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Ionic liquids (ILs), defined as low-melting organic salts, are a novel class of compounds with unique 5 

properties and a combinatorially great chemical diversity. Ionic liquids are utilized as synthesis and 

dispersion media for nanoparticles as well as for surface functionalization. Ionic liquid and nanoparticle 

hybrid systems are governed by a combined effect of several intermolecular interactions between their 

constituents. For each interaction, including van der Waals, electrostatic, structural, solvophobic, steric, 

and hydrogen bonding, the characterization and quantitative calculation methods together with factors 10 

affecting these interactions are reviewed here. Various self-organized structures based on nanoparticles in 

ionic liquids are generated as a result of a balance of these intermolecular interactions. These structures, 

including colloidal glasses and gels, lyotropic liquid crystals, nanoparticle-stabilized ionic liquid-

containing emulsions, ionic liquid surface-functionalized nanoparticles, and nanoscale ionic materials, 

possess properties of both ionic liquids and nanoparticles, which render them useful as novel materials 15 

especially in electrochemical and catalysis applications. This review of the interactions within 

nanoparticle dispersions in ionic liquids and of the structure of nanoparticle and ionic liquid hybrids 

provides guidance on the rational design of novel ionic liquid-based materials, enabling applications in 

broad areas. 

1. Introduction  20 

Ionic liquids (ILs) are molten salts typically consisting of organic 

cations and organic or inorganic anions. The term “ionic liquids” 

initially defined low-melting salts1, but in more recent literature,2, 

3 “ionic liquids” refers to molten salts with melting point below 

100 °C, often specified as Room Temperature Ionic Liquids 25 

(RTILs).4 

Ethylammonium nitrate (EAN, (C2H5)NH3
+·NO3

-) is believed 

to be the first reported room temperature ionic liquid.5 The 

discovery in the 1990s of ionic liquids that are stable (at least at 

room temperature) towards hydrolysis, e.g., tetrafluoroborate, 30 

hexafluorophosphate, nitrate, sulfate and acetate salts, spurred 

significant research efforts.6, 7 Ionic liquids offer many 

advantages such as negligible vapor pressure, good thermal and 

chemical stability, high ionic conductivity, broad electrochemical 

potential windows, good solubility and high synthetic flexibility.4, 
35 

8-10 Ionic liquids have been called “designer solvents” for the 

opportunities they afford in the rational design of the cation and 

the anion chemical structures through proper consideration of 

structure-function relationships.11-16 Ionic liquid solvents are used 

for extraction and separations in analytical chemistry.17-19 The 40 

unique properties of ionic liquids also motivate their applications 

as electrolytes in lithium batteries20, 21 and in dye-sensitized solar 

cells22, and their consideration as solvents for drug delivery23 and 

biomass processing24-26. Commonly used cations and anions of 

ionic liquids are presented in Figure 1. 45 

Ionic liquids are not simple liquids. Their ions are generally 

asymmetric, with delocalized electrostatic charges.27 Studies on 

the physicochemical properties of ionic liquids have shown that 

the molecular structure of ionic liquids affects their properties, 

e.g., thermal properties (including melting point, heat capacity, 50 

thermal stability), solubility, viscosity, surface tension, 

diffusivity, and electrical conductivity.28-32 The molecular forces 

and interactions of ionic liquids are much more complicated than 

those of common classical salts.33 

ILs share some similarities with water. Early research reported 55 

a similar formation process of surfactant micelles in 

ethylammonium nitrate and in water.34 35 Water exists as a 

mixture of free water molecules and hydrogen-bonded water 

clusters.36 Correspondingly, ILs appear to be a mixture of free 

ions and hydrogen-bonded ionic supramolecular structures.7, 37 60 

The notable characteristics of ILs are primarily attributable to 

their ionic nature. The combination of the strong Coulombic 

interactions and weak directional interactions (including 

hydrogen bonding interactions, cation-π interactions, van der 

Waals inductive and dispersion interactions) may induce the 65 

formation of nano-scale structures in ILs and IL/solvent or 

IL/solute mixtures.11  

Imidazolium-based cations consist of a polar head group and a 

non-polar alkyl side chain. Ionic liquids with an imidazolium 

cation can form hydrogen-bonded polymeric supramolecular 70 

aggregates with the general form of [ImxXx-n]
n+ or [Imx-nXx]

n-, 

where Im represents the cation and X represents the anion.38 For 

those imidazolium-based ionic liquids with long alkyl side-chains, 

the alkyl chains can segregate to form nonpolar domains, while 

other parts of the ionic liquid form polar domains, as shown in 75 
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Figure 1. Commonly used cations and anions of ionic liquids (Rn 

represents alkyl chain). 

 

Figure 2.39 As the length of alkyl chain increases, the nonpolar 5 

domains increase in size and become more connected, leading to 

a microphase separation such as liquid crystal formation. 

Anisotropic-like liquids are observed in this case.40 Such highly 

hydrogen-bonded networks with polar and nonpolar nanodomains 

facilitate the dissolution of various substances in ILs.41, 42 The 10 

distribution of solutes in ionic liquids is much different than that 

in homogeneous solvents because of the existence of structural 

heterogeneities within ILs.39 The solutes tend to localize into the 

nano-scale domains for which they have higher affinity.43  

Multiple intermolecular interactions assist ionic liquids in 15 

dissolving the otherwise insoluble cellulose44-46. Ionic liquids are 

also used as reaction media, playing the role of solvent and 

template.47-50 Considering colloidal systems, ionic liquids are 

explored as dispersoids or dispersion media,51 facilitating the 

dispersion of metal nanoparticles52 , nanostructured inorganic 20 

particles53 and carbon nanotubes54, 55. Some colloidal particles 

can be stably suspended in ionic liquids without the need to add 

classical stabilizers such as surfactants and/or polymers.51 Ionic 

liquids, contributing to electrostatic forces on the surface of 

nanoparticles, can also be utilized as stabilizers for nanoparticles 25 

synthesized in aqueous solution.56, 57 A comprehensive analysis of 

nanoparticle dispersion in ionic liquids can therefore provide an 

improved fundamental understanding needed to support emerging 

applications of ILs in nanoparticle synthesis, in chemical 

reactions involving nanoparticles, and in hybrid materials that 30 

incorporate ILs and nanoparticles.  

In this review we address hybrids comprising ionic liquids and 

nanoparticles without or with other ingredients such as polymers 

and amphiphiles.  An understanding of structure and dynamics in 

ionic liquid and nanoparticle hybrid systems can further 35 

contribute to the applications of such hybrids in emerging fields 

like lithium batteries and solar cells. Very recent reviews about 

ionic liquids have addressed nanostructure of ionic liquids58, and 

the use of ionic liquids as media for nanomaterial synthesis48, 59  

or amphiphile self-assembly58, 60. However, the stabilization of 40 

nanoparticles in ionic liquids on the basis of intermolecular 

interactions, and the ensuing structure and organization have not 

been addressed in previous reviews. The stability of nanoparticles 

in ionic liquids can be viewed from two sides, physical stability 

and chemical stability. In this review, we focus on physical 45 

stability, which macroscopically describes whether a colloidal 

 
Figure 2. Segregation in domains is visible in liquid-phase molecular 

dynamics simulations (250 ion pairs of 1-hexyl-3-methylimidazolium 

hexafluorophosphate [C6mim][PF6]). Red (dark) corresponds to the 50 

imidazolium ring of the cation (plus some atoms attached to it) and the 

entire PF6 anion, and green (light) corresponds the “nonpolar” side 

chain.27 Copyright 2007 American Chemical Society. 

 

system maintains a single phase, while microscopically describes 55 

whether the nanoparticles agglomerate or aggregate in certain 

dispersant media.  

In what follows, we address the stability of nanoparticle 

dispersions in ionic liquids and the nanoparticle organization in 

ionic liquid-nanoparticle hybrid systems. First, we discuss 60 

intermolecular interactions acting within dispersions of 

nanoparticles in ionic liquids. Van der Waals, electrostatic, 

structural, solvophobic, steric and hydrogen bonding interactions 

are presented, followed by a combination of the interactions 

toward maintaining nanoparticle dispersion stability in ionic 65 

liquids. Both internal and external factors that affect the 

interactions mentioned above and consequently impact the 

nanoparticle stability in ionic liquids are reviewed. Next, self-

organized structures based on nanoparticles and ionic liquids, 

including colloidal glasses and gels, lyotropic liquid crystals, 70 

nanoparticle-stabilized ionic liquid-containing emulsions, ionic 

liquid surface-functionalized nanoparticles and nanoscale ionic 

materials, are reviewed in the context of the intermolecular 

interactions that stabilize them.  

2. Nanoparticle stabilization in ionic liquids 75 

Metal nanoparticles attract significant attention on the basis of 

their novel properties.61, 62 Several publications have reported 

high-yield synthesis of metallic nanoparticles in ILs.63-65 In fact, 

metal nanoparticles synthesized in ionic liquids are reported to be 

mono-dispersed and non-agglomerated as a result of ionic liquid 80 

stabilization.59, 66-69  

In order to prepare desired nanoparticles in ionic liquids, the 

stability of the nanoparticle dispersion should be carefully 

controlled. Any factors affecting the stability of nanoparticles in 

ionic liquids may lead to nanoparticle size70-73 and/or 85 

morphology74-78 changes during synthesis. The size and size 

distribution of nanoparticles synthesized in ionic liquids are 

affected by physicochemical properties of ionic liquids, which 

affect the nanoparticle stabilization. For example, smaller  
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Figure 3. Photographs of Fe3C nanoparticle dispersions in ILs. The 

temperature values given for some samples are the temperatures at which 

the dispersions were prepared. Absence of a temperature value indicates 

dispersions prepared at room temperature.79 The ionic liquids used are 5 

noted inside the figure: cations are 1-ethyl-3-methylimidazolium [Emim]+ 

and 1-butyl-3-methylimidazolium [Bmim]+; anions are ethylsulfate [ES]-, 

methane-sulfonate [MS]-, trifluoromethylsulfonate(triflate) [TfO]-, 

tetrafluoroborate [BF4]
-, dicyanamide [N(CN)2]

-, and thiocyanate [SCN]-. 

Copyright 2010 American Chemical Society. 10 

 

diameter and narrower distributions of synthesized nickel and 

ZnO nanoparticles were prepared in ionic liquids with longer side 

chains, because the long side chain impacted the nanoparticle 

stability in ionic liquids by altering the physicochemical 15 

properties of ionic liquid as well as the interactions between ionic 

liquid and nanoparticle.66, 75 Larger size or varied morphologies 

of synthesized nanoparticles can be caused by conglomeration of 

unstable prime nanoparticles, which may result from smaller 

ionic liquid anions exhibiting stronger cation-anion Coulomb 20 

attraction,80 or less coordinating anion of ionic liquid,68, 78 or 

higher temperature decreasing the viscosity of the ionic liquid 

and increasing the diffusive velocities of the sputtered 

nanoparticles81, 82. Thus, an improved understanding of the 

stability of nanoparticle dispersions in ionic liquids will  25 

 
Figure 4. UV–vis spectra of Au nanoparticles synthesized in pure 1-butyl-

3-methylimidazolium hexafluorophosphate ([Bmim][PF6]). A decrease in 

the intensity of the plasmon band at 530 nm along with an increase in the 

high wavelength region of the absorption spectra over 17h indicate 30 

nanoparticle aggregation. The overall intensity decreased after several 

days, suggesting that the nanoparticles precipitated.83, 84 Copyright 2010 

Elsevier. 

 

significantly assist efforts directed toward the synthesis of 35 

nanoparticles with controlled size and morphology in ionic 

liquids.  

In this section, we review the stability of nanoparticle 

dispersions in ionic liquids and the intermolecular forces 

affecting such stability. We first introduce characterization 40 

methods of nanoparticle dispersion stability in ionic liquids, 

followed by several subsections each addressing a specific 

interaction that can contribute to colloidal stabilization. We start 

by considering the basic forces in typical colloidal systems, e.g., 

van der Waals and electrostatic interactions. Then we analyze the 45 

interactions of special interest to in ionic liquid-based colloidal 

systems, e.g., hydrogen bonding and structural forces. Moreover, 

steric interactions are discussed in the context of added 

macromolecular stabilizers. Both internal and external factors 

affecting the interactions mentioned above and consequently 50 

impacting on nanoparticle stability in ionic liquids are reviewed 

in the later part. An overview on the interactions acting in tandem 

on the ionic liquid and nanoparticle hybrid systems is presented 

in the last part of this section.  

2.1 Characterization of nanoparticle dispersion stability in 55 

ionic liquids 

There are several ways to assess the dispersion stability of 

nanoparticles in ionic liquids. In general, colloidal stability is 

assessed by examination of nanoparticle size distribution over 

time.85 The simplest method is visual or spectroscopic inspection, 60 

in other words, observing the color and/or sediment of 

nanoparticle/ionic liquid dispersions.86 This method is usually 

applied in metal nanoparticles since they exhibit their specified 

color at uniform dispersion but show a different color when 

precipitated. An absorbance peak appears at a certain wavelength 65 

when nanoparticles are mono-dispersed, while the absorption 

wavelength shifts and the baseline increases when aggregates 

form.87 For example, mono-dispersed Fe3C nanoparticles 

presented a deep orange-red or yellowish color and a transparent 

solution in compatible ionic liquids, 1-ethyl-3-  70 
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Figure 5. Size distribution curves for bare silica particles (with average 

radius of 62 nm) in deionized water, acetonitrile, and various ILs 

measured by DLS at 25 °C. DLS measurements for the IL dispersions 

were conducted after 12 h of quiet standing of the prepared samples.88 5 

The ionic liquids tested are: 1-butyl-3-methylimidazolium 

tetrafluoroborate [Bmim][BF4], 1-butyl-3-methylimidazolium 

hexafluorophosphate [Bmim][PF6], 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [Emim][NTf2], 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide [Bmim][NTf2], and 10 

1- octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[C8mim][NTf2]. Copyright 2008 American Chemical Society. 

 

 
Figure 6. Representative TEM images of gold nanoparticles in the ionic 15 

liquid [Bmim[N(CN)2] obtained 2 hours (left), 6 hours (middle) and 24 

hours (right) after sputtering. The TEM samples were prepared by dipping 

a copper grid covered with a lacey carbon film into the ionic liquid 

containing gold NPs, and by draining the excess of ionic liquid with filter 

paper.84 Copyright 2012 the Owner Societies. 20 

 

methylimidazolium thiocyanate ([Emim][SCN]) and 1-ethyl-3-

methyl-imidazolium-dicyanamide  ([Emim][N(CN)2]), while 

non-stable Fe3C particles resulted in a turbid dispersion with a 

significant amount of black sediment, as shown in Figure 3.79 A 25 

color change of the nanoparticle/ionic liquid dispersion as a 

function of time was reported in the case of gold nanoparticles (4-

7 nm diameter) synthesized in 1-butyl-3-methylimidazolium ionic 

liquids. The suspension showed a red color at the time of 

synthesis, characteristic for gold nanoparticles.84 The UV–vis 30 

spectra of gold nanoparticles exhibit a typical surface plasmon 

resonance (SPR) band at around 530 nm.89 After some time the 

suspension turned purple, and it finally turned out to be lighter 

colored with black sediment at the bottom of the cuvette, 

indicating coagulation followed by sedimentation of the 35 

nanoparticles.84 Several studies have considered gold 

nanoparticle synthesis and dispersion in imidazolium-based and 

pyrrolidinium-based ionic liquids.70, 81, 84, 90-95 UV-vis spectra on 

gold nanoparticle dispersion in 1-butyl-3-methylimidazolium  

 40 

Figure 7. WAXS patterns of Fe3C powder and its dispersions in ILs: (a) 

original Fe3C powder and Fe3C powder reisolated from [Emim][SCN], (b) 

pure [Bmim][BF4] and Fe3C in [Bmim][BF4], and (c) pure [Emim][SCN] 

and Fe3C in [Emim][SCN].79 Copyright 2010 American Chemical 

Society. 45 

 

hexafluorophosphate ([Bmim][PF6]) (Figure 4) showed the 

intensity of the plasmon band to decrease while the overall 

intensity of the absorption spectra to increase in the large-

wavelength region over the 24 hours after synthesis, which 50 

indicated the formation of aggregates.83, 84   

Scattering methods provide ways to assess colloidal stability 

by providing information on particle size.79, 88 The radius of 

nanoparticles dispersed in ionic liquids can be calculated by 

fitting the scattering intensities obtained by small angle X-ray 55 

scattering (SAXS) to an appropriate form factor.79 Dynamic light 

scattering (DLS) can quantitatively determine the size 

distribution of nanoparticle dispersions. Figure 5 shows the size 

distribution curves for bare silica nanoparticles dispersed in 

different solvents. For DLS data analysis, two important 60 

parameters are needed, the viscosity and dielectric constant of the 

solvent.  Viscosity and dielectric constant values for numerous 

ionic liquids have been reported together with other 

physicochemical properties.8, 96, 97  

Transmission electron microscopy (TEM) and scanning 65 

electron microscopy (SEM) both provide direct ways to visualize 

nanoparticles. Ionic liquids provide the unique advantage of 

allowing SEM without accumulation of electron charges, thus 

enabling the observation of nanoparticles wetted with ionic 

liquids.98 The nanoparticle dispersion can be imaged by TEM or 70 

SEM to observe whether the nanoparticles aggregate.84, 93 

Representative TEM images of gold nanoparticles in the ionic 

liquid [Bmim][N(CN)2]), obtained at different times after 

sputtering with a gold foil target, are shown in Figure 6. Electron 

microscopy provides a good way to compare the size and 75 

morphology of nanoparticles synthesized in different solvents or 

with different methods.79, 83, 87, 88 However, electron microscopy 
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requires sample deposition onto support grids or films, which 

means that the suspension of nanoparticles in the solvent is 

disturbed at the time of sample preparation.  

The methods described above are designed to assess the 

physical stability of nanoparticle dispersions, reflected by 5 

whether and how the nanoparticles aggregate in solvents. 

However, chemical stability should also be considered. 

Chemically stable nanoparticles do not react with the solvents 

they are dispersed in, and retain their properties such as catalytic 

ability and surface functionality. X-ray scattering has been 10 

applied to examine whether there is a chemical reaction taking 

place by comparing the X-ray patterns of original nanoparticle 

with nanoparticle isolated from ionic liquids after dispersion (see 

Figure 7).79 Powder X-ray diffraction conducted on dispersed 

LaF3:Ln3+ nanocrystals synthesized in 1-butyl-15 

methylpyrrolidinium bis(trifluoromethanesulfonyl)amide 

([Bmpyr][Tf2N]) or 1-butyl-1-methylpyrrolidinium  

trifluoromethanesulfonate ([Bmpyr][TfO]) ionic liquids 

suggested that neither the crystalline structure nor the 

nanoparticle size changed after the nanocrystal dispersion in the 20 

ionic liquid.99  

In addition to the general methods highlighted above, some 

nanoparticles have special properties which can be utilized in 

characterizing their dispersion stability in ionic liquids. For 

example, the colloidal stability of magnetite nanoparticles in the 25 

ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate 

([Emim][EtSO4]) has been tested by magnetic sedimentation, 

centrifugation and redispersion, and by ‘in situ’ HREM pictures 

of the dispersions.100  

2.2 Electrostatic interactions and van der Waals interactions 30 

Electrostatic interactions and van der Waals interactions are 

present in almost all colloidal systems.101-103 The van der Waals 

force, arising from correlations between electrons motions in two 

neighboring molecules, is a short-range unidirectional force that 

is relatively weak compared to other inter-molecular 35 

interactions.101 The electrostatic interaction is appreciable for 

nanoparticles in ionic liquids that consist of cations and anions. In 

these cases, positively or negatively charged ion clusters, instead 

of separate single ions, surround the nanoparticle surface to build 

an electrical double-layer, thus providing a electrostatic force to 40 

keep the nanoparticles apart from each other.104  

The role of electrostatics in stabilizing the nanoparticles 

synthesized in ionic liquids has been well recognized.56, 84, 105, 106 

The ions or ion clusters are attracted on the nanoparticle surface 

by electrostatic forces.69 The ionic liquid cations are attracted to 45 

the surface of a negative charged nanoparticle to form a positive 

ion layer, and then counterions form a second layer on the 

nanoparticle surface by electrostatic attraction.93, 107, 108 It has 

been reported that anionic semiorganized imidazolium 

supramolecular aggregates [(Bmim)x-n(PF6)x]
n- formed a first 50 

layer surrounding gold nanoparticle (with a diameter of 2.6±0.3 

nm), whereas supramolecular cationic aggregates 

[(Bmim)x(PF6)x-n]
n+ laid adjacent to the first layer to provide 

charge balance (Figure 8).109 The electrical double layer 

efficiently keeps nanoparticles from aggregating. 1-butyl-3-55 

methylimidazolium lauryl sulfate ([Bmim][C12H25OSO3]) was 

reported to form a double layer structure around synthesized gold 

nanocrystals to provide electrostatic forces, which stabilized the  

 
Figure 8. Schematic of ion clusters surrounding nanoparticles. The ion 60 

clusters form a protective electrical double layer.  

 

gold nanocrystals together with van der Waals interactions 

between butyl and lauryl side chains of the ionic liquid that 

contributed a secondary stabilization.93 A molecular dynamics 65 

simulation of carbon nanotube dispersions in [Emim][TFSI] ionic 

liquid explored the effects of electrostatic interactions by 

applying different surface charge densities (-0.5, 0.0, +0.5 [e/nm-

2]) on the carbon nanotube.106 On the surface of a neutral carbon 

nanotube, [Emim]+ cations tended to lay parallel, while [TFSI]- 70 

anions had the same probability to lay parallel and perpendicular. 

It turned out that positive or negative charges changed the 

interfacial orientation of ions — the ions in the first layer tended 

to orient parallel to the surface, while counterions in the second 

shell became preferentially oriented perpendicular to the surface. 75 

The structural changes in the interfacial region consequently 

affected the electrostatic interactions.106  

Intermolecular forces can be directly measured by atomic force 

microscopy (AFM). For example, AFM force-distance 

measurements carried out on a system of gold nanoparticles in 80 

imidazolium ionic liquids showed a stepwise repulsive force 

when two gold-coated surfaces approached each other within a 

few nanometers.84 This stepwise force-distance curve indicated 

an ionic layer present around the nanoparticle surface that 

provided electrostatic force.84  85 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory110, 

which has been frequently applied to quantitatively calculate the 

stability of colloidal dispersions, considers a combination of 

electrostatic double layer repulsion (Coulomb forces) and van der 

Waals attraction to examine the colloidal stability. The total 90 

particle-particle interaction energy potential (Vtotal) is calculated 

by addition of the van der Waals potential (VvdW) and the 

electrostatic potential (Vele):   

V
total

= V
vdW

+ V
ele

                                                                     (1)                                                  

In an example of DLVO theory utilization, the potential 95 

between two gold NPs (with a diameter of 6 nm) dispersed in 1-

butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([Bmim][Tf2N]) was calculated by adding the electrostatic 

potential and the van der Waals potential. A negative total 

potential over the whole distance range resulted, indicating an 100 

unstable colloidal system. 84  

An approximate expression (when κR>>1) for the electrostatic 
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repulsion potential Vele(d) is:111 

Vele = 2π Rε0ε rψ 0 ln 1+ exp −κd( )                                        (2) 

where Ψ0 is the surface potential.  

The Debye reciprocal length parameter, κ, can be calculated 
from:112 5 

κ =
(zie)2ci0

*

i∑
ε0ε rkT











1/2

                                                              (3)  

where zi stands for ion valence, e is elementary charge, ci0
* is 

the bulk concentration of ions (at a reference point where the 

potential equals zero), εr is the solvent dielectric constant, and ε0 
is the permittivity of free space. k is the Boltzmann constant and 10 

T is the absolute temperature. 

Given all the other constants, a static permittivity (ε) of 11 was 

used to calculate Vele(d) and κ, and a zeta potential of -55 mV 

was used as a good approximation of the surface potential (Ψ0) in 

ionic liquids.84 The thickness of the Debye layer (1/κ) can be 15 

utilized as a measure of colloidal electrostatic stability.112 The 

colloidal particles are more stable with a thicker Debye layer 

because it expands the distance between nanoparticles, reducing 

the chance for nanoparticle agglomeration. Moreover, a wider 

separation between nanoparticles reduces van der Waals 20 

interactions, which further discourages nanoparticle 

aggregation.59  

The VvdW(d) potential between two spherical particles of radius 

R can be approximated by:84 

VvdW = −
R

12d
Am − Ap( )2




                                                (4) 25 

Ap is the Hamaker constant of particle, Am is the Hamaker 

constant of the colloidal medium. Ap and Am can be calculated 

based on Lifshitz theory:113 

A =
3

4
kT

ε −1( )2

ε +1( )2 +
3hve(n

2 −1)
2

16 2(n2 +1)
3

2

                                         (5)                                 

where ε is the dielectric constant and n is the refractive index 30 

of the compound, and ve is the frequency of the main electronic 

absorption for the dielectric permittivity. Values for these 

properties for a variety of commonly used ionic liquids and 

nanoparticles are available in literature.88 The dielectic constant 

can be measured by, e.g., microwave dielectric relaxation 35 

spectroscopy114, while refractive indices can be measured using a 

refractometer with a high-resolution optical sensor115. The value 

for ve is typically around 3 × 1015 s-1 for ionic liquids.116  

From equations 2 to 5 we can see that the electrostatic and van 

der Waals interactions are computed as a function of the distance 40 

(d) between neighboring particles. The distance (d) can be 

calculated via the nanoparticle size and concentration, parameters 

related to physicochemical properties of each ionic liquid (ε, n, 

ve), and environment temperature (T).  

First, the distance between neighboring particles (d) is a key 45 

independent variable contributing to the magnitude of 

electrostatic and van der Waals interactions. The interaction  

 

Figure 9. The total interaction potential V total(d) = Vvdw(d) + Vele(d) as a 

function of distance between two spherical gold particles with a diameter 50 

of 6 nm in [Bmim][Tf2N]. A dashed line at zero potential is drawn for 

clarity. The electrostatic interactions decrease to negligible amount within 

the distance of 0.25 nm and are weaker than 1 kT over the whole distance 

range, while the van der Waals interactions start from a distance of more 

than 10 nm and become stronger than 1 kT at 1 nm interparticle 55 

distance.84 Copyright 2012 the Owner Societies. 

 

potential profiles for gold NPs and silica nanoparticles in ionic 

liquids calculated through DLVO showed that the magnitude of 

both electrostatic and van der Waals interactions decreases 60 

sharply with d increase.84, 88 It was observed that larger silica 

nanoparticles were unstable in a series of aprotic ionic liquids, 

while smaller silica nanoparticles (with radius of 6 nm) were 

stable in 1-butyl-3-methylimidazolium tetrafluoroborate 

([Bmim][BF4]), indicating an increase in the van der Waals 65 

attraction with increasing nanoparticle size.51  

Second, the physicochemical properties of ionic liquids and 

nanoparticles, reflected in the parameters used in equations 2-5, 

e.g., dielectric constant and refractive index of ionic liquids, 

differ from each ionic liquid and result in changes in the value for 70 

electrostatic and van der Waals interactions. For example, 

assuming the dielectric constant of ionic liquid A to be larger 

than that of ionic liquid B, the Debye reciprocal length parameter, 

κ, for A will be smaller than that for B according to the 

relationship κ ∝ 1 ε r( )1 2
. The electrostatic potential of a 75 

nanoparticle in ionic liquid A will be higher than that in ionic 

liquid B with a larger Debye screening length, consequently this 

nanoparticle should be more stable in ionic liquid A all else being 

equal.  

Finally, other than the distance between neighboring 80 

nanoparticles and the physicochemical properties of ionic liquids, 

temperature is an important parameter in calculating electrostatic 

and van der Waals interactions since the Hamaker constants (of 

both ionic liquid and nanoparticle) and the Debye reciprocal 

length are a function of temperature (Eq. 3 and Eq. 5). A 85 

temperature increase would lead to a Debye reciprocal length 

decrease, and, as a result, electrostatic interactions would 

increase. From this aspect, the thickness of the electrical double 

layer would increase with a decrease in Debye reciprocal length, 

which would separate the neighboring nanoparticles further, and, 90 

as a consequence, the van der Waals interactions would weaken.  

Moreover, temperature also indirectly impacts van der Waals and 

electrostatic interactions through affecting the physicochemical  
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Figure 10. DLVO interparticle interaction profiles (T =25 °C) for bare 

silica particles (R = 60 nm) in [Cnmim])-based ionic liquids. All the 

potential curves were negative over the entire range of interparticle 

distance, indicating that the total interactions are attractive over the entire 5 

range and the nanoparticles are not stable.88 Copyright 2008 American 

Chemical Society. 

 

properties of ionic liquids and nanoparticles.  

Figure 9 shows the total potential as well as the van der Waals 10 

and the electrostatic potentials (expressed in units of kT) as a 

function of distance between two spherical gold particles 

immersed in [Bmim][Tf2N]. The Hamaker constant Am for 

[Bmim][Tf2N] = 5.57×10-20 J and the Hamaker constant Ap for 

gold = 1.26×10-19 J. The result indicates that the electrostatic 15 

interaction decreases to negligible amount within a distance of 

0.25 nm and is smaller than 1 kT over the whole distance range, 

while the van der Waals interaction commences from a distance 

of more than 10 nm and becomes greater than 1 kT at 1 nm 

interparticle distance. The theoretically calculated interaction 20 

potential vs. separation distance curve is in good agreement with 

AFM results.84 Figure 10 shows the total interaction profiles of 

silica nanoparticles in 1-alkyl-3-methylimidazolium ([Cnmim]+)-

based ionic liquids calculated through the DLVO theory.88 All the 

potential curves were below the zero potential over the entire 25 

range of interparticle distance covered in the figure. In other 

words, the silica nanoparticles attracted each other, suggesting 

that the silica nanoparticles were electrostatically unstable in the 

ionic liquids used. A broader size distribution and larger particle 

radius were measured by DLS at 12 h after sample preparation, as 30 

expected by the DLVO prediction. The results suggest the 

possibility that the electrostatic repulsion is attenuated by the 

highly ionic atmosphere in ionic liquid media.88  

The DLVO theory has been widely applied to colloidal 

dispersions in molecular solvents.112, 117 DLVO interactions in 35 

ionic liquid-based colloidal systems are different than those in 

molecular solvents with minimal to zero ionic strength. Equation 

4 indicates that the van der Waals potential is dominated by the 

effective Hamaker constant, defined as Aeff = (Am
1/2 - Ap

1/2)2. The 

effective Hamaker constants of ionic liquid-silica nanoparticle 40 

colloidal systems (Aeff (([Cnmim])-based ionic liquids-silica) = ~ 

3-7× 10-22 J) were reported smaller than those of aqueous or 

typical organic colloidal dispersions of silica particles (Aeff 

(water-silica) = 36.2 × 10-22 J and Aeff (acetonitrile-silica) = 29.5 

× 10-22 J), which indicated that the attractive van der Waals 45 

interactions for silica nanoparticle and ionic liquid systems were 

weaker than those of aqueous or typical organic solvent colloidal 

dispersions.88 Equation 3 suggests that the electrostatic 

interaction is related to the bulk concentration of ions, ci0
* The 

estimated high values of ci0
* of ionic liquids (>1.5 mol L-1), 50 

resulting from the partially associated ions, lead to a substantially 

suppressed Debye length κ-1 in ionic liquids, and subsequently 

caused electrostatic interactions to decline.51 Compared to ionic 

liquid-based colloidal systems, the electrostatic repulsion is 

stronger in dilute electrolyte aqueous solution, which presents a 55 

higher energy barrier for nanoparticles to aggregate. The 

electrostatic repulsion declined dramatically when the surface 

charges decreased or when the concentration of the electrolyte 

solutions increased in aqueous solution, resulting in a lower 

energy barrier that triggered slow particle aggregation.118  60 

Despite its wide use and many successes, the classic DLVO 

theory has several limitations emanating from its assumptions, 

e.g., dilute solution, no multiple charges, and no hydrogen 

bonding.110 DLVO only considers additive electrostatic forces 

and van der Waals interactions. In more complicated systems, 65 

interactions other than electrostatic and van der Waals exist and 

significantly effect colloidal stability. In this case, non-DLVO 

forces, or extended DLVO (EDLVO)119 forces have to be taken 

into consideration.120 Adjustments should be made to the DLVO 

theory and necessary complements should be added considering 70 

the hydrogen bonds and steric interactions in ionic liquids. For 

example, the potential interactions within a suspension of oleate-

coated iron-based magnetic particles (with average diameter of 

9.04 ± 0.08 nm) in [Emim][EtSO4] ionic liquid were theoretically 

predicted by extending the DLVO theory with considerations for 75 

steric repulsion and magnetostatic attraction between two 

particles.100 Similar to electrostatic interactions, the structural 

interactions are provided by the solvation layers surrounding the 

nanoparticles, yet they are different in terms of origin. The 

structural interactions will be reviewed in the next section, and 80 

other non-DLVO interactions will be discussed in the sections 

that follow.   

2.3 Structural interactions 

In colloidal systems the motion of the solvent molecules 

surrounding the particle surface is constrained within a narrow 85 

range. Solvation shells are built by proton-donors and proton-

acceptors forming hydrogen bonds, and by electrostatic 

interactions attracting counterions. For aqueous colloidal systems, 

this orientation restriction is indicated as hydration pressure and 

the solvation shell is referred as hydration shell.120 In dispersions 90 

of nanoparticles in ionic liquids, ion shells are built around 

nanoparticles to effect stabilization through structural forces. The 

nanoparticles can be viewed as encapsulated in constraining 

nanoregions of ionic liquids.121 The solvation layers are squeezed 

out of the closing gap when two solid surfaces approach each 95 

other, thus providing structural repulsion to prevent nanoparticles 

from agglomerating.  The constraining effect on solvent 

molecules/ions and the attractive interactions between 

nanoparticle surface and solvent molecules/ions hence generate 

solvation forces between neighboring nanoparticles.122 The 100 

structural forces between nanoparticles and ionic liquids can be  
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Figure 11. IL solvation shells around a (a) hydrocarbon and (b) silica 

nanoparticle. [Bmim][PF6] are represented by stick structure, and 

nanoparticles are represented as dark red circles. The radial distribution 

functions of the [Bmim]+ cation (black) and the [PF6]
- anion (green) with 5 

respect to the centers of mass of (c) the hydrocarbon and (d) the silica 

nanoparticles.123 Copyright 2003 The Royal Society of Chemistry. 

 

assessed by evaluating these solvation layers. X-ray spectroscopy 

and scattering, including X-ray absorption spectroscopy (XAS), 10 

X-ray photoelectron spectroscopy (XPS), and small-angle X-ray 

scattering (SAXS), are often used to probe the formation of the 

solvation layers.52  

Take negatively charged silica nanoparticles in an ionic liquid 

as an example. At first, the cations of the ionic liquid are attracted 15 

to the nanoparticle surface by attractive electrostatic forces, while 

also by hydrogen bonding with the silanol group. Outside of the 

first layer, the ionic liquid anions are attracted by the positive 

cations to form a second layer, wherein hydrogen bonds also 

form between ionic liquid cations and anions. A similar 20 

mechanism forms the third and forth and more layers, resulting in 

an ionic liquid-based supramolecularly structured shell that 

surrounds the nanoparticles.124, 125 AFM results from the EAN-

silica system showed at least five solvation layers to be 

present.124 The number of layers is highly affected by surface 25 

charge, surface roughness, and orientation of the cations in the 

interfacial layer. Among different materials (mica, silica, and 

graphite), the material (silica) with the lower surface charge and 

higher roughness led to less strongly bound solvation layers, 

which decreased the number of detectable solvent layers.124 A 30 

recent study on the colloidal stability in EAN of maghemite 

nanoparticles (γ–Fe2O3, median radius of 3.4 nm) with various 

counterions on their surfaces indicated that the presence of 

counterions at the nanoparticle surface altered the colloidal 

stability compared with electrically neutral maghemite 35 

nanoparticles. The results indicated that the various counterions 

modified the repulsive interaction potential between the colloids, 

especially the structural interactions, through forming the very 

first cationic layer around the nanoparticles and subsequently 

affecting the ionic liquid solvent layers. However the 40 

modification of interfacial microstructure is only indirectly 

evidenced in this case, and a straightforward explanation of ion-

dependent colloidal stability has not been achieved due to limited 

previous studies on salt effects in nanoparticle/ionic liquid 

colloidal systems.126, 127  45 

Molecular dynamics simulations provide a more direct way to 

“observe” the solvation shell at a molecular level. Figure 11 

shows the result of a MD simulation of the ionic liquid 

([Bmim][PF6]) solvation layer around a hydrocarbon nanoparticle 

(consisting of carbon atoms with 1.2 nm in diameter and 50 

saturated with CH, CH2, and CH3 groups) and a silica 

nanoparticle (with 1.1 nm diameter and surface saturated with 

silanol groups). The radial distribution functions (rdf) of the 

[Bmim]+ cation and the [PF6]
- anion with respect to the centers of 

mass of the hydrocarbon and the silica nanoparticles are shown in 55 

Figure 11(c) and (d).  The oscillatory rdfs of the cation and anion 

surrounding the hydrocarbon nanoparticle overlapped each other, 

suggesting that both ions contribute to the solvation layers with 

similar behavior, with [Bmim]+ cations slightly closer to the 

hydrocarbon nanoparticle surface. In contrast, the oscillations of 60 

the cation and anion rdf around the silica nanoparticle were 

highly mismatched, indicating that the solvation layers consisted 

of alternating ions. The results suggested that all the ions played a 

role in the solvation shell mainly due to electrostatic attraction, 

despite the different hydrophobicites of the hydrocarbon and the 65 

silica nanoparticles and ions.123  

2.4 Solvophobic interactions 

The hydrophobic force is another non-DLVO force acting in 

aqueous colloidal systems that is considered as a factor of 

affecting colloidal stability.120 In the case of ionic liquid-based 70 

colloidal systems, we refer to this as solvophobic force. 

Analogous to polymers in a bad solvent, the nanoparticles tend to 

aggregate so as to reduce the contact area with the ionic liquid in 

the case where the nanoparticle surface is solvophobic relative to 

the ionic liquid medium. In order to explore the effects of 75 

solvophobic interactions on nanoparticle stability, the dispersion 

stability of silica nanoparticles (primary particle domain size 

between 10 and 20 nm, with silanol groups on the surface) was 

considered in hydrophilic ([C6mim][BF4]) and hydrophobic 

([C6mim][NTf2]) ionic liquids.128 A better dispersibility indicated 80 

by Newtonian fluid-like rheological behavior in the hydrophilic 

ionic liquid at room temperature and at 100 °C, even at higher 

nanoparticle concentrations, implied that the hydrophilic silica 

nanoparticles with silanol groups were more stable at the 

solvophilic conditions. To further confirm this, the silica 85 

nanoparticles were surface functionalized to render them 

hydrophobic. The hydrophobic silica nanoparticles in the 

hydrophobic ionic liquid behaved like Newtonian fluids, 

indicating better dispersibility.128 A similar study has been 

conducted on dispersions of titania nanoparticles in a hydrophilic 90 

([Emim][BF4]) and a hydrophobic ([Emim][Tf2N]) ionic liquid. 

The Newtonian fluid-like behavior and smaller aggregation size 

suggested that hydrophilic TiO2 nanoparticles, owing to their 

surface hydroxyl groups, were better dispersed in 

[Emim][BF4].
129 A very recent study conducted by the same 95 

group considered another oxide with broad applications, ZnO 

(with particle size of 14.9±0.2 nm or 46.6±2.0 nm). DLS and 

rheological characterization indicated that the nanoparticles 

dispersed better in the hydrophilic ionic liquids [Emim][BF4],  
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Figure 12. Polymers provide steric forces between nanoparticles. The top 

panel shows polymers functioning as bridges between nanoparticles when 

small amounts of polymer are added to the nanoparticle-ionic liquid 

dispersion.  The bottom panel shows polymers fully covering the 5 

nanoparticle surface to form a polymer layer when an excess of polymer 

is added to this system. 

 

[Bmim][BF4], and 1-hexyl-3-methylimidazolium tetrafloroborate 

[C6mim][BF4].
130 10 

Besides the direct influence of solvophobic forces, the relative 

solvophibicites of ionic liquids and nanoparticles having surface-

grafted polymers can impact the colloidal stability through steric 

interactions, which will be discussed next (Section 2.5).88, 100   

2.5 Steric interactions 15 

When two nanoparticles having polymers adsorbed on their 

surface approach each other, the polymer layers may undergo 

some compression resulting in a strong repulsion that is referred 

to as steric interaction.122 The physical basis of steric repulsion is 

a combination of entropic and osmotic contributions. The 20 

entropic contribution is due to a volume restriction effect that 

decreases possible configurations in the region between two 

surfaces. The osmotic effect arises from a difference in 

concentration of the adsorbed polymers in the region between the 

two surfaces as they approach closer.120 Steric interactions in 25 

colloidal dispersions in molecular solvents have been extensively 

studied.122, 131-134 In ionic liquid-based colloidal systems, steric 

forces can emerge from bulky groups within a molecule and/or 

from addition of macromolecules, both of which hinder 

nanoparticles from physically contacting each other and/or from 30 

forming chemical bonds.  

When small amounts of polymer are added to the nanoparticle-

ionic liquid dispersion, the nanoparticle surfaces are partially 

covered by polymers, where polymer coils extend from one 

particle surface to another particle and make molecular contact. 35 

In this way polymers can function as bridges between 

nanoparticles. As an excess of polymer is added to this system, 

the polymers can fully cover the nanoparticle surface to form an 

adsorbed polymer layer135 (Figure 12). Steric repulsions arising 

from the adsorbed polymer layers of neighboring nanoparticles 40 

“push” nanoparticles away from each other. Block copolymers 

have been utilized to stabilize nanoparticle dispersion.131 Taking 

aqueous media as a comparison, a monolayer of poly(ethylene 

oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-

PEO) block polymer (Pluronic F127) was reported to surround 45 

carbon black particles (100-120 nm in diameter and with surface 

oxidized in small portion to form COO- groups) below the critical 

micelle concentration (CMC), while micelle-like block 

copolymer assemblies adsorbed on the carbon black particles 

above the CMC.136 50 

Compared to structural forces, which originate from the 

solvation layer being squeezed out of the closing gap when two 

solid nanoparticles approach each other, steric forces originate 

from polymers or side chains attached at the solid–liquid 

interface dangling out into the solution where they remain 55 

thermally mobile.122 In the cases of nanoparticles in pure ionic 

liquid without polymer addition, the ionic liquid provides 

structural forces through forming solvation layers. However, if 

the ionic liquid comprises long alkyl side chain, e.g., from 

imidazolium- or pyrazolium- based cations, the cations being 60 

attracted near nanoparticle surfaces can provide steric forces by 

stretching out their bulky side-chains, thus hindering the 

nanoparticles from approaching each other. This effect is steric 

rather than structural. A study on the stabilization of bare silica 

nanoparticles in imidazolium-based ionic liquids found that 65 

adjusting the affinity between the ions and particle surfaces by 

carefully selecting the ions of ILs and/or the nanoparticle surface 

modification could optimize the ionic liquid-based steric 

stabilization provided by the nonpolar alkyl chains as a protective 

group.51 We have discussed in Ch. 2.2 about the stable dispersion 70 

of negatively charged gold nanoparticles in ionic liquids based on 

cation-only electrostatic stabilization.108 In addition to the 

electrostatic stabilization, steric interactions also contribute to 

nanoparticle stabilization due to the arrangement of the long side-

chain attached to the imidazolium ring. Surface-enhanced Raman 75 

spectroscopy (SERS) spectra suggested that the ionic liquid 

cation rings oriented parallel to the gold nanoparticle surface, 

while the long side-chains stretched far away from the 

nanoparticle surface, impeding the nanoparticles from 

approaching each other. The van der Waals forces between 80 

nanoparticles strongly diminished as a result of the increase of 

mean distance between gold nanoparticles, which further 

prevented the nanoparticles from agglomeration.108  

The difference in polarity and the hydrogen-bonded 

supramolecular structure with cation and anion aggregates 85 

engender microheterogeneity in ionic liquids.43, 137 The 

semiorganized ionic liquid-based nanostructure that extends 

beyond the electrostatic double layer also leads to steric forces 

that stabilize the embedded nanoparticles. A schematic of metal 

nanoparticles stabilized in an ionic liquid network structure is 90 

presented in Figure 13.59, 125 The [(Bmim)x-n(PF6)x]
n- and 

[(Bmim)x(PF6)x-n]
n+ supramolecular ion aggregates provide steric 

hindrance in addition of electrostatic forces stabilizing the gold 

nanoparticle. (Figure 8)109  

Besides the steric forces afforded by ionic liquids with long 95 

side-chains, stronger steric interaction could be achieved by the 

addition to the ionic liquid medium of polymers or surfactants. 

Magnetite nanoparticles (with mean diameter of  7.4±1.3 nm, 

coated with oleate) dispersed in the ionic liquid [Emim][EtSO4] 

with addition of oleic acid proved to be more stable compared to 100 

similar hybrids without surfactant (oleic acid) addition.100 The  
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Figure 13. (a) Schematic of network structure in 1,3-dialkylimidazolium-

based ionic liquids. (b) Inclusion of metal nanoparticles (M-NPs) in the 

supramolecular IL network with electrostatic and steric stabilization is 

indicated through the formation of a suggested primary anion layer 5 

around the M-NPs.59 Copyright 2011 Elsevier. 

 

oleic acid tends to form a double layer via hydrophobic 

interactions when sufficient amount of oleic acid is added to the 

magnetite nanoparticle ionic liquid suspension. The oleic acid 10 

stretches out on the surface of magnetite nanoparticles, offering 

steric repulsion to achieve effective stabilization.100 The steric 

repulsion was calculated from the equations,100  
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with           l =
r

R
; t =

s

R
.   15 

where R is the radius of the particle, s is the thickness of the 

adsorbed layer, and ξ is the surface concentration of the adsorbed 

molecules, which is calculated by considering the packing density 

of the adsorbed surfactants. 

Polymers have long been used as stabilizers in colloidal 20 

systems based on the steric interactions that they provide.120 The 

steric repulsion provided by polymers is highly determined by the 

affinity of polymer to the dispersion medium, which is ionic 

liquid in our case. Gold nanoparticles (diameter not specified) 

dispersed in neat [Bmim][PF6] (the total gold concentration was 25 

1.1 mM) are steric stabilized to some degree by the butyl- side 

chain on the imidazolium ring, appearing to be very stable for a 

week, while minimal aggregation was observed later.83 However, 

UV-vis and TEM results showed these gold nanoparticles to be 

much more stable (for periods of several months) upon addition 30 

of poly(vinylpyrrolidone) (PVP，MW＝40,000).83 A subsequent 

study also confirmed that, while short-term stability of gold 

nanoparticles can be achieved in imidazolium-based ionic liquids 

with predominant electrostatic stabilization, the addition of an 

extra stabilization agent, e.g., PVP, greatly enhanced the 35 

nanoparticle colloidal stability.138  

Apart from physical adsorption on the nanoparticle surface to 

provide steric forces, ionic liquids and polymers can be 

chemically bonded to the nanoparticle surface, making possible 

steric repulsion by stretching out bulky molecular groups into the 40 

solvent. Nanoparticle surfaces are regularly modified to achieve 

certain properties by the choice of grafted polymers.139 In good 

solvent conditions, the grafted polymers tend to expand and 

stretch out to the ionic liquid media, providing steric repulsion to 

keep nanoparticles from approaching each other.88 On the other 45 

hand, at bad solvent conditions, the grafted polymers contract on 

the nanoparticle surface,120 allowing a decrease in the distance 

between neighboring nanoparticles and an increase in the van der 

Waals forces, which, in return, renders the nanoparticle 

dispersion unstable.  The stability of poly(methylmethacrylate) 50 

(PMMA)-grafted silica nanoparticles (PMMA-g-NPs) in ionic 

liquids with different anions has been examined.88 The PMMA-g-

NPs phase-separated in [Bmim][BF4], which is a bad solvent for 

PMMA. On the other hand, TEM results confirmed that PMMA-

g–NPs were stably dispersed with a narrow size distribution in 55 

[Cnmim][NTf2] and [Bmim][PF6], which are good solvents for 

PMMA.51, 88 The hydrodynamic radius of PMMA-g-NPs was 

found a good measure of the solubility of PMMA in 1-alkyl-3-

methylimidazolium ionic liquids. 140 

The steric interaction potential (Vsteric) was calculated based on 60 

an intimate mixing of the grafted polymers arising from two 

different particles in the ILs:88 

Vsteric ∝ (
1

2
− χ )                                                                         (7) 

where χ is the Flory-Huggins interaction parameter112, which 

accounts for the mixing free energy (∆Gmix) of the ionic liquid 65 

solutions of PMMA, and can be written as:   

χ =
vm

RT
(δ

polymer
−δ

IL
)2                                                                (8)                                      

where νm is the molar volume of solvent (ionic liquid) and δ is 

the Hildebrand solubility parameter. 
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Figure 14. Photographs of 1 wt % PBnMA-grafted silica nanoparticle 

colloidal suspension in [Emim][NTf2] at room temperature (R.T.) (left) 

and at 120°C (right). At room temperature, the nanoparticles remain 

stably dispersed in ionic liquid. At 120°C, PBnMA-grafted silica 5 

nanoparticles completely phase-separated from ionic liquids. Because of 

the lower density of nanoparticles than [Emim][NTf2], the aggregates can 

be seen in the upper part of the sample.141  Copyright 2010 American 

Chemical Society. 

 10 

The Flory-Huggins interaction parameter is smaller than 0.5 in 

a good solvent but larger than 0.5 in a poor solvent.112 According 

to Eq. 7, the steric interaction is repulsive (positive potential) in a 

good solvent and is attractive (negative potential) in a poor 

solvent. Values of the Flory-Huggins interaction parameter for 15 

PMMA in [Bmim][BF4] and [Bmim][PF6] are calculated by eq. 8 

as 11.7 and 10.1, respectively,142 while χ is 6.62 in 

[Bmim][NTf2],
143 indicating that all these ionic liquids are bad 

solvents for PMMA. Unfortunately, the calculated values of the 

Flory-Huggins interaction parameter contradict the experimental 20 

results of PMMA-g-NPs in ionic liquids. To explain this, it was 

argued that ionic liquids are assumed to be a one-component 

solvent in previous calculations of the Flory-Huggins interaction 

parameter, while ionic liquids are dissociated into cations and 

anions in an actual situation.88 It is important to develop a 25 

judicious way to predict the Flory-Huggins interaction parameter 

for steric interaction calculations of polymer-grafted 

nanoparticles in ionic liquids.  

Temperature affects the steric forces between nanoparticles by 

influencing the solubility of grafted polymers in ionic liquids. At 30 

room temperature, a colloidal suspension of poly(benzyl 

methacrylate) (PBnMA)-grafted silica nanoparticles was found 

very stable with the grafted PBnMA chains stretching out into 

[Emim][NTf2] ionic liquids providing strong steric stabilization. 

However, at a higher temperature (120 °C), the grafted PBnMA 35 

cannot dissolve in this ionic liquid, thus could not provide 

sufficient steric forces to stabilize the colloidal suspension, 

consequently leading to aggregation as shown in Figure 14.141  

Steric stabilization of nanoparticles provided by polymer 

grafting is also utilized to modify the ionic liquid and 40 

nanoparticle hybrids in order to increase tolerance for other 

solvents, e.g., water. Bare iron oxide nanoparticles (with diameter 

at around 8.2~10.6 nm) were found stable in both protic 

ethylammonium and aprotic imidazolium room-temperature ionic 

liquids for several months, however they became very unstable 45 

with even small amount of water (e.g., in the case when residual 

water remained in the ionic liquid following vacuum 

pumping).144 Following the formation of an effective steric 

barrier by grafted short poly(acrylic acid)-b-poly(acrylamide) 

copolymer that is compatible with the ionic liquid, the iron oxide  50 

 
Figure 15. Hydrogen bonds formed between the surface hydroxyl- groups 

of nanoparticles and ions of ionic liquids, and between cations and anions 

of ionic liquids.  

 55 

Figure 16. Chemical structure of 1-butyl-3-methylimidazolium cation. 

Carbon atoms are numbered as indicated in the figure. 

 

nanoparticles and ionic liquid mixtures could achieve high 

stability over the whole range (0-100 %w/w) of water 60 

concentration.145 Such a high water tolerance provides an 

inspiration to explore further ways to stabilize nanoparticles in 

ionic liquids in the presence of water and/or other impurities, 

which are frequently encountered in practical applications.  

2.6 Hydrogen bonding interactions 65 

Hydrogen bond interactions are necessary to be considered in 

ionic liquid-based colloidal systems in addition to the classic 

electrostatic and van der Waals interactions. Several ionic liquids 

are highly hydrogen bonded to form supramolecular structures.7, 

37, 41 In such ionic liquids, the cations contain one or more proton 70 

donors, which could form X-H…Y hydrogen bonds with halogen 

containing anions, e.g., [BF4]
-, [PF6]

-. Some nanoparticles possess  

hydroxy- and/or oxy- moieties on their surface, e.g., silica 

nanoparticles have silanol groups (—Si—OH), which can also 

hydrogen bond with ionic liquids.146 The cation-anion hydrogen 75 

bond and NP-IL hydrogen bond compete with each other and 

contribute to nanoparticle stabilization in ionic liquids, as shown 

in Figure 15.87, 105, 129 Hydrogen bonding density has been 

reported as a useful indicator of solvation.147 

As a hydrogen bond forms between atom-attracting sites with 80 

different electronegativity, the hydrogen atom covalently bonded 

with a more electronegative atom interacts with the atom bearing 

lone electron pairs.148 The electronegativity of the atom 

covalently bonded with hydrogen is called hydrogen bond 

acidity.120 The hydrogen-bond donation abilities (HBDA) of ionic 85 

liquids can qualitatively convey their acidities. On the contrary, 

the specific electronegativity of heteroatoms bearing lone electron 

pairs is captured by the hydrogen bond basicity.149 The hydrogen 

bond basicity can be measured by solvatochromic 

characterization.150 Both hydrogen bond acidity and basicity are  90 
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Table 1. Values of hydrogen bond acidity (α) and hydrogen bond basicity 

(β) of commonly used ionic liquids and molecular solvents. 

α and β values of [Bmim]-based ionic liquids are from reference151, α 

values of [Pyr][Tf2N] and (C4H9)(CH3)3N][Tf2N] are from reference41, α 
and β values of water, methanol, 1-butanol and dimethyl sulfide are from 5 

reference149.  

 

 

good indicators of hydrogen bond strength.150  

With the same anion, the HBDA values of pyridinium-based 10 

ionic liquids (0.48 for [Pyr][Tf2N]) and quaternary amino ionic 

liquids (0.47 for [(C4H9)(CH3)3N][Tf2N] are smaller than those of 

imidazolium-based ionic liquids (0.66 for 1,3-dialkylimidazolium 

bis(trifluoromethylsulfonyl)imide), suggesting that the hydrogen 

bond interactions of pyridinium-based and quaternary amino-15 

based ionic liquids are not as remarkable as those of 

imidazolium-based ionic liquids.41 For the commonly used 1-

alkyl-3-methylimidazolium-type ionic liquids, hydrogen bonds 

can be formed with the C2, C4 and C5 carbons on the 

imidazolium thing, especially on the most acidic C2 position152 20 

(see Figure 16). Table 1 lists values of hydrogen bond acidity (α) 

and hydrogen bond basicity (β) of some commonly used ionic 

liquids and molecular solvents, from where we can see that the 

molecular solvents have higher basicity in general, while the 

acidity varies over a wide range.  25 

The hydrogen bonds that form between nanoparticle surfaces 

and ionic liquid cations and anions are likely to compete with 

each other in nanoparticle/ionic liquid hybrid systems. 

Theoretically, the greater the acidity and basicity of the hydrogen 

bonding atoms, the stronger the hydrogen bond would be. The 30 

strength and length of hydrogen bonds, like other chemical bonds 

with fundamental vibrational frequencies that are on the order of 

kT, are sensitive to the environment temperature and pressure.153 

Since the hydrogen bond is directional, the steric configuration, 

such as a bulky side chain, may obstruct hydrogen bond 35 

formation.154  

The occurrence and intensity of hydrogen bonds in colloidal 

systems are usually characterized by infrared (IR) spectra.67, 146 

The hydrogen bond formation within silica nanoparticles 

dispersed in imidazolium-based ionic liquid system was studied 40 

under ambient and high pressure.146 A comparison of the IR 

spectra of 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide ([Emim][TFSA]) / nanosilica 

mixture with that for pure [Emim][TFSA] showed that the 

formation of certain C-H…silica hydrogen bonds or C-H…O 45 

hydrogen bonds between the alkyl C-H/imidazolium C-H of ionic 

liquid and the surface of silica nanoparticles provided 

stabilization for the nanoparticle dispersion.146 The remarkable 

red shifts and band splitting of the IR spectra observed for the 

mixture with 10 wt% silica nanoparticles at pressure > 1 GPa 50 

indicated that the high pressure-enhanced hydrogen bond 

between ionic liquid and silica nanoparticle competed with 

cation-anion hydrogen bonds, resulting in ionic liquid 

microstructure phase transition from associated clustering to 

dissociated, thus stabilizing the nanoparticles inside the ionic 55 

liquid.146 Similar results were also reported for TiO2 nanoparticles 

dispersed in 1-ethyl-3-methylimidazolium 

trifluoromethanesulfonate ([Emim][TFS]) ionic liquid: high 

pressure contributed to the stabilization of the TiO2 nanoparticles 

by the formation of pressure-enhanced imidazolium C-H…TiO2 60 

hydrogen bonds, which perturbed the ionic liquid local 

structure.67 

2.7 Effect of water on interactions in ionic liquid media 

Water impurities have been a big issue in the history of ionic 

liquid research and applications.21, 26, 155-157 Among ionic liquids 65 

commonly used nowadays, those with tetrafluoroborate, 

hexafluorophosphate, and nitrate anions, and imidazolium-based 

cations have noticeable interaction with water through hydrogen 

bonding, thereby are prone to absorb moisture from air, 

something that destabilizes dispersed nanoparticles.158-161 70 

Because water has comparatively low molecular weight, it can be 

present in chemically significant molar concentrations even 

inside hydrophobic ionic liquids.159, 162, 163 The water 

concentration affects the nanoparticles stability in ionic liquids in 

two aspects: (i) water addition alters the DLVO, steric, and 75 

solvophobic interactions between nanoparticles and ionic liquids 

through affecting the ionic liquid nanostructure and 

physicochemical properties;156, 164-166 and (ii) water molecules 

penetrate the ionic liquid solvation layers to directly interact with 

the nanoparticles144.   80 

For trace amounts (ppm) of water present in ionic liquids, 

interactions between water and the anions of the ionic liquids lead 

to changes in the structure of water.167 Experiments showed that 

[BF4]
- provided stronger interactions with water than [PF6]

- by 

forming hydrogen bonds or by inducing hydrogen bonds among 85 

water molecules.161 In the case of trace amount of water addition 

in ionic liquid and nanoparticle hybrid systems, such small 

amount of water cannot influence the bulk properties, instead 

water molecules penetrate the ionic liquid solvation layer to 

directly interact with the nanoparticles.84, 107 The presence of 90 

water (actual amount not reported) destroyed the ionic liquid 

double layer surrounding the nanoparticle and the ionic liquid 

supramolecular structure.107 Gold nanoparticles (diameter ranging 

from small primary clusters (<2.5 nm) to larger NPs (4–7 nm), at 

concentration of 320 mmol Au per mol IL after 1 min sputtering) 95 

aggregated and sedimented in [Bmim][Tf2N] with water content 

as low as 2 ppm. These gold nanoparticles in [Bmim][Tf2N] with 

100 ppm water sedimented faster and coagulated more than in the  

compound α β 

[Bmim]Cl 0.41 0.95 

[Bmim]Br 0.36 0.66 

[Bmim][CH3SO4] 0.59 0.65 

[Bmim][BF4] 0.63 0.38 

[Bmim][PF6] 0.63 0.21 

[Bmim][Tf2N] 0.62 0.24 

[Pyr][Tf2N] 0.48 -- 

(C4H9)(CH3)3N][Tf2N] 0.47 -- 

water 1.53 1.237 

methanol 0.92 1.423 

1-butanol 0.89 1.49 

dimethyl sulfide 0.24 1.048 
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Figure 17. (top) UV-vis absorption spectra of gold nanoparticles 

(diameter ranging from small primary clusters (<2.5 nm) to larger NPs 

(4–7 nm)) dispersed in mixtures of the ionic liquid [Bmim][Tf2N] with 

different water contents after 24 hours. (bottom) Change in absorbance at 5 

520 nm for different water contents as a function of time after gold 

nanoparticles were synthesized by physical vapor deposition (sputtering) 

in ionic liquid.84 Copyright 2012 the Owner Societies. 

 

system with 10 ppm water, which, in turn, sedimented faster and 10 

coagulated more than in the system with 2 ppm water, as shown 

in Figure 17. In this case, at a water content of 10 ppm, water 

molecules were estimated to cover 70% of the gold nanoparticle 

surface.84 The hydrophilic property of gold nanoparticles 

attracted the water molecules from the bulk to the vicinity of the 15 

nanoparticles, which caused a relatively high water concentration 

near the nanoparticle surface and affected the stabilizing force of 

the ionic liquid surrounding the nanoparticle.84 A study on the 

stability of silica nanoparticles (500 nm radius) in water and EAN 

mixtures showed that the addition of even small amounts of water 20 

(at the lowest investigated water concentration of 5 wt %) reduces 

both the number and resilience of EAN solvation layers around 

silica particles.168 Weak solvation forces were detected by AFM 

in the mixtures with 90 and 95 wt % EAN, however these weak 

solvation forces were not sufficiently strong to prevent 25 

nanoparticle aggregation on long time scales.168 In another study, 

the stability of spherical polystyrene latex particles (surface-

modified by amidine with a radius of 110 nm, or surface-

modified by sulphate with a radius of 265 nm) was examined in 

several imidazolium- and pyrrolidinium-based ionic liquids.169 30 

The results of time-resolved light scattering indicated that the 

aggregation rate decreased rapidly with increasing IL content at  

 
Figure 18. Snapshots of six selected simulation cells, taken from MD 

trajectory data. The polar groups, nonpolar groups, and water are colored 35 

red (grey), yellow (light), and dark, respectively. (a) Dry 1-octyl-3-

methylimidazolium nitrate ionic liquid sample, Mixture with water of (b) 

20%, (c) 50%, (d) 75%, (e) 80%, (f) 95.2% mole fraction.170 Copyright 

2007 American Chemical Society.  

 40 

high (around 1) IL-to-water molar ratios, suggesting a slow 

aggregation resulting from progressive screening of the solvation 

layers.169 A study on magnetic fluids stated that water molecules 

could screen the protective layer formed by [(Bmim)2(BF4)3]
- 

supramolecular aggregates surrounding the maghemite 45 

nanoparticles.144 Additionally, the ionic liquid semiorganized 

layer was destroyed due to the water affinity of the BF4, resulting 

in maghemite nanoparticle aggregation and the instability of the 

colloidal dispersion. This study further suggested that the water 

affinity of ionic liquids (especially anions) and the size of anions 50 

significantly affected the stabilization of nanoparticle and ionic 

liquid hybrid systems.144 Another study confirmed that Ag 

nanoparticle dispersion in [Bmim][BF4] were prone to 

aggregation and precipitation (to form aggregates with length of 

around 400 nm) even in the presence of small quantities (actual 55 

amount not reported) of water.107  

At higher amounts (more than trace) of water present in ionic 

liquids, water can affect the nanoparticle colloidal stability in two 

aspects---change in ionic liquid nanostructure and 

physicochemical properties. The physicochemical properties of 60 

ionic liquids, such as dialectic constant, density, viscosity, 

refractive index, and polarizability, are dependent on the amount 

of absorbed water,171 which further affect the stability of 

dispersed nanoparticles in several ways through acting on the 

intermolecular forces as we have discussed in sections 2.2-2.6 65 

(eq.2-5 and eq.7-8). A clustering of the ionic liquid in alkyl 

regions occurs in mixtures of [Bmim][BF4] with water.172  
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Figure 19. Interaction potentials for magnetite nanoparticles (with mean 

diameter of 7.4±1.3 nm) chemisorbed with oleate in [Emim][EtSO4] 

with oleic acid addition, calculated by an extension of the DLVO theory, 

where VvdW is the potential of van der Waals interactions, VE is the 5 

potential of electrostatic interactions, VS is the potential of steric 

interactions, VM is the potential of magnetic forces, and VTotal is the total 

interaction potential.100 Copyright 2011 IOP Publishing Ltd. 

 

[Bmim][BF4] was reported to aggregate like a surfactant at low 10 

concentrations (with CMC at around 0.8 M) in water.173-175 X-ray 

scattering investigation on the effect of water on a series of protic 

ionic liquids showed that the ionic liquid aggregates were stable 

in size upon dilution (with IL molar fraction between 0 and 0.3), 

indicating that the water is localized in the ionic region and has 15 

little effect on the nonpolar domains, while at high ionic liquid 

concentrations (with IL molar fraction between 0.3 and 1), there 

was a significant proportion of perturbed water, indicating that 

water is influenced in some way by the IL cations and anions.176 

Figure 18 shows results of molecular dynamics simulations of 20 

water concentration effects on the nanostructure of water and 1-

alkyl-3-methylimidazolium ionic liquid mixtures.170 The effect of 

water on the stabilization of silica particle (500 nm radius) 

suspensions was assessed using dynamic light scattering and 

optical microscopy in pure water, various water-EAN mixture 25 

and pure EAN.168 The silica particles dispersed in pure EAN and 

pure water were well stabilized by electrostatic forces provided in 

pure water and by solvation forces (chapter 2.3) provided in pure 

EAN, whereas the silica particles formed large aggregates in all 

water-EAN mixtures considered. AFM results showed a purely 30 

attractive force profile in the water-EAN mixtures containing 5 to 

75 wt % EAN, which indicated that there was no barrier to 

particle-particle contact and this resulted in rapid particle 

aggregation.168 

2.8 Interaction balance and competition 35 

We have reviewed in previous sections separately each of the 

major interactions affecting the stability of nanoparticle 

dispersions in ionic liquids. However, instead of each interaction 

acting on nanoparticles independently, these interactions work in 

tandem to cause stable/unstable colloidal systems. 40 

To compare how various interactions act on the stability of 

nanoparticle and ionic liquid colloidal systems, we give here an 

example on a stable dispersion of 9.5 vol ％  magnetite 

nanoparticles (7.4±1.3 nm mean diameter, with chemisorbed 

oleate) in [Emim][EtSO4] with 23 wt% oleic acid added.100 The 45 

total interaction potential, consisting of van der Waals, 

electrostatic, steric repulsion, and magnetostatic energy potentials, 

was calculated by adding the different contributions, as VTotal(r) 

=VVdW(r) + VE(r) + VM(r) + VS(r). The van der Waals potential, 

electrostatic potential and steric repulsion potential were 50 

calculated as a function of the distance between the particle 

surfaces, r, using the equations discussed in sections 2.2-2.5. The 

potential profiles are shown in Figure 19.  This figure clearly 

shows that the electrostatic interaction is too weak compared to 

van der Waals attraction, in which case the nanoparticles can be 55 

expected to aggregate in the absence of additional interactions. 

The result of eq. 6 showed the steric potential to decrease as the 

distance increases between neighboring nanoparticles. The steric 

potential was much higher than other interactions especially in 

close distances. In this case, the steric repulsion provided by oleic 60 

acid addition was high enough to overcome all the attractive 

forces, contributing majorly to stabilize the nanoparticle in ionic 

liquids by raising the total interaction potential to an effective 

potential barrier (higher than 400 kT) against aggregation.100  

The overall interaction profile of nanoparticle dispersion in 65 

ionic liquids obtained by molecular dynamics (MD) simulations 

(with necessary assumptions and parameters) provides a way to 

theoretically assess the colloidal stability.105, 177 Molecular 

simulations quantified the interaction energy between ruthenium 

nanoparticles (RuNPs, with mean diameter of 1.1 ± 0.2 nm and 70 

2.3 ± 0.6 nm) and [Bmim][Tf2N] and other imidazolium-based 

ionic liquids, and revealed the distribution of the ions and of 

electrostatic charges surrounding the nanoparticle.105 The results 

suggested that RuNPs interacted favorably with ionic liquids 

having longer alkyl side chains, which enhanced the van der 75 

Waals interactions with RuNPs. Compared to [Bmim][Tf2N], 

ionic liquids with an additional methyl group on the C2 carbon of 

the cation have lower propensity to form H-bonds, which 

attenuated the interactions with RuNPs. The overall interaction 

profile was a balance between electrostatic, van der Waals, and 80 

hydrogen bond forces.105 

Endogenous and exogenous variables, including nanoparticle 

size and concentration, physicochemical properties of ionic 

liquids, temperature and pressure, act on different intermolecular 

interactions at the same time.  For example, van der Waals, 85 

electrostatic and steric interactions are all functions of the 

distance between neighboring nanoparticle surfaces. Taken all 

interactions into consideration, the total interaction curve displays 

a positive maximum peak at a distance on the order of the 

nanoparticle diameter.88, 100 The rheology of silica nanoparticle 90 

(with primary diameter of 10-20 nm, hydrophobicaly surface 

modified with trimethoxypropylsilane (TMPS) or 

chlorotrimethyl-silane (CTMS)) dispersions in imidazolium-

based ionic liquids changed with the concentration of the 

nanoparticles. The dilute (up to 1 wt%) silica nanoparticle 95 

dispersions behaved like Newtonian fluids in hydrophobic ionic 

liquids, where the viscosity is independent of the shear rate. 

Dispersions of the same nanoparticles at higher concentrations 

were found unstable, and the viscosity depended on the shear rate, 

suggesting the presence of agglomerates.128, 129  100 

Physicochemical properties of ionic liquids impact the stability 

of nanoparticle dispersion in ionic liquids. According to Eq. 2-5, 

the Hamaker constants of nanoparticles and ionic liquids play 

important roles in van der Waals interaction. Electrostatic 

interactions and structural interactions originate from cations and  105 
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Figure 20.  Schematics of colloidal gel and colloidal glass. In colloidal 

gels  (left), the dispersed nanoparticles touch each other to form an 

interconnect network structure. In colloidal glasses (right), the 

concentrated dispersed nanoparticles get very close to each other without 5 

collision in a way that the nanoparticles are trapped within cages by 

neighboring nanoparticles. 

 

anions forming solvation layers, thus the physicochemical 

parameters that affect the solvation layer (Debye length), e.g., 10 

solvent dielectric constant, would be important to the electrostatic 

and structural interactions. The solubility parameters of ionic 

liquids and the added/grafted polymer can capture the steric 

interactions between nanoparticles. It has been suggested95 that 

the differences in gold nanoparticle formation and stabilization in 15 

the different ionic liquids examined (based on 1-ethyl-3-methyl- 

imidazolium cation and different anions) was a result of a 

combination of ionic liquid physicochemical parameters, among 

which the density, viscosity and dielectric constant were main 

factors to consider. A lower dielectric constant could be 20 

advantageous for the stabilization of the gold nanoparticle 

dispersion, while other physicochemical parameters of the ionic 

liquids might play less important roles or were unable to be 

directly evidenced in this study.95  

Temperature affects the nanoparticle dispersion in ionic liquids 25 

through van der Waals, electrostatic, steric and hydrogen bond 

interactions, which we have discussed in detail in sections 2.2, 

2.5, and 2.6, respectively. With quantitative support from UV-vis 

data, a study on gold nanoparticle formation in [Emim]+-based 

ionic liquids found that at increasing temperature (180 °C), more 30 

and more gold particles aggregated into relatively well-ordered 

supracrystalline aggregates.95  

3. Nanoparticle organization in ionic liquids 

In the previous chapter, we discussed intermolecular interactions 

acting within dispersions of nanoparticle in ionic liquids. In 35 

general, relatively low concentrations of nanoparticles can stably 

disperse in suitable ionic liquids stabilized by a balance of several 

intermolecular interactions, or by the addition of polymers that 

provide extra steric force. On the other hand, unstable or 

concentrated nanoparticle dispersions can form homogeneously 40 

distributed soft materials under certain circumstances.51 Instead 

of being randomly dispersed into a liquid, nanoparticles can be 

incorporated into a solid-like structure of lyotropic liquid crystals 

(LLC) formed by the ionic liquids and/or added amphiphiles. In 

what follows we first introduce the formation of colloidal glasses 45 

and colloidal gels, and the transition between them. Then we 

discuss the selective localization of nanoparticles 

synthesized/dispersed in different ionic liquid-based LLC 

structures. Last, we review other cases of nanoparticle 

organization with ionic liquids, including nanoparticle-stabilized 50 

ionic liquid containing emulsions, ionic liquid surface-

functionalized nanoparticles, and nanoscale ionic materials.  

3.1 Colloidal gels and glasses in ionic liquids 

Several types of solid-like soft materials based on nanoparticles 

dispersed in ionic liquids have been obtained recently, more 55 

notably colloidal gels and colloidal glasses. A colloidal gel is 

attained by the dispersed phase forming an interconnect network 

structure,178 while a colloidal glass is formed when high 

concentration dispersed nanoparticles are trapped from moving 

by neighboring nanoparticles through a “cage effect”.51 (Figure 60 

20) 

Colloidal gels formed by a three-dimensional nanoparticle 

and/or polymer network percolated throughout the ionic liquid 

are denoted as ionogels, which hybridize the properties of ionic 

liquid with those of another organic, inorganic or hybrid organic–65 

inorganic component.179 180 In this review we focus on the 

ionogels that are built through nanoparticle networks. Ionogels 

can be prepared by suspending unstable nanoparticles into ionic 

liquids, within which the repulsive forces between nanoparticles 

are weaker than the attractive forces. The required nanoparticle 70 

concentration for colloidal gelation depends on the size of the 

nanoparticles. In the case of larger silica nanoparticles (300 nm 

diameter), 40 wt% silica particles were required for gelation in 

[Emim][Tf2N], whereas 5 wt% silica nanoparticles with 12 nm 

diameter were required to achieve gelation.51 In this colloidal 75 

system, the very high ionic strength of ionic liquids penetrates the 

screening shell of the nanoparticle surface charges, resulting in 

inefficient interparticle electrostatic repulsion. Consequently the 

silica nanoparticles aggregate in ionic liquids.88 Diamond 

nanoparticles (average diameter <10 nm) formed a gel from 10 80 

wt% with a variety of ionic liquids, including [Bmim][PF6], 

[Bmim][Tf2N], 1-butyl-3-methylimidazolium 

hexafluoroantimonate ([Bmim][SbF6]) and [Bmim][BF4].
181  

For nanoparticles that are surface-modified with grafted 

polymers, the affinity between the grafted polymers and the ionic 85 

liquid solvents impacts the stability of the nanoparticle dispersion. 

The steric forces between neighboring nanoparticles diminish 

when the grafted polymers contract to reduce the solvophobic 

interactions between polymer and the ionic liquid that acts as a 

bad solvent.88 The unstable polymer-grafted nanoparticles attach 90 

to each other and form ionogels over time.141 Systems comprising 

PMMA-grafted silica nanoparticles in [Emim][Tf2N] transformed 

from liquid to solid with color change in the range from 0 to 33.3 

wt% nanoparticles.51 Similarly to polymer-grafted nanoparticle 

gelation in ionic liquids, ionic liquid-grafted nanoparticles could 95 

also form gels in another ionic liquid. A novel class of silica 

nanoparticle-based ionogels was created by dispersing silica 

nanoparticles densely grafted with the ionic liquid 1-

trimethoxysilyl propyl-3-methyl-imidazolium bis-

(trifluoromethylsulfonyl) imide ([Spmim][TSFI]) in the 1-butyl-100 

3-methyl-pyrrolidinium bis(trifluoromethylsulfonyl) imide 

([Bmpyr][TFSI]) ionic liquid host. The [Spmim][TSFI]-grafted 

silica nanoparticles remained stable in [Bmpyr][TFSI] over the 

wide concentration range of 0-70 wt% nanoparticle. The resulting 

ionogel exhibited liquid-like ionic transport properties over an 105 

extended temperature range (with a crystallization temperature 

below -60 °C, depending on the nanoparticle concentration).182  

Colloidal glasses form when the repulsive forces are very  
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Figure 21. (a) Reflection spectra of 25 wt % PBnMA-based silica 

nanoparticle (with core diameter of 120 nm) with [Emim][NTf2] ionic 

liquid colloidal glass at different temperatures. Structural color changes 

before and after heating from room temperature (R.T.) to 100 °C. (b) 5 

TEM images of 25 wt% PBnMA-based colloidal glass before (top) and 

after (bottom) heating to 100 °C.  Reproduced from ref141. Copyright 2010 

American Chemical Society. 

 

strong even in concentrated nanoparticle dispersions in ionic 10 

liquid. At high volume fractions, nanoparticles occupy limited 

volumes of solvent in a concentrated system, but cannot attach to 

each other due to the strong repulsive forces. They get very close 

to each other without collision in a way that the nanoparticles are 

trapped within cages formed by the neighboring nanoparticles, 15 

like the way that atoms array in metals. The cage effects are also 

the reason for the solid-like properties of colloidal glass.51 

Compared to colloidal gels/ionogels, colloidal glasses form when 

the grafted polymers have a good affinity for the ionic liquid they 

are dispersed in, in which case the polymers stretch out from the 20 

nanoparticle surface into the ionic liquid providing steric 

repulsion. Sterically stabilized PMMA-grafted silica 

nanoparticles (with silica core radius of 61 nm) in [Emim][NTf2] 

ionic liquid (good solvent) exhibited liquid-like behavior at dilute 

suspensions, but solidified as the suspension become more 25 

concentrated (above 14 wt% nanoparticles) and exhibited 

different colors depending on the particle concentration as a 

consequence of the structural color.51 

Colloidal glasses and colloidal gels formed by polymer-grafted 

nanoparticles in ionic liquids would experience reversible phase 30 

transition between glass phase and gel phase if the solubility of 

the polymer in the ionic liquid was sensitive to environment 

change, e.g., temperature. A thermosensitive nanoparticle grafted 

with poly(benzyl methacrylate) (PBnMA) was designed on the 

base of the PMMA-grafted silica nanoparticles mentioned 35 

above.51 PBnMA is soluble in the [Emim][NTf2] ionic liquid at 

lower temperatures but insoluble at temperatures higher than the 

phase-separation temperature (Tc). When PBnMA-grafted silica 

nanoparticles were used instead of PMMA-grafted silica 

nanoparticles, the nanoparticle suspension in [Emim][NTf2] 40 

became unstable at high temperature (above 90 °C) due to 

contraction of the grafted polymer. In dilute solution, the 

nanoparticles formed aggregates as the high temperature 

decreases the dispersion stability.  For a concentrated suspension 

of colloidal glass at low temperature, the steric force diminished 45 

rapidly as the grafted polymers contracted, and as a result the 

nanoparticles were able to attach to each other and form a 

network. A V-shaped rheological response of the temperature 

dependence of storage modulus and loss modulus for PBnMA-

based colloidal glass in [Emim][NTf2], which results from a 50 

reduction in the particle volume fraction of the colloidal glass, 

suggested that the short-range-ordered colloidal glass structure 

was transformed into a completely disordered structure at higher 

temperatures. A change in the optical properties upon heating, 

along with the rheological response, confirmed the colloidal glass 55 

to gel transition.51 Further study indicated that the interparticle 

interaction changed from repulsive to attractive at the lower 

critical solution temperature (LCST) of PBnMA, thus causing a 

temperature-induced colloidal glass-to-gel transition (Figure 

21).141  60 

Acting as structuring media for inorganic ionogel formation, 

the intrinsic organization and physicochemical properties of ionic 

liquids influence the network building,179 resulting in ionic 

liquid-based colloidal gels with many potential applications, 

especially in batteries, due to good ionic conductivity while 65 

maintaining solid-like rheological response.179, 180 A high ionic 

conductivity of approximately 10-2 S cm-1 at 30 °C despite of the 

solid-like behavior, which is comparable to that of neat 

[Emim][NTf2], was obtained at a low silica concentration (5 

wt%) ionogels.183 Meanwhile, viscoelastic responses, such as 70 

shear-thinning and shear-induced sol-gel transitions, were 

observed in all of the silica nanoparticle-based ionogels 

containing 5-15 wt% silica nanoparticles.183 A stimulus-

responsive glass-to-gel transition is a noteworthy property that 

may contribute to various applications, such as thermo-sensitive 75 

detectors.  

3.2 Nanoparticle localization in ionic liquid-based long-range 
structures  

Ionic liquids with long side alkyl chains exhibit amphiphile-like 

features due to the combination of a nonpolar alkyl chain part and 80 

a polar cation head group (usually heterocyclic group). As a 

result, long alkyl chain ionic liquids are able to form long-range 

ordered liquid crystalline (LC) structures at the molten state, 

while they form lyotropic liquid crystalline (LLC) phases in the 

presence of solvents including other ionic liquids.175, 184, 185 85 

Spherical Mn1,5[Cr(CN)6]  nanoparticles (with a mean diameter of 

∼4.0 (±0.6) nm, with 0.03 mol/L Mn1,5[Cr(CN)6] in the system) 

were synthesized in ionic liquid crystals formed by an 

imidazolium-based ionic liquid with properly chosen N-alkyl 

substituent and counteranion, 1-dodecyl-3-methylimidazolium 90 

tetrafluoroborate, [C12mim][BF4]. This nanoparticle and ionic 

liquid-based lamellar liquid crystal composite was an opaque 

yellow solid at room temperature. X-ray, polarized optical 

microscopy (POM) and TEM results suggested that the 

nanoparticles were organized into parallel chains in hydrophilic 95 

layers along with water, [BF4]
- and imidazolium ring entities, 

while the alkyl side chains of the ionic liquids formed 

hydrophobic layers.186 On the other hand, a system comprising 

the same nanoparticles synthesized in a similar way in  
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Figure 22. Schematic representation of nanoparticles selectively located 

in ordered structures formed by amphiphiles. (a) and (b) lamellar 

structure; (c) and (d) cylindrical structure; (e) and (f) spherical structure. 

Red/blue (dark/light) lines represent hydrophobic/hydrophilic part of 5 

amphiphile, dark dots represent nanoparticles.  

 

[C10mim][BF4] remained a yellow viscous liquid without liquid 

crystal formation at room temperature, with the nanoparticles 

randomly dispersed in the isotropic ionic liquid.186 Another 10 

relevant study investigated multi-walled carbon nanotubes 

dispersed in LLC structures formed by binary mixture of 1-

tetradecyl-3-methylimidazolium chloride (C14mimCl) and EAN 

ionic liquids. A multi-walled carbon nanotube (with diameter of 

10–20 nm and length of 10–15 µm, at a concentration of 0.014%) 15 

dispersed in the hexagonal, cylindrical (H1) phase without 

disrupting the ionic liquid structure. However, larger lattice 

spacing upon nanoparticle incorporation was measured by SAXS, 

indicating a dispersion of carbon nanotubes (CNT) into the 

cylinder-like assemblies of the H1 structure. Such CNT-LC 20 

composite is expected to exhibit remarkably high electrical 

conductivity resulting from great conductivities of both the 

carbon nanotube and the ionic liquid crystal.187  

In addition to the formation of LC or LLC structures by neat or 

mixed ionic liquids, lyotropic liquid crystals formed by the self-25 

assembly of concentrated amphiphiles (including surfactants, 

lipids or block copolymers) in ionic liquids58, 188 can be utilized as 

matrices for nanoparticle synthesis.188, 189 EAN dispersion of 0.2 

wt% multi-walled carbon nanotube was added to a preformed 

hexagonal LLC phase of 50 wt% nonionic polyoxyethylene 30 

surfactant C16EO6 in EAN. Polarized optical microscopy images 

combined with SAXS indicated that the multi-walled carbon 

nanotubes were well dispersed in the hexagonal LLC without 

destroying its structure.  This LLC composite of uniform 

dispersion of multi-walled carbon nanotubes was still stable after 35 

six months without any precipitation or phase separation. A 

uniform distribution of spherical Ag nanoparticles was obtained 

from inherent reduction of AgNO3 in a lamellar liquid crystal 

formulated by the ionic liquid [Bmim][PF6], Tween 85 

(Polyoxyethylene Sorbitan Trioleate) and water. The nanoparticle 40 

diameter was in the range 3-10 nm depending on the thickness of 

the solvent layer of the lamellar phase (<10 nm in this case).190 

PEO-PPO-PEO block copolymer Pluronic P123 (EO20PO70EO20) 

formed lamellar lyotropic liquid crystal structure in pyrrolidinium 

nitrate ([Pyrr][NO3]) ionic liquid at the 58-82 wt% polymer 45 

concentration range. Gold nanoparticles were prepared by 

reducing HAuCl4 in this lyotropic liquid crystal, leading to an 

increase by 0.7 nm in the repeat distance for the lamellar phase 

presumably due to the swelling effect of gold nanoparticles 

formed in this LLC phase.90  50 

The formation of nanoparticle-LLC composites was based on 

the interplay between the particle-particle excluded-volume 

interactions, preferential particle/block interactions, and the 

enthalpic and stretching interactions within the block.191, 192 The 

morphology of such self-assembled ordered mesophases depends 55 

on the characteristics of both amphiphiles and nanoparticles.193 

Figure 22 presents some possible locations of nanoparticles 

incorporated in ordered structures formed by amphiphiles. 

The lyotropic liquid crystal structures formed by a given 

amphiphile in aqueous solution and in ionic liquids are slightly 60 

different under the same condition. For example, 60 wt% 

Pluronic P105 PEO-PPO-PEO block copolymer formed 

hexagonal structure in both water and EAN, however the lattice 

parameter obtained in water was higher than that in EAN. In 

addition, the lattice spacing of the P105-EAN LLC structure did 65 

not change with an amphiphile concentration increase, which was 

different from the observations in water.194, 195 These differences 

emanate from the solvent preferred interactions with the PEO 

block over the PPO block, which is affected by the 

hydrophobicity and the hydrogen bond interaction between PEO 70 

with EAN and these between PEO and water.188 However, to our 

best knowledge, no comparisons have been made between 

systems where nanoparticles are dispersed in lyotropic liquid 

crystal structures formed by the same amphiphile in water and in 

ionic liquids.  75 

3.3 Other soft materials based on nanoparticle and ionic 

liquid hybrids 

Various forms of organization have been developed comprising 

ionic liquid and nanoparticle ingredients. As discussed previously, 

by simply dispersing nanoparticles into ionic liquids, one may 80 

achieve stable nanoparticle dispersions, colloidal gels or colloidal 

glasses, depending on the intermolecular interactions, and, further, 

nanoparticles can be dispersed into preformed structures such as 

LLCs assembled by ionic liquids or amphiphiles.  Other than 

dispersion, other types of nanoparticle and ionic liquid hybrid 85 

materials can be attained through nanoparticle-stabilized ionic 

liquid-containing emulsions or nanoparticle surface 

functionalization with ionic liquids. 

Nanoparticles can be localized at ionic liquid-based interfaces 

in ionic liquid-water/oil emulsions.196 An ionic liquid 90 

([Bmim][BF4])-in-castor oil microemulsion containing as-

prepared copper nanoparticles, which were formed on the 

interface of microemulsion droplets and then transported into the 

ionic liquid phase, was reported to exhibit high stability after 

storage for 6 months at ambient conditions.197 The inner and 95 

outer droplets of these emulsions, including oil-in-ionic liquid, 

ionic liquid-in-oil, and three-component multiple emulsion, could 

be controlled by altering the volume fractions of the liquid 

components and the concentrations of the stabilizing particles.198 

To investigate ionic liquid microemulsions that involve solid 100 

nanoparticles as emulsion stabilizers, hydrophobic nanoparticles 

(spherically modified hydrocarbon nanoparticles with mean 

diameter of 1.2 nm) at ionic liquid-water and ionic liquid-oil  

Page 17 of 22 Physical Chemistry Chemical Physics



 

18  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 
Figure 23. Schematic of ionic liquid [EMIM][PF6] immobilized on a 

silica surface. The ionic liquid-immobilized SiOx nanoparticles have 

lower melting points compared to the bulk ionic liquids, as indicated in 

the schematic.199 Copyright 2010 The Royal Society of Chemistry. 5 

 

interfaces were studied using molecular dynamics simulations.177 

The nanoparticles were initially dispersed in the water phase, and 

then rapidly approached the [Bmim][PF6] ionic liquid-water 

interface, consequently the majority of the nanoparticles entered 10 

into the ionic liquid phase. The width and morphology of the 

ionic liquid-water interface changed significantly to 

accommodate the presence of nanoparticles.  For the 

[Bmim][PF6]-hexane system, the nanoparticles were initially 

dispersed in the hexane phase and primarily remained there. The 15 

ionic liquid-hexane interface remained undisturbed although the 

nanoparticles slowly approached the interface. This result may be 

explained by the competition between [Bmim] cations and 

water/hexane for the nanoparticle surface based on different 

hydrophobicity.177 A similar study was conducted on silanol-20 

saturated hydrophilic nanoparticles in the same ionic liquid-water 

and ionic liquid-oil systems. It turned out that the silica 

nanoparticles maintained equal volume in both phases as for ionic 

liquid-water system, while they completely partitioned into the 

ionic liquid phase in the case of the ionic liquid-oil system.123 The 25 

results have met the expectations of strong association between 

nanoparticles and solvents of similar hydrophobic nature.123 

Novel emulsions containing ionic liquids have been extensively 

studied over the recent years.196 We have reviewed above some 

representative examples that focused on nanoparticle-stabilized 30 

emulsions.  The emulsions with high surface areas enable fast 

mass transfer and can provide significant advantages in 

applications utilizing ionic liquids as solvents in two-phase 

systems.198 Besides forming hybrid materials based on 

nanoparticle-stabilized ionic liquid- water/oil emulsions, ionic 35 

liquid-based emulsions are also useful as nanoparticle synthesis 

media.200-202 

Nanoparticles can be surface modified/functionalized by ionic 

liquids through physical adsorption or covalent grafting to the 

nanoparticle surface to improve desired properties, e.g., better 40 

dispersibility, better thermo-stability. Novel functional materials 

with hybridization of ionic liquids and nanoparticles have been 

prepared in order to share the properties of both ionic liquids and 

nanoscale materials. For example, ionic liquids/silica 

nanocomposites produced by a phosphonium-type ionic liquid 45 

reacting with silica nanoparticles have good dispersibility in a 

variety of solvents and great thermal stability even at 800 °C.203 

Carbon nanotubes chemically modified by imidazolium-based 

ionic liquids with Cl- or Br- counterions are dispersible in water, 

while those modified with imidazolium-based ionic liquids with 50 

[BF4]
-, [PF6]

- counterions are able to disperse in organic solvents 

such as CHCl3.
204 Chemical bonding of nanoparticles with ionic 

liquids also modifies the physicochemical properties of ionic 

liquids. Imidazolium-based ionic liquids immobilized onto the 

surface of SiOx nanoparticles (Figure 23) were reported to have 55 

lower melting points compared to the bulk ionic liquids, which is 

mainly due to the interfacial interaction between nanoparticles 

and the formation of intermolecular hydrogen bonds between the 

anions of ionic liquids and the silanol groups on the surface of 

SiOx nanoparticles. The interfacial interactions (van der Waals) 60 

between the immobilized ionic liquid and SiOx nanoparticle 

decreased the mobility of ionic liquid cations near the 

nanoparticle surface so as to trap the cations at a higher entropic 

state, which lead to the melting temperature decrease.199 A high 

degree of conformational ordering of the ionic liquids on the 65 

surface of SiOx nanoparticles was attained as a result of limited 

degrees of freedom of the dialkyl imidazolium cation due to 

chemical bonding between the ionic liquid and the nanoparticle 

surface.199  

Within the general field of grafted nanoparticles, nanoscale 70 

ionic materials (NIMs) comprise a nano-sized particle core and 

an oppositely charged canopy through ionic coupling. The core of 

NIMs is surface functionalized with a charged corona, which can 

be one portion of an ionic liquid.205 The dynamic nature of the 

ionic links brings up one of the primary characteristics of NIMs - 75 

the similarity of their structural and dynamic behavior to that of 

ionic liquids.206 NIMs are also referred as nanoscale ionic liquids, 

as they share properties with ionic liquids, including an ionic 

attraction between the components in NIM, a low-to-nonexistent 

vapor pressure, and a high density of ionic groups.205, 206 NIMs 80 

prepared by surface modification of silica cores by an alkylsilane 

monolayer paired with an amine-terminated poly(ethylene oxide)-

poly(propylene oxide) block copolymer canopy exhibited liquid-

like behavior under ambient conditions in the absence of solvent, 

which is believed due to the rapid exchange of the block 85 

copolymer canopy with the ionically modified silica cores.207 

Liquid-like NIMs can act as functional ionic liquids and as 

surface functionalized nanoparticle dispersions, and offer 

potential applications in various fields, such as lithium-ion 

batteries, carbon-capture materials and catalysts. 90 

4. Concluding remarks  

Ionic liquid and nanoparticle hybrids have attracted attention 

recently due to their unique characteristics and broad potential 

applications. Studies on the intermolecular interactions affecting 

the stability of ionic liquid-based nanoparticle dispersions and on 95 

the “interaction force – structure – function” relationships in 

nanoparticle-ionic liquid composites provide fundamental 

knowledge needed for the rational design of such materials and 

their applications under various working environment. In this 

review, we discuss the stability of nanoparticle dispersion in ionic 100 

liquids and the organization of nanoparticle in ionic liquids as 

affected by intermolecular interactions, along with other forms of 

ionic liquid and nanoparticle hybrids and their applications. 

The stability of ionic liquid and nanoparticle hybrid systems 

provides information on the rational design of materials and 105 

proper selection of operating conditions. The characterization 
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methods used to assess the stability of ionic liquid-based colloidal 

systems are similar with those of general colloidal systems. 

However, the intermolecular interactions between nanoparticles 

and ionic liquids, which dictate the nanoparticle stability, 

differentiate such hybrids from those within aqueous or organic 5 

solvent-based colloidal systems. In ionic liquid media, 

electrostatic repulsions tend to be attenuated by a highly ionic 

atmosphere, and the hydrogen bond basicity in general is lower 

than that of molecular solvents, however, hydrogen bonds can 

form on several positions of an ionic liquid cation or anion. 10 

Further, ionic liquids with long side-chains provide steric 

stabilization in addition to solvation forces. Endogenous variables 

and exogenous variables, e.g., physicochemical properties of 

ionic liquids and nanoparticles, temperature and pressure, and 

water concentration, affect the stability of nanoparticle dispersion 15 

in ionic liquids through each interaction. Among the various 

interactions, van der Waals, electrostatic and steric interactions 

are well established and can be quantified as functions of 

neighboring nanoparticle distance, whereas hydrogen bonding 

and structural forces are less studied quantitatively and are mostly 20 

evaluated in a qualitative manner.113 Therefore, a quantitative 

comparison of different interactions in an ionic liquid-

nanoparticle hybrid system is hard to assess. Most published 

reports on nanoparticle stability in ionic liquids have focused on 

one or two interactions, while few reports have considered a 25 

combination of those interactions to maintain nanoparticle 

stability in ionic liquids. Future research will be beneficial on 

variables (such as nanoparticle size, temperature, solvent addition 

and surface modification) affecting each intermolecular 

interaction, and on the combination of interactions affecting the 30 

stability of nanoparticle dispersions in ionic liquids. 

Various types of structured ionic liquid and nanoparticle 

hybrids have been developed in addition to dispersions of 

nanoparticle in ionic liquids. Colloidal glasses and gels are 

among the soft materials resulting from nanoparticle dispersion in 35 

ionic liquids under different balances of intermolecular 

interactions. In general, colloidal gels are formed with unstable 

dispersed nanoparticles interconnecting to a three-dimensional 

network structure through hydrogen bonding and van der Waals 

interactions. Colloidal glasses are obtained when the concentrated 40 

dispersed nanoparticles cannot aggregate due to strong repulsive 

interactions, but are rather trapped by neighboring nanoparticles 

through a cage effect. Colloidal glasses and colloidal gels formed 

in ionic liquids by polymer-grafted nanoparticles can experience 

glass-to-gel transition if the polymer solubility in the ionic liquid 45 

changes in response to environment changes, which subsequently 

affects the hydrogen bond and steric repulsion.  

Nanoparticles synthesized in situ or dispersed following 

synthesis can selectively localize into solid-like ordered matrices 

such as liquid crystals formed by long side-chain ionic liquids or 50 

lyotropic liquid crystals formed by amphiphiles in ionic liquids. 

Nanoparticle-LLC composites are found stable without any 

precipitation or phase separation. Nanoparticles can locate at 

ionic liquid-based interfaces as stabilizers in ionic liquid-

water/oil emulsions or can be selectively extracted into the one 55 

phase, depending on the relative solvophobicities. Besides 

nanoparticles dispersed in ionic liquids or in ionic liquid-based 

preformed structures, other types of nanoparticle and ionic liquid 

hybrids, such as NIMs, can be achieved by ionic liquid chemical 

bonding with nanoparticles.  60 

Structure formation and nanoparticle localization in 

nanoparticle-LLC composites in molecular solvents,192, 208, 209 and 

on LLC structures formed in ionic liquids have been studied. 

However, ionic liquid-based nanoparticle-LLC composites are 

much less studied compared with those in regular solvents. Future 65 

research will be beneficial on the structure and corresponding 

properties and function of ionic liquid-based nanoparticle-LLC 

composites, and the comparison with those of nanoparticle-LLC 

composites in molecular solvents with considerations of 

intermolecular interactions.  70 

Combining novel properties of both nanoparticles and ionic 

liquids, the unique characteristics of ionic liquid plus nanoparticle 

hybrids can lead to various applications. On one hand, properties 

of the nanoparticles, such as thermal stability, catalytic 

efficiency, adsorption efficiency, and electrical and 75 

electrochemical response can be modified and improved through 

physical/chemical surface modification with ionic liquids.210 On 

the other hand, physicochemical and/or electrochemical 

properties of the ionic liquid and nanoparticle mixture can be 

better than those of the ionic liquid alone due to interactions 80 

within the dispersion.211 Nanoparticle dispersions in ionic liquids 

are promising in electrochemical applications due to good proton-

transfer ability of ionic liquids and the high electron conductivity 

afforded by metal nanoparticles or carbon nanotubes. 

Nanoparticle and ionic liquid hybrids are applied as electrodes or 85 

electrolytes in cell batteries, providing better stability and 

electrical conductivity.212, 213 Electrochemical sensors have been 

developed with ionic liquid-nanoparticle composites to achieve 

rapid responses and high sensitivity and selectivity.104, 214 

Offering the advantage of facile recovery of the catalyst, 90 

rationally designed metal nanoparticle/ionic liquid composites 

have been applied as highly efficient catalysts in multiphase 

catalytic systems.104, 215, 216 Reports on applications of ionic liquid 

and nanoparticle composites have expanded in recent years. 

Given the promising applications, research on the structure-95 

property relationships of nanoparticle and ionic liquid composite 

is highly anticipated. Further research on the effects of 

intermolecular interactions and environmental factors on the 

phase structure and stability will assist the rational design of 

novel materials incorporating nanoparticles and ionic liquids.    100 
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