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A tunable three-dimensional network of nanoparticles was first time realized in a segregated polymeric nanocomposite via 

controlling the dispersion and distribution of nanoparticles in an emulsion system. The results show that the distribution of the 

nanofillers coupled with the porous structures can be effectively adjusted by simply varying the W/O ratio as well as the 

concentration of nanoparticles in the water phase. This study indicates a facile, cost-effective and universal emulsion process 

for fabrication of advanced polymeric nanocomposites with controlled distribution and dispersion of nanoparticles. 

1. Introduction 

It is well-known that, for nanocomposites, dispersion and distribution of nanoparticles (NPs) as well as the 

interfaces between NPs and polymer matrix are the most important factors controlling the final properties.
1-6

 

Besides a well dispersion of NPs, a controlled distribution of NPs will enable nanocomposites with unique 

properties, such as anisotropic conductivity,
7, 8

 high electrical conductivity but low thermal conductivity for 

thermoelectric materials,
9, 10

 high electrical conductivity and excellent elasticity with low density,
11

 or improved 

adsorption and catalytic properties.
12

 Unlike the methods for improvement of dispersion of NPs, control of 

distribution usually needs special manipulation of the interaction between NPs and polymer matrix as well as 

desired fabrication techniques. There are several strategies reported on control of distribution of NPs in 

nanocomposites, such as copolymer approach,
13

 selective distribution of NPs in polymer blends with such as 

interpenetrating polymer network (IPN) structure,
14

 and excluded-volume effects.
15 

Due to the unique morphology structures formed by the self-assembly of copolymers, the distribution of NPs has 

been successfully controlled in copolymer nanocomposites.
16-20

 In order to “entrap” the NPs in a specific phase of 
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a copolymer, NPs are usually modified by structure-directing agents, which can preferentially interact with one of 

the blocks of the copolymer. Accompanying with the micro-phase separation of the block copolymer, the NPs are 

finally distributed in one of the phases of the copolymer nanocomposites. Selective distribution of NPs in polymer 

blends provides another effective way to control the distribution of NPs. For example, Yang and Liu et. al.
21, 22

 

found that carbon black can preferentially distribute in high density polyethylene (HDPE) when introduced into a 

HDPE/isotatic polypropylene (iPP) blend. By manipulating the phase structures of the blend, the distribution of 

NPs can be easily controlled. Similarly, distribution of NPs can also be controlled in blends with interpenetrating 

polymer networks (IPN) structure.
23-25

 In these efforts, the precursor of NPs (such as the ions of metal particles) 

was introduced into the IPN system and only interacted with one of the networks, which has the functional 

groups acting as a transient anchoring agent. After the precursor was reduced by reduction agent, metal 

nanoparticles were in situ formed and distributed in one of the networks or at the interface. Recently, excluded-

volume effects have also been employed to prepare nanocomposites with a controlled distribution of NPs. 

Usually, aqueous polymer emulsion
10, 26-28

 or polymeric particles
29, 30

 (ultra-high molecular weight polyethylene, 

for instance) were used as particles or cells creating excluded volume, which will finally localize the NPs at the 

interstitial space between polymer particles. Similarly, Ameli and Park et. al.
31-33

 introduced supercritical CO2 into 

nanofiller/PP composites to create excluded volume effects (the gas acts as the cell) and prepared 

nanocomposites with controllable distribution of nanofillers. 

In this study, we report a facile, cost-effective, robust and universal method for fabrication of porous segregated 

nanocomposites with well-controlled distribution and dispersion of NPs (e.g. carbon nanotubes, CNTs,) based on 

emulsion technology. Via design of the compositions in the water phase (i.e., a homogeneous aqueous 

suspension of CNTs) as well as in the oil phase (polymer solution with organic solvent), a W/O emulsion system 

was prepared by ultrasonication for the fabrication of the nanocomposites. The CNTs in the water phase 

suspension can play the role of surfactant and results in a stable emulsion.
34-40

 After the emulsion was cast and 

dried on a substrate (glass, for example), a porous nanocomposite film with controlled distribution and dispersion 
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of CNTs was obtained. It is believed that this is a scalable technology and can be easily commercialized, thus, will 

be significant for mass production of porous multi-functional nanocomposites. 

2. Experimental 

2.1 Materials.  

The materials employed in this study include: Polycarbonate (PC) (SABIC Innovation Plastics), CNTs (diameter: 10 - 

20 nm, length: 10 - 30 μm, Cheap Tubes Inc.), PEDOT:PSS aqueous solution (concentration: 1.13 wt%, high 

conductive grade, Sigma-Aldrich) and solvents (chloroform and DI water).  

2.2 Sample preparation.  

In the first step, the water phase was prepared by dispersing CNTs in aqueous solution of PEDOT:PSS by 

ultrasonication (20% amplitude for 5min with ice bath, Branson Digital Untrasonicator, Model 450). For 

masterbatch, the ratio between CNTs and PEDOT: PSS solution was fixed around 0.5 g : 10 mL. For the samples 

with different loading of NPs or different W/O ratio, the masterbatch of the nano-dispersion was diluted by DI 

water appropriately according to the calculation. At the same time, the oil phase, that is, the polymer solution (PC 

in chloroform, 5 wt%) was prepared in advance. In the second step, the well-dispersed CNT/PEDOT:PSS 

suspension (water phase) was added into the polymer solution (oil phase) and a W/O emulsion was obtained by 

ultrasonication of the mixture (Branson Digital Ultrasonicator, 20% amplitude, 3 min with ice bath). In the last 

step, the emulsion was cast on a glass substrate via a multiple clearance square applicator (Paul N. Gardner 

Company, INC). The thickness of the film was controlled by casting the emulsion with different gap values. After 

all the solvents (chloroform and water) evaporated at room temperature for about 10 min., a porous 

nanocomposite film with some residual water was obtained and further dried at 75 °C for 1 hour to completely 

remove the solvents before the electrical measurement.  

2.3 Characterizations 
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The microstructures were characterized by Scanning electron microscopy (FEI Quanta 200F) and optical 

microscope. The surface contacted with the glass substrate was directly used for SEM observation. The fracture 

surface of the porous film was prepared by fracturing the film in liquid nitrogen. For optical image, the thinnest 

film with thickness of ca. 15 µm was used and the images were taken at room temperature by Olympus BX51. For 

electrical conductivity measurement, the resistance of the film was measured for 5 times for each sample by two-

probe method at ambient temperatures using 2410 SourceMeter (KEITHLEY, Inc.) Then the conductivity was 

calculated by ρ = RA/l, where R is the resistance obtained from the measurement, A is the area of the section, l is 

the length of the sample used for the testing. 

3. Results and Discussion 

It is well-known that emulsion technology has been widely used for fabrication of porous materials.
40-43

 However, 

to our knowledge, it is the first time to design the compositions in the water phase as well as the oil phase for the 

fabrication of porous nanocomposites. As illustrated in the Figure 1 (a), a well-dispersed NPs suspension (CNT 

treated by PEDOT:PSS and dispersed in DI water) as the water phase and a polymer solution (polycarbonate in 

chloroform) as the oil phase have been employed to form a W/O emulsion system. During ultrasonication, the NP 

suspension is broken into micro droplets. The compositions as well as the structures of the W/O system are 

further illustrated in Figure 1 (b). It is noted that the W/O emulsion system can be stable without surfactant due 

to the NPs in the water phase.
36, 44, 45

 By casting the emulsion on a glass substrate, the solvents (chloroform for the 

oil phase and water for the water phase) are removed during evaporation and a porous nanocomposite can be 

obtained as shown Figure 1 (c). The porous structures are confirmed by the SEM images (Figure 1 (d) and (e)). 

Figure 1 (f) demonstrates the controlled distribution of CNTs in the porous nanocomposites. In brief, the design of 

the compositions in the water phase (nanoparticle suspension, for example) for the emulsion system provides a 

versatile, simple and effective approach to fabrication of nanocomposites, especially porous polymeric 

nanocomposites, with controlled distribution and dispersion of NPs. Theoretically, any two immiscible liquid 

phases can be used for constructing an emulsion system and the distribution of the components can be controlled 
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after the removing of the solvent. It is worth to pointing out that the flexibility in the design of the compositions 

in the two phases will enable programmable functionalities for nanocomposites.   

To investigate how the structure affects the properties of the porous nanocomposites, the loading of CNTs has 

been changed from 0 to 6 wt% and the electrical conductivity has been measured. As displayed in Figure 2 (a), the 

electrical conductivity increases non-linearly with the loading of CNTs, similar to that for bulk conductive 

nanocomposites. However, it is noted that a very low percolation loading (< 0.06 vol.% or 0.3 wt%) has been 

obtained as indicated in Figure 2 (a). This percolation loading is much lower than that for common PC/CNT 

nanocomposites, which is usually well above 1 wt%.
46-48

 The low threshold for percolation should be benefited 

from a controlled distribution and a good dispersion of CNTs in the porous composite film as illustrated by the 

cartoon in Figure 2 (a). Due to the fact that the nanotubes are trapped in the micro droplets, the final distribution 

of nanotubes is shaped by the dried droplets, that is, the pore structures. As long as the concentration of the 

droplets is high enough to construct a network, a network of conductive nanotubes will also form at the 

percolation point. This coupling effect is further confirmed by the optical images (Figure 2 (b) and Figure S1, 

Supporting Information) and SEM images (Figure 2 (c) and Figure S2, Supporting Information). From the optical 

images, a clear network of the pores can be observed. The SEM images distinctly show a distribution and a good 

dispersion of CNTs on the surface of the pores. The above findings indicate that the distribution and the 

dispersion of NPs can be effectively controlled by individual design of the compositions in the water or oil phase 

for the emulsion system.  

Indeed, a significant finding as shown in Figure 3 is that the pore structures, that is, the distribution of CNTs, can 

be simply but effectively manipulated through the loading of the NPs, that is, the concentration of the NPs in the 

water-based suspension if a constant W/O was used. It was found that the diameter of the pores decreases 

dramatically with the increasing of the nanotube loadings when the loading is less than 1 wt% as shown by the 

SEM images and the statistical results of the pore size in Figure 3. It was also found that the pore size shows much 

less dependent behaviour on the loading of CNTs when the CNT loading is higher than 1 wt%, indicating that the 
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water droplet becomes stable when the concentration of CNTs in the droplet is higher than 0.3 wt% (the CNT 

concentration in the droplet for the sample with 1 wt% CNT in the final composite). These results should be 

related to the mechanism for the stability of the micro droplets of the nanotube suspension. Based on Figure 3, 

one can conclude that a higher concentration of NPs in the suspension (ca. 0.3 wt%) is helpful to stabilize the 

micro droplets and suppress the coalescence of micro droplets, which results in a smaller pore size. At the same 

time, it was found that the pore size increased slightly with the increasing of the thickness of the film (Figure S3, 

Supporting Information), which should be relevant to the fact that it takes more time for the thicker film to 

evaporate. These results once again confirm that CNTs can act as a surfactant for the emulsion. Meaningfully, the 

above finding indicates that the individual design of the compositions in water or oil phase will provide a very 

effective approach to fabricating porous nanocomposites with high concentration of functional NPs, which will 

find their significant applications into such as electrodes, sensors and catalytic films.        

Another simple but effective way we can use to manipulate the distribution of NPs for the porous nanocomposite 

is to alter the W/O ratio. In this study, a volume ratio of the water phase (W) to the oil phase (O) ranged from 

0.05 to 0.3 has been investigated. In order to evaluate the effects of W/O volume ratio on the structures and 

properties of the porous composite films, a constant overall loading of CNTs (2 wt%) was applied for all these 

samples. It is seen that the range of the volume ratio is primarily determined by the stability of the W/O system. 

As shown in Figure 4, it can be found that the W/O ratio has a profound influence on the structures and the 

properties of the porous nanocomposites. In specific, the pore size increases notably with the W/O ratio as shown 

in the optical images (Figure 4 (a) – (d)) and SEM images (Figure S4, Supporting Information). The explanation of 

this result is the same as that for the NPs loading dependent behaviour of the pore size, that is, a high 

concentration of NPs in the nano-dispersion will help to stabilize the micro droplets. As the increasing in the W/O 

ratio can dilute the concentration of the nanotubes in the suspension for a constant overall loading of nanotubes, 

more coalescence of the micro droplets occurred and bigger pores can be obtained finally. Besides the pore size, 

the distribution of the pores is also affected by the W/O ratio. Based on the optical images in Figure 4 (also Figure 

S5, Supporting Information), one can find that the increasing of W/O ratio also improve the uniformity of the pore 
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distribution, that is, the NPs distribution. Figure 4 (e) highlights the changes in the distribution of the nanotubes 

with the increasing of the W/O ratio. For a lower W/O ratio, a “fine but inhomogeneous” distribution of 

nanotubes coupled with smaller pores can be obtained, while, a high W/O ratio will give rise to a “coarse but 

homogeneous” distribution of the nanotubes. The significance of this change in the nanotube distribution has 

been shown by the W/O ratio dependent behavior of the electrical conductivity in Figure 4 (f). It can be found 

that the electrical conductivity increases with the W/O ratio, implying that a higher W/O ratio can effectively 

facilitate the formation of a continuous conductive pathway with the same amount of conductive nanofillers.  

In addition to electrical conductivity, the thermal conductivity of the porous nanocomposites is worthy to be 

discussed. It has been reported that the increase in the porosity will remarkably reduce the thermal 

conductivity.
49

 For the porous film with different W/O ratios, the higher the W/O ratio, the higher the porosity as 

indicated by the optical images since the porous structures are formed by the water phase. Therefore, a higher 

W/O ratio is favourable for the improvement of the thermoelectric figure of merit ZT, which is proportional to the 

product σ/k (σ, the electrical conductivity, k, the thermal conductivity) and the key parameter describing the 

properties of a thermoelectrical material. It is believed that the controllable porous structure coupled with the 

special distribution of NPs could provide an effective solution for achieving high electrical conductivity but low 

thermal conductivity, that is, a higher thermoelectric figure of merit ZT, which is very significant for 

thermoelectrical materials. 

Conclusions 

In summary, a tunable 3D network of nanoparticles in segregated nanocomposites via emulsion process has been realized for the first time. By 

individual design of the compositions of the water or oil phase in an emulsion system, the distribution and dispersion of nanoparticles can be 

well controlled in the resulting nanocomposites. The design flexibility for the compositions of the emulsion system combined with the simplicity 

of the fabrication of the nanocomposites will enable the manipulability of the distribution and dispersion of all the components as well as the 

structures, which is significant for development of advanced functional nanocomposites. 
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Figure 1. Fabrication of the porous nanocomposites with controlled dispersion and distribution of nanoparticles. 

(a) Preparation of emulsion of polymer solution/NPs suspension by ultrasonication, (b) Schematic of the 

compositions/structures of the emulsion, (c) digital photo of the porous nanocomposite film after drying, and 

SEM images of the surface (contacted with the substrate) (d) and fracture surface (e) of the porous film. Scale 

bars: (d) 100μm, (e) 10μm. (f) Schematic of the controlled distribution of NPs (MWCNT, for example). For details, 

see the text.  
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Figure 2. (a) CNT loading dependent behavior of the electrical properties of the porous film (the cartoon shows 

the mechanism for the formation of the conduction percolation); (b) Optical image for the conductive network 

constructed by the porous structures and (c) SEM images showing the distribution of NPs on the surface of the 

pores 
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Figure 3. Effects of NPs loading on the distribution of NPs as revealed by the pore diameter (a fixed W/O ratio of 

0.15 was used for all the concentrations). (a) – (e): the SEM images of the fracture surface showing the pore 

structures with increasing loading of MWCNTs as indicated in (f), the diameter of the pores as a function of 

MWCNTs loading (scale bars: 50 µm) 
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Figure 4. Control the distribution of NPs (pore structures) by varying the W/O volume ratio (the overall loading of 

MWCNT is 2 wt%) as revealed by optical images: (a) 0.05, (b) 0.15, (c) 0.2 and (d) 0.3 (scale bars: 20 µm). (e) 

Schematic of the effects of W/O ratio on the distribution of NPs and (f), the distribution state dependent behavior 

of the electric conductivity. 
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