume)

and the hydrophilicity of the Janus particle region are the

key factors to determine the emulsion type. The amphi-

philic Janus particles possess the properties of both col-

loidal particles and small molecular surfactants to stabilize

Fig. 4 Surfactants and auxiliaries-assisted self-assembly of nanoparticles: a schematic illustration of preparation of mesoporous iron
oxide clusters and nanoparticles; b, c TEM images of mesoporous iron oxide superstructures. Reproduced with permission from Ref.
[38]. Copyright 2013, American Chemical Society
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the Pickering emulsion, showing high desorption energy

and the ability to reduce the surface tension. Consequently,

Janus particles can form a stable emulsion.

3.2.1 Inorganic Janus nanoparticles

Inorganic Janus nanoparticles usually refer to metal

oxide particles, such as SiO2, Fe3O4, MnO, or TiO2, which

are partially covered by metal or inorganic nanoparticles

or bimetallic Janus nanoparticles [42]. Chen et al. [43]

created a Pickering emulsion stabilized an amphiphilicity

of hydrogel-solid particles, the particles on the oil/water

interface and without move even the vial is lean. The

model of particles that stand at the interface and contact

angle analysis was proposed to explain the reason. This

emulsion not only possesses the kinetic stability of the

Pickering emulsion prepared by isotropic particles, but also

demonstrates the thermodynamic stability of the emulsion

formed by using surfactant as an emulsifier. A variety of

ordered aggregation structures, including bubbles, mono-

layer array structure, Pickering emulsion, crystal structure,

and grid structure, can be obtained by orderly arrangement

and assembly at the gas–liquid interface and liquid–liquid

interface.

3.2.2 Amphiphilic copolymer-inorganic Janus
nanoparticles

The mechanical properties of spherical aggregates induced

by small-molecule compounds are very weak, which

affects the subsequent application. The mechanical prop-

erties of self-assembled nanostructures induced macro-

molecular would be greatly improved. Polymer is a kind of

typical soft material, which has a very sensitive response to

a weak external field. Therefore, the ordered self-assembly

of inorganic nanoparticles can be well guided by the

appropriate design of organic polymers [44, 45]. Different

from small molecular surfactants, polymer surfactants are

used as both structural guide agents and organic compo-

nents in the assembly, and the orderly assembled structure

can be obtained without initiating polymerization. Poly-

mers have high mechanical strength because of their long-

chain segments and covalent bonds between chain seg-

ments. The structure of the superstructure cannot be

destroyed under the condition of external stretching or

compression. Nanoparticles would be distributed along the

direction of external force, which is conducive to control-

ling the spatial distribution of nanoparticles in the polymer.

The study of such hierarchically ordered organic–inorganic

hybrid systems is of profound academic significance for

understanding the synergistic effects of functionality and

structure [46].

The compatibility between nanoparticle and block

copolymer structure is an important factor to ensure the

stable existence of nanoparticles in block copolymer sub-

strate, which provides the possibility for nanoparticle self-

assembly induced by block copolymer. One block in the

block copolymer has attractive forces with the nanoparti-

cle, such as chemical bonding, electrostatic force, and

hydrogen bonding, while the other block has a repulsive

action with the nanoparticles. The opposite force makes the

nanoparticles stably exist in one end of the block copoly-

mer, and various structures and patterns can be formed

through the microphase separation of the two phases.

Under certain conditions, the microphase separation of

block copolymers can spontaneously self-assemble into

regular structures with sizes ranging from several

nanometers to dozens of nanometers. The phase separation

of block copolymers in the nanoscale range provides a

platform for the high dispersion of nanoparticles. Particles

can be selectively implanted into the microphase of block

copolymers by changing the interaction between nanopar-

ticles and polymer, thus triggering the microphase sepa-

ration of block copolymers. In principle, various forms of

superstructures can be synthesized by implanting

nanoparticles into micro-phases and controlling the dis-

persion and ordering of nanoparticles in the substrate

material, which can be applied in various aspects.

3.2.3 Self-assembly of amphiphilic copolymer-
inorganic Janus nanoparticles

Amphiphilic block copolymers are linear block copoly-

mers. The general principle is described as a freezing-in of

the middle block B by cross-linking (non-covalent) or

covalent, while the incompatible blocks A and C point in

different directions in the formed particle [47]. First,

hydrophobic polymers are dissolved in organic solvents

that are immiscible or slightly miscible with water. The

solution is emulsified with water and an appropriate sta-

bilizer to form a single or double emulsion. The solvent is

then removed by evaporation or extraction into the excess

continuous phase, converting the solvent droplets into solid

particles or capsules. The assembly is generally spherical

due to the interfacial tension between the aqueous and

organic phases [48]. In addition, amphiphilic block

copolymers can self-assemble into a variety of morpholo-

gies in selective solvents, including spherical, rod-like [49],

lamellar [50], vesicles [51], large composite micelles and

composite vesicles [52, 53].

When block copolymers are used as structural guides to

induce self-assembly of nanoparticles (nanometals, metal

oxides, semiconductors, etc.), high stability and size con-

trollable self-assembled nanostructures can be obtained.
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The research shows that the polymer with long flexible

chains can improve the mobility of inorganic particles,

reduce or eliminate the kinetic capture of inorganic parti-

cles and promote the thermodynamic equilibrium of the

assembly system. Phase separation of block copolymers

occurs in selective solvents to form micelles with core–

shell structures. The self-assembly behavior of poly-

styrene-b-polyethylene glycol (PS-b-PEO) block copoly-

mer in water was taken as an example. The hydrophilic part

of the polyethylene glycol molecular chain unfolds in water

due to solvation and plays the role of stabilizing micelles.

However, the hydrophobic polystyrene chains tend to avoid

contact with water and nucleate each other to reduce the

interfacial free energy. After the shells of the self-assem-

bled micelles are cross-linked, the hollow microspheres are

obtained by removing the nuclei. At present, photoinitia-

tion polymerization and cross-linking agent are generally

used to cross-link the shell, and the core is removed by

photodegradation or ozonation. Recently, many efforts

have been devoted to the self-assembly of copolymer-in-

duced particles, and various morphologies have been suc-

cessfully assembled with magnetic nanoparticles [54],

inorganic oxides [55], metal nanoparticles [56], and

quantum dots [57]. Table 1 lists the morphology of

nanoparticle self-assembly induced by amphiphilic

copolymer [50, 54, 58–66].

Deng et al. [67] proposed a simple method for the direct

synthesis of poly(4-vinyl pyridine) (P4VP)-based block

copolymer Janus nanoparticles using solvent evaporation to

induce nanoparticle self-assembly in emulsion droplets.

Janus nanoparticle was formed due to the synergistic effect

of solvent selectivity and interface selectivity, and the

aspect ratio and Janus equilibrium could be fine-tuned.

Janus nanoparticles could self-assemble into a multifunc-

tional ordered superstructure (Fig. 5a, b). Yang et al. [68]

used Fe3O4 and Au nanoparticles with a diameter of 6.5

and 3.5 nm as the structural units to create a ‘‘double Janus

bilayer’’ on the liquid–liquid interface by using O/W

microemulsion technology. The shell layer locked the

nanoparticles with aliphatic ligand (oleic acid) at the liq-

uid–liquid interface, and the nanoparticles were assembled

into colloidal capsules in a regular arrangement. Besides,

the method was also used to extend the growth to the lat-

tice-mismatched binary nanocrystalline of Au/Fe3O4

NaZn13 superlattice to achieve anisotropic superlattice

growth and generate independent binary nanocrystals

(Fig. 5c, d).

Iglesias et al. [69] described a reversible self-assembly

method of nano-Au particles and theoretically demon-

strated that the main driving force of Au nanoparticles self-

assembly aggregation was hydrophobic action. The

assembly process was accompanied by solvent evaporation

(Fig. 5e). Finally, a core–shell complex with PS-b-PAA

and PS-coated Au nanoparticles core was obtained, and

thermal treatment of the quenched clusters makes them

rigid and stable in aqueous solutions. (Fig. 5f). At present,

many studies have been conducted on the self-assembly of

nanoparticle induced by the amphiphilic block copolymer

PS-b-PAA. Hickey et al. [59] reported the self-assembly of

magnetic nanoparticles induced by PS-b-PAA molecules.

Based on previous studies, the assemblers with three dif-

ferent morphologies were synthesized by adjusting the

interaction between solvent types, nanoparticles and poly-

mers, and the assembly mechanism was analyzed. For

Table 1 Nanoparticle self-assembly induced by amphiphilic copolymer

Particle type Oil phase Morphology Assistant agent Refs.

CdSe/ZnS Dimethylformamide Spherical Poly(acrylic acid)-block-polystyrene (PAA-b-PS) [58]

c-Fe2O3 Dioxane Encapsulation PAA-b-PS [59]

Fe3O4 Hexane Solid spherical Poly(2, 2, 3, 4, 4, 4-hexafluorobutyl methacrylate-graft)-
poly(ethylene glycol) monomethacrylate)
(HFMA-g-PEGMA)

[54]

Au Chloroform Helical PS-b-P4VP(PDP)x [60]

PS-coated gold Dimethylformamide Chains PAA-b-PS [61]

Au Chloroform Solid spherical Polystyrene-block-poly(2-vinylpyridine)
(PS-b-P2VP)

[50]

Ag Chloroform Helical PS-b-P4VP [62]

CdSe Chloroform Lamellar PS-b-P4VP [63]

Au Dichloromethane Lamellar PS-b-P2VP [64]

Au-OH Dimethylformamide Cylinders PS-b-PEO [65]

Fe3O4 Toluene Hollow spherical Polyisoprene-block-poly(ethylene oxide)
(PI-PEO)

[66]
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example, when the solvent was tetrahydrofuran, the large

micelles composites were formed. When N,N-dimethyl-

formamide (DMF) was used as a solvent, the polymer

formed spherical micelles. By adjusting the ratio between

DMF and tetrahydrofuran, aggregates with different mor-

phologies could be obtained, such as vesicles, spheres, and

rod-like micelles. The effects of nanoparticles on the self-

assembled structure of amphiphilic block copolymers and

nanoparticles were investigated. They showed how the

arrangement of nanoparticles in a polymer matrix could be

controlled by manipulating solvent–nanoparticle and

polymer–nanoparticle interactions.

On the other hand, there are many examples of

hydrophobic alkyl-capped nanocrystals synthesized by

pyrolytic metal precursors encapsulated by other amphi-

philic block copolymers, such as polyisoprene-block-

poly(ethylene oxide) (PI-b-PEO), PS-b-P4VP (PDP), and

polybutadiene-block-poly(ethylene oxide) (PB-b-PEO)

[66]. Zhu and Hayward [70] reported that iron oxide

nanoparticles were embedded in worm-like micelle nuclei

through the interfacial instability of emulsion droplets

containing the amphiphile polymer PS-b-P4VP (PDP).

However, it is difficult to achieve high loading and uniform

dispersion of nanoparticles in the worm-like micelle core.

Fig. 5 Self-assembly of amphiphilic copolymer-inorganic Janus nanoparticles. a Illustrative synthesis of Janus nanoparticles by
solvent evaporation induced assembly of P4VP-based di-block copolymers in emulsion droplets; b TEM image of Janus nanoparticles
and crescent nanoparticles. Reproduced with permission Ref. [67]. Copyright 2016, American Chemical Society. c Schematic
illustration of formation mechanism of nanoscale colloidosomes: a key step is to form Janus bilayer on nanocrystal surfaces, where
DTAB is dodecyltrimethylammonium bromide, ODE is octadecene; d 2D HAADF-STEM projection image from tilt series of half-filled
superstructures. Reproduced with permission from Ref. [68]. Copyright 2016, American Chemical Society. e 3D self-assembly of
Au@PS nanoparticles, where THF is tetrahydrofuran; f TEM image of Au@PS nanoparticles. Reproduced with permission from Ref.
[69]. Copyright 2012, American Chemical Society
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Accurate control of the location and uniform distribution of

nanoparticles in the worm-like micelle core remains a

challenge. Subsequently, they introduced a simple and

general approach to solving this problem by embedding

nanoparticles in micellar nuclei through the direct

supramolecular assembly [71, 72]. The micelle morphol-

ogy and the distance between nanoparticles could be

adjusted by changing the concentration of nanoparticles

and the PDP blocks. Sanwaria et al. [62] studied the control

and localization of nanoparticles in the microphase sepa-

ration structure of block copolymers from both theoretical

and experimental aspects. The helical stacking of

nanoparticles in the cylindrical of block copolymers was

reported for the first time.

3.3 Distribution and localization of nanoparticles in
block copolymers

Block copolymers can induce nanoparticles to form

ordered, thermodynamically stable hybrid aggregates and

regulate the morphology and distribution of nanoparticles

in the assembly. The driving force lies in the equilibrium

between the conformational entropy of the block copoly-

mer, the conversion entropy of the nanoparticles, and the

enthalpy of the interface between the nanoparticles and the

block copolymer in the hybrid system. The conversion

entropy of nanoparticles and the conformational entropy of

polymers mainly depend on the size of nanoparticles and

the mean square rotation radius (Rg) of block copolymers,

and the interfacial free energy depends on the compatibility

between the nanoparticles and block copolymers. The

synergistic self-assembly of macromolecules and

nanoparticles can effectively regulate the distribution of

nanoparticles and form special self-assembly structures,

such as hollow structures and double-layer spherical

structures. Sánchez-Iglesias et al. [73] controlled the

number and distribution of nanoparticles in the hybrid self-

assembly. A layer of permeable SiO2 nano-capsules was

coated on the surface of the self-assembly of Au nanoparti-

cles with a fixed number, which not only strengthened the

assembly, but also improved the hydrophilicity and biolog-

ical activity of the material. The size, concentration, and

surface chemical modification of nanoparticles are the main

factors affecting the distribution and localization of

nanoparticles in block copolymer micelles.

3.3.1 Size of nanoparticles

The size of nanoparticles plays an important role in con-

trolling the distribution and localization of nanoparticles in

block copolymers. The hybrid assembly process of

nanoparticles and block copolymers is mainly controlled

by the total free energy in the system. When the particle

size of nanoparticles is much larger than the mean square

(Rg) of the polymer, the thermodynamically

stable nanocomposite hybrid assembly cannot be formed.

When the radius of the nanoparticle is basically equal to

the polymer Rg, the conformational entropy loss by the

polymer increases, and the translational entropy gained by

the nanoparticle decreases. At this point, the nanoparticles

are selectively distributed in specific microregions of the

polymer. When the size of the nanoparticles is smaller than

the Rg of the polymer segment, the system is mainly con-

trolled by the translational entropy of the nanoparticles, the

nanoparticles can be uniformly distributed in the micelles

of the block copolymers.

3.3.2 Surface properties of nanoparticles

The compatibility of block copolymers with nanoparticles

is an important factor in forming thermodynamically

stable hybrid aggregates. The attraction between nanopar-

ticles and block copolymers can be improved effectively by

modifying the surface of nanoparticles with small mole-

cules or short-chain polymers that are compatible with

block copolymers, which can control the distribution and

localization of nanoparticles in the block copolymer

matrix. Park et al. studied the effects of different ligands on

the distribution and localization of gold nanoparticles in

micelles [74], using 1-undecanethiol and 1-dodecanthanol

as ligands to stabilize gold nanoparticles, and assembled

them with two block copolymer PS-b-PAA. When modi-

fied with two ligands, nanoparticles were distributed on the

PAA and PS interfaces of spherical or rod-like micelles.

When modified with a single ligand, 1-dodecanthanol

molecule, the nanoparticles were concentrated in the nuclei

of the spherical micelles (Fig. 6a).

3.3.3 Shape of nanoparticles

The shape of nanoparticles can also affect their arrange-

ment and distribution in the hybrid assembly. Li et al. [75]

explored the self-assembly behavior of gold nanorods and

block copolymers. Two types of polymers with different

segment lengths were used to modify the gold nanorods to

control the arrangement of the nanorods in the micelles. It

was found that the nanorods could be arranged in a ‘‘head-

to-head’’ or ‘‘side-by-side’’ in the cylinder micelles

(Fig. 6b, c). He et al. simulated the self-assembly of di-

block copolymer-induced nanorods using dissipative par-

ticle dynamics method [76]. The results showed that the

addition of nanorods can change the morphology of

macromolecules. With the increase of the length of

nanorods, the structure of the assembly would successively

change from layered to lamellar and cylinder, band-like,

cylinder, as shown in Fig. 6d. At the same time, the change
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of the self-assembled structure would lead to the significant

change of its mechanical properties.

The abundant physical and chemical properties of block

macromolecules will provide a great development space

for the hierarchical and ordered self-assembly of inorganic

nanoparticles. The addition of block copolymer can not

only induce the self-assembly of inorganic nanoparticles

into various structures, but also effectively enhance the

structural stability of the assembly. Understanding the

basic principles of the hybrid assembly of copolymers and

nanoparticles can lay a theoretical foundation for the

design and preparation of superstructures with special

mechanical and electric properties.

4 Applications of self-assembled superstructures
for electrochemical capacitors

The increasing energy demands have provoked intense

research for the advanced electrochemical energy storage

systems. Electrochemical capacitors serve as an important

category of energy technologies, which are receiving

more attention than ever before [77, 78]. Using the

emulsion stabilized by nanoparticles as the template, the

self-assembly constructed by the interaction of the

nanostructure unit (including metal, metal oxide, and

semiconductor, etc.) not only possesses the characteristic

of nanostructure unit, but also exhibits the excellent

assembly performance in electrochemistry aspect. To be

specific, as for the supercapacitors, cycling stability of

the electrode is also an important evaluation criterion for

supercapacitors. The self-assembly of nanoparticles leads

to the formation of thermodynamically stable structures,

which is beneficial to enhance the cycling performance

of supercapacitors. Besides, the side reactions can be

effectively restrained due to the reduced surface area. In

some special cases of multilayered or multi-shelled

structures, the mass transfer could be further promoted.

Therefore, it shows great potential in the applications of

HSCs and MICs.

Fig. 6 Distribution of nanoparticles in block copolymers. a Pictorial description of self-assembly of PS250-b-PAA14 and Au
nanoparticles with varying surface ligands. Reproduced with permission from Ref. [74]. Copyright 2013, American Chemical Society.
Bright-field TEM images of hybrid micelles formed from: b PS51k-b-P4VP17k(PDP)2.0; c PS110k-b-P4VP107k(PDP)1.0 encapsulated of
nanorods (content of 27 vol%, diameter of 7 nm, and length of 29 nm), where nanorods were grafted with mixed PS brushes
(PS2k:PS12k = 1:1). Reproduced with permission from Ref. [75]. Copyright 2013, American Chemical Society. d Morphologies and
nanorod concentrations. Reproduced with permission from Ref. [76]. Copyright 2010, Elsevier
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4.1 Self-assembled superstructures for HSCs

The unique electronic, chemical and physical properties of

nanomaterials extremely accelerate the development of

energy materials, and the introduction of self-assembly

technology of nanomaterials also greatly improves and

enriches various properties of advanced energy materials.

HSCs can bridge the gap between high-power density and

high-energy density of capacitors and batteries [79–85]. In

the last few years, the self-assembly and performance

development of oxide nanomaterials have been studied

extensively. Li et al. [86] reported a novel sodium-ion

capacitor with a peanut shell structure by self-assembling

Nb2O5 nanosheets. The capacitor presented a stable cy-

cling, and its power density and energy density reached

5760 W�kg-1 and 43.2 Wh�kg-1, respectively. Huang et al.

[87] have reported a facile synthesis of transition metal

oxide-based hollow materials for HSCs. The Co3O4 hollow

supraparticles embedded in the carbon nanofiber (CNF/

HSP-Co3O4) and reduced graphene oxide (RGO/HSP-

Co3O4) were generated schematically (Fig. 7a). TEM

image (Fig. 7b) clearly elucidates the heterogenous hollow

structure of CNF/HSP-Co3O4. HRTEM image reveals that

the bubble-like Co3O4 hollow spheres were attached on the

exterior of CNF with the assistance of a ultrathin car-

bonaceous layer (Fig. 7c, d). Electrochemical impedance

Fig. 7 a Schematic illustration of fabrication of CNF/HSP-Co3O4 and RGO/HSP-Co3O4, where PAN is polyacrylonitrile; b TEM image
of an individual fiber of CNF/HSP-Co3O4; c HRTEM image of enlarged interface between CNF and Co3O4 supraparticles and (inset)
schematic illustration of an individual supraparticle; d HRTEM image of enlarged interface between Co3O4 supraparticles; e Nyquist
plots (Z0, real part of impedance; Z00, imaginary part of impedance) and f CV curves of Co3O4, CNF/H-Co3O4 and CNF/HSP-Co3O4 at a
scan rate of 30 mV�s-1. Reproduced with permission from Ref. [87]. Copyright 2019, Wiley
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spectroscopy (EIS) was employed to study the electrons/

ions conductivity of the different HSC anodes. The corre-

sponding EIS data (Fig. 7e) show that the series resistance

(Rs) of the Co3O4 electrode was greatly reduced by the

conductive CNF matrix. The cyclic voltammetry (CV)

curves in Fig. 7f show that the CNF/HSP-Co3O4 electrodes

testify substantially larger capacitance at a scan rate of

30 mV�s-1. Benefitting from the self-assembly of ultrafine

Co3O4 nanoparticles with the help of polydopamine (PDA)

and the unique hybrid architecture, the heterogenous hol-

low electrodes present an enhanced utilization ratio of

active materials and high ionic/electronic conductivity.

With regard to various structural and compositional

features, metal–organic frameworks (MOFs) produced by

the assembly of metal ions with organic ligands are utilized

as a novel type of reactants to build hollow materials

[88–95]. It is worth mentioning that hollow MOFs facilitate

the formation of complex hollow structures constructed

from diverse primary subunits [96–99]. Guan and Lou

[100] exploited a ‘‘nanoparticles-in-MOF’’ self-templated

method for the synthesis of complicated bubble-like CoS

nanocages, which is schematically depicted in Fig. 8a.

TEM image shown in Fig. 8b presents the hollow structure

of the complex CoS nanocages. A enlarged view indicates

that the CoS nanocage is constructed from numerous

ultrafine highly dispersed nanobubbles (Fig. 8c, d).

Besides, this ‘‘nanoparticles-in-MOF’’ self-templated

approach can be applied to put different functional species

including Zr-MOF nanoparticles, rod-like FeOOH, or car-

bon nanotubes (CNTs) in ZIF-67 during its growth. Owing

to the special shell structure and stable support, the derived

bubble-like CoS nanocages show enhanced electrochemi-

cal activity as anode for HSCs. Figure 8e presents typical

CV curves of bubble-like CoS nanocages and the normal

CoS cages, which proves that bubble-like structure could

store more charges due to the structural superiority. The

rate performance of different electrodes is shown in

Fig. 8f. To be specific, the bubble-like CoS nanocages

present a large specific capacitance of 1060 F�g-1 at the

current of 1.0 A�g-1. Even at a rather high current of

20 A�g-1, a high capacitance of 764 F�g-1 can still be

maintained.

Other than the self-assembly processes driven by van

der Waals and hydrogen bond, electrostatic self-assembly

is also a novel strategy to assemble diverse functional

nanoparticles with opposite charges through electrostatic

interaction. Therefore, it requires an additional surface

functionalization process for the subsequent formation of

the uniform complexes [101–105]. For example, MXenes

can be negatively charged by the surface functional groups

during the synthesis, which lays an excellent foundation for

the electrostatic self-assembly [106]. Similarly, Xie et al.

[102] demonstrated a Ti3C2Tx/CNT composite assembled

by the negatively charged MXene nanosheets and CTAB

modified CNTs with positively charges. Wu et al. [107]

proposed 2D interstratification assembly for the hybrid

electrodes of MXene/NiCo-LDHs from the CTAB modi-

fied MXene nanosheets (MXene-CTAB) and sodium

dodecyl benzene sulfonate (SDBS) modified NiCo-LDHs

(NiCo-LDHs-SDBS) for electrochemical capacitors. Fig-

ure 9a illustrates the fabrication of the MXene/NiCo-LDHs

electrode through electrostatic adsorption of interlayer

cations and anions. The assembly of alternating single

layers of MXene and NiCo-LDHs with an interstratification

spacing of 1.5 nm could alleviate the self-restacking of

each 2D materials (Fig. 9b, c). The MXene/NiCo-LDHs

composite electrodes also have outstanding electrochemi-

cal property thanks to its unique structural characteristics.

When the current density increases from 2 to 20 mV�s-1,

the shape of CV curves of MXene/NiCo-LDHs electrodes

retains the same. Although the anodic–cathodic peaks shift

slightly, there is no apparent deformation, indicating good

rate capacitance and Faradaic redox reaction (Fig. 9d).

From Fig. 9e, all the galvanostatic charge–discharge curves

demonstrate good symmetries at the current densities from

0.5 to 10.0 A�g-1, which prove that the MXene/NiCo-

LDHs electrodes have high Coulombic efficiency in the

charge–discharge processes.

4.2 Self-assembled superstructures for lithium-ion
capacitors (LICs)

The self-assembly from nanoparticles to micron particles

obtains multi-level structure, specific size and morphology,

showing better various properties and alleviating the

agglomeration and pulverization of particles that may

occur in the process of charging and discharging cycles of

simple low-dimensional nanomaterials, which may affect

their electrochemical performance. LICs have attracted

great attention because of their high energy/power densi-

ties, which bridges the gap between batteries and electro-

chemical capacitors [108–112]. The key to high-

performance LICs is to find appropriate electrode materials

to overcome the dynamic imbalance between the sluggish

Faradic reaction of the battery anode and fast non-diffu-

sion-controlled process of the capacitive cathode

(Fig. 10a). Hu et al. [113] reported an innovative self-

assembly strategy for the synthesis of homogeneous binary

organic particles as anode materials with fast lithium

absorption mechanisms for the fabrication of high-energy

LICs with high flexibility. Maleic acid (MA) and

polyvinylidene fluoride (PVDF) are co-dissolved into

N-methylpyrrolidone (NMP), resulting in a uniform mix-

ture of both at the molecular level. By solvent evaporation,

the dissolved MA and PVDF molecules are coprecipitated

and self-assembled as MA@PVDF binary organic particles
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(Fig. 10b). These self-assembled porous spherical particles

show strong affinity for conducting carbon additives,

ensuring rapid transfer of electrons and ions to the internal

MA nanocrystals. CV measurements are conducted to

demonstrate the LICs full cell electrochemical properties at

various sweep rates from 5 to 500 mV�s-1 (Fig. 10c), and

the CV profiles deviate from the quasi-rectangle. These

results confirm that the charge storage in the LICs could

combine the storage mechanisms between MA@PVDF

anode and activated carbon (AC) cathode. In addition, the

flexible LICs device is fabricated in the schematic diagram

in (Fig. 10d), which delivers 113.6 Wh�kg-1 at a high

Fig. 8 a Schematic illustration of controlled encapsulation and conversion processes for bubble-like CoS nanocages, where 2-MIM is
2-methylimidazole, ZIF is zeolitic imidazolate framework; b–d TEM images of CoS nanobubble cages; e CV curves at a scanning rate
of 2.0 mV�s-1; f rate performance. Reproduced with permission from Ref. [100]. Copyright 2017, Wiley
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energy density of 0.1 A�g-1, with significant cyclic sta-

bility in flat and curved states (Fig. 10e). After 30 bending-

flatting operations, it could retain 84.5% of the initial

energy density. As shown in Fig. 10f, the flexible LICs

could deliver energy densities of 153.1, 106.8, 85.2, 52.0

and 22.1 Wh�kg-1 at the current densities of 0.05, 0.10,

0.20, 0.50 and 1.00 A�g-1, respectively. These results

validate that MA@PVDF has admirable energy density and

immense potential for future wearable energy storage

applications.

5 Conclusion and prospect

In summary, we have reviewed the recently self-assembly

of nanoparticles into highly ordered, multifunctional

materials and electrode materials. The mechanism, driving

force and research progress of assembly are discussed. In

order to improve the structural stability of the assembly,

the interaction forces between the assembly units are

strengthened from pure particle self-assembly to organic–

inorganic co-assembly. The advantage of this assembly

Fig. 9 a Schematic illustration for fabrication of 2D MXene/NiCo-LDHs assembly through anions–cations electrostatic adsorption;
b SEM and c TEM images of MXene/NiCo-LDHs and (inset) d-spacing of adjacent nanosheets; d CV curves of MXene/NiCo-LDHs
electrodes at different sweep rates; e Galvanostatic charge–discharge curves of MXene/NiCo-LDHs electrode at different current
densities. Reproduced with permission from Ref. [107]. Copyright 2020, Elsevier
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method is that it collects many single properties into a

multi-functional material. These structures had been used

in a wide range of industrial catalysis and energy infor-

mation applications. In addition, there would be unprece-

dented new performance.

However, there are still many challenges that need to be

explored and improved. First of all, the precise control of

self-assembly structure and performance is still a great

challenge, which requires not only the precise control of

the size, nature, and shape of the assembly unit, but also the

specific regulation of the assembly conditions. Through the

construction of nanoparticle self-assembly, the main

research line of ‘‘structure-property-performance-applica-

tion’’ is finally established. Specifically, in the application

of energy storage, compared with a single nanoparticle, the

assembly does show good cycling stability. However, due

to the weak interaction force between the particles of the

assembly, the mechanical properties of the system are poor,

so the interaction force between the particles should be

further strengthened.

Secondly, the interface self-assembly technology pro-

duced a small yield of nanomaterials. At present, nano-self-

assembly technology still has bottlenecks in the industrial

scaling up of materials. New materials with lower costs

should be explored as substitutes for precious metals,

semiconductors, and other materials to realize mass

industrial production of nano-self-assembly materials.

Finally, increasing the complexity of structures by com-

bining other up-bottom and bottom-up approaches is one of

the natural directions of nanoscience. It is anticipated that

new complex active nanostructures will be synthesized to

size by self-assembly assisted by the Pickering emulsion

method to explore new properties and applications. Self-

assembly is an interdisciplinary subject in the scale of the

nanostructure, which requires the joint efforts of

researchers from all disciplines to achieve further

development.
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