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A B S T R A C T   

Nanostructured conducting polymers (NCPs) have been extensively studied in various organic electronic fields 
because of their unique, excellent structural, mechanical, electric and photoelectric properties at the nanoscale. 
The sizes and morphologies of NCPs, which are highly dependent on the original molecular structure and syn-
thesis optimization, play critical roles in the applications involving NCP materials. As a promising strategy 
among the chemical oxidative polymerization methods, interfacial polymerization (IP) has been used in creation 
of abundant NCP materials through facilely controlled interfacial oxidative reactions. Here, we present a special 
review on the research progress of tunable IP involving different interfaces (liquid-liquid, liquid-solid, vapor- 
solid and vapor-liquid), wherein the precursor monomers can be positioned in either of the two phases. Such 
highly tunable interfacial fabrication has been proven an effective method for making NCPs and their composites 
both with controllable structure and properties. The nanostructured materials fabricated therefrom have found 
broad, increasing applications in supercapacitor, sensor, corrosion protection and other fields as discussed as well 
in this review. Also given at the end of this review are a summary and prospective overview about the current 
research issues and future development. It is expected that this review will provide systematic assistance and 
inspire new ideas for the development of interfacial processing technique in the field of nanostructured polymers.   

1. Introduction 

Conducting polymers (CPs) containing conjugated backbones have 
been of great interest to both fundamental and applied research since the 
discovery of highly conducting polyacetylene in 1976, due to their 
unique and intrinsically tunable conductivity and flexibility, as well as 
inherent optical, electrochemical and photoelectronic properties [1]. 
Till now, multitudinous CPs especially polyaniline (PANI), polypyrrole 
(PPy), polythiophene (PTh), poly(3,4-ethylenedioxythiophene) 
(PEDOT), and their derivatives, have been widely studied and applied 
in organic electronic fields related to energy, environment, biology, 

health and safety (Fig. 1) [1,2]. However, the development of the 
properties of CPs has not been completely commensurate with those of 
their metallic and inorganic semiconductor counterparts. Consequently, 
CPs have constantly been hybridized with other materials to overcome 
their inherent limitations and improve properties essential to the elec-
tronic or optoelectronic applications [3]. On the other hand, by 
confining the dimensions of bulk CPs into nanoscale, nanostructured 
conducting polymers (NCPs) and their composites with diverse sizes and 
morphologies such as nanoparticles, nanorods, nanofibers, nanotubes, 
and so on, possess large surface area, optimal electrical conductivity, 
improved carrier mobility, superior electrochemical activity and good 
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mechanical properties, etc., which combined make them ideal candidate 
for application in biological, optoelectronic, and energy-related fields as 
shown in Fig. 1 [4,5]. 

Chemical oxidation or electrochemical polymerization are the two 
most widely used techniques in synthesis of NCPs. While the electro-
chemical approaches require special workstations [6], oxidative poly-
merization methodologies based on hard template, soft template or even 
template-free (Fig. 1) (e.g., interfacial polymerization, seeding 
approach) have been developed, and these facile fabrication techniques 
have riven to be conducive to size and morphology control of NCPs in 
diverse applications [7]. Among them, the hard template method re-
quires physical templates such as track-etched polycarbonate (PC), 
polyester (PE) and anodic aluminum oxide (AAO) membranes and other 
solid porous materials (e.g., zeolites, etc.) as molds to control the poly-
merization processes and nanostructure in terms of morphology and 
sizes, and additional process is required to remove the template, which 
may result in the deformation of the as-prepared NCPs. On the contrary, 
soft template method relies on relatively simple and inexpensive fabri-
cation process including micro-/mini-emulsion polymerization, 
reversed-microemulsion, layer-by-layer self-assembly and block copol-
ymer mediated synthesis, etc., though the weak control intrinsic to the 
soft template over the uniformity of morphology still remains a chal-
lenge. In general, template method is technically limited in use of 
template and the necessary post-synthesis treatment. On the other hand, 
the electrochemical polymerization and physical methods such as 
electro-spinning and mechanical stretching can also produce NCPs, but 
these methods require special instrumentation and energy-consuming 
operation [6,7]. Standing beyond the methods above, as mentioned in 
our recent review [7], a method called “interfacial polymerization (IP)” 
initially explored by Huang et al. [8] can be used for template-free 
synthesis, which can produce pure and uniform NCPs with small di-
mensions in bulk quantities. In general, IP was performed in an aque-
ous/organic biphasic system, in which monomer of CP is dissolved in an 
organic solvent and the oxidant is dissolved in an aqueous solution. The 
aqueous/organic interface formed is stable, allowing for controllable 
synthesis of NCPs through localized polymerization reaction upon the 
contact between monomer and oxidant. In addition to such initial IP 
reaction at liquid-liquid interface, others including liquid-solid, 
vapor-solid and vapor-liquid interfaces have also been studied and 
developed for IP process, which enable the use of gas, liquid or solid 

reactants, thus much broadening the scope of NCP synthesis as described 
in detail in Section 2. 

IP reaction is generally considered to be a template-free approach, 
that is, high concentration monomer molecules and oxidative doped 
anions react immediately at the interface, producing monomer-anion (or 
oligomer-anion) aggregates, which lead to formation of polymers. 
Nonetheless, to further control the morphology of NCPs by tuning re-
action components in the biphasic system, some researchers have tried 
to add some additives acting as templates into the reaction systems 
[9–11]. This may be the reason why IP is sometimes also described as a 
soft-template method [12]. It is worthy to note that the IP process is 
distinct from another nanostructure fabrication method called interfa-
cial self-assembly [13–15], which is based on mass transfer control of 
building block molecules at the interface between a good and poor 
solvent. Therein the self-assembly is driven by a combination of optimal 
intermolecular interactions including hydrogen bonds, Van der Waals 
forces, π-π stacking interaction, metal coordination and other weak 
dispersive forces, whereas no covalent chemical reactions or polymeri-
zations are involved. Taking a series of n-type organic semiconductor 
molecules, perylene-3,4,9,10-tetracarboxylic diimides (PTCDIs), as the 
classical building blocks, our group has successfully fabricated a broad 
range of nanofibers with uniform one-dimensional (1D) morphology and 
sizes, for which the π-π stacking between the high planar skeletons of 
PTCDIs plays critical role in concert with the interfacial mass transfer 
control [13–15]. 

In recent years, several relevant reviews have been published by 
Yunze Long [12], Michiel J.T. Raaijmakers [16], Thanh-Hai Le [17], 
Yongyang Song [18], as well as us [7]. However, these reviews cover 
only partially the topics about synthesis strategies, morphological 
characteristics or applications of NCPs (involving IP of different mono-
mers). It still remains imperative to provide a deep review with more 
specific focus on how to regulate the structures and morphologies of 
NCPs via tunable IP processes, for which the precursor monomer can be 
positioned optionally in one of the two phases between liquid and liquid, 
liquid and solid, vapor and liquid, and vapor and solid. Herein we pre-
sent a comprehensive overview of the recent research progress of 
tunable IP at various interfaces for controllable fabrication of NCPs and 
the composites thereof. Also covered in this review are the broad ap-
plications of NCPs in supercapacitor, sensor, corrosion protection and 
other related fields. Finally, a summary and prospective overview about 
current technical challenges and future development of IP synthesis of 
NCPs are provided, with a hope to inspire more research interest and 
effort into this exciting, promising field. 

2. Tunable interfacial polymerization for fabrication of NCPs 

According to the interface where the polymerization reaction of 
monomer and oxidant occurs, IP fabrication of NCPs can be classified 
into four types as shown in Fig. 2, liquid-liquid interface with monomer 
in one the two phases (Lm-L), liquid-solid interface with monomer in 
either phase (Lm-S, L-Sm), vapor-solid interface with monomer in the 
vapor phase (Vm-S), and vapor-liquid interface with monomer in the 
vapor phase (Vm-L), where “m” represents monomer dissolved in one 
phase around the interface. These immiscible biphasic systems enable 
the mild initiation and propagation of the oxidation reaction with fewer 
nucleation sites essentially being restricted at the interface, compared to 
the rapid, disorder and bulk-phase reaction employed in traditional 
single-phase synthesis. In this section, we will discuss in detail the 
monomer structures, interface design and the control of reaction con-
ditions, which all have significant effect on the nanostructure formation 
and morphology of NCPs (nanofiber, nanotube, nanoparticle, etc.). A 
variety of polymers such as PANI, PPy, PTh, PEDOT, etc. have been 
involved in the research and will be discussed in this section. Summa-
rized in Table 1 are some typical examples of NCPs and their nano-
composites synthesized in different IP reaction systems, which 
demonstrate varying morphologies and interesting applications. 

Fig. 1. An overview of synthesis methods and applications of NCPs.  
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Specially, we carefully distinguish the IP reactions from other poly-
merization reactions at substrate surfaces, wherein the monomer and 
oxidant reactants are usually premixed such as in-situ oxidative poly-
merization [1]. 

2.1. Liquid-liquid (Lm-L) interface 

As the most commonly studied interface for IP synthesis, Lm-L allows 
for the polymer reaction to take place at the interface of two immiscible 
liquids, usually an aqueous or organic phase containing oxidant and an 
organic phase with monomer dissolved. NCPs formed at the interface 
will diffuse away from the interface and get populated in the aqueous or 
organic phase (driven by solubility), thus leaving a fresh interface 
behind for new polymerization until all the reactants are consumed. As a 
result, secondary growth of NCPs is suppressed and the initially formed 
nanostructures can be maintained upon dispersing in the liquid phase. In 
comparison, in the conventional synthesis, the freshly formed NCPs 
remain surrounded by monomers and oxidants, which may facilitate the 
formation of nucleation centers, and thus further precipitation, even-
tually growing into irregularly shaped granular particles [8]. To some 
extent, such IP process is reminiscent of the bisolvent interfacial 
self-assembly of PTCDI molecules into 1D nanostructures particularly 
nanofibers, whereas the later often adopts two miscible but density 
different organic solvents [14]. Overall, the structure and morphology of 
NCPs from IP are highly relied on the concerted control of selection of 
organic solvents and oxidants, type and concentration of monomers, 
reaction time and conditions like temperature, etc. Some other factors 
like additives or composite ingredients also play significant role in the IP 
synthesis. 

Up to now, a great variety of organic solvents have been used to 
construct Lm-L interface including diethyl ether, CH2Cl2, CHCl3, CCl4, 
hexane, benzene, toluene, and among others. In general, less toxic sol-
vents heavier than water are preferred for IP synthesis for safety reason 
since supernatant water atop can help to seal the organic vapor within 
the reaction vessel [8]. Stirring is often used in IP synthesis to speed up 
the reaction, as it helps create more Lm-L interface (i.e., larger interfa-
cial area) for the polymerization. It was found that a slower stirring rate 
was favorable for obtaining higher doping level, but the morphology 
uniformity of the nanofibers formed was not as good as that obtained at 
the faster stirring rate [19]. It has been also reported that the type of 

organic phase has little effect on the morphology and nanostructure of 
PANI prepared through IP [8,20,21], though this remains in debate. The 
solvent miscibility will influence the monomer diffusivity and solubility 
in the opposite phase. When the solubility of monomer in the opposite 
phase is low, the resulting polymer structure tends to be denser or more 
agglomerated, unlike nanofibers formed by the rapid diffusion into 
water. Zhang et al. [22] creatively introduced a kind of ionic liquid, 
[BMIM]PF6 as a “buffering zone” between the aqueous and organic 
phases. The high viscosity of the ionic liquid layer regulates the diffusion 
rate of aniline from CCl4 to the aqueous phase, which influences the 
subsequent polymerization process and favors for the enhancement of 
molecular order. The synthesized coral-like PANI possesses much better 
electrochemical performance and desirable electronic conductivity due 
to its unique structure and large specific surface area. More specifically, 
for polymerization of thiophene, both the two phases of IP have to be 
organic solvent because almost no PTh can be obtained if using organ-
ic/aqueous interface. PTh nanoparticles are commonly obtained in 
hexane (thiophene)-acetonitrile (CH3CN) (FeCl3) IP system [23]. 

NCPs such as PTh [23], PPy [24], polyindoles [25,26], poly-
carbazoles [27], and PEDOT [28] whose monomers are insoluble in 
water have been realized by IP strategy in Lm-L systems. Nanostructured 
PANI has also been successfully synthesized via IP into various mor-
phologies such as nanofiber [8], nanoneedle [29] and nanotube [30]. In 
view of its good solubility in common organic solvents and low cost, 
aniline (monomer of PANI) has been the most popular monomer used in 
IP synthesis of NCPs. IP of aniline requires additional protonic acid 
dopants to work together with the oxidants, which are the key to 
maintain the electrically conductive feature of PANI (Indeed, PANI re-
mains as one of the most investigated and promising CPs for wide 
commercial applications) [1,17]. For a generic example, the IP reaction 
of aniline into PANI nanofibers at the water/CH2Cl2 interface can be 
driven by a strong oxidant like ammonium peroxydisulfate (APS) dis-
solved in a protonic solution like 1 M hydrochloric (HCl) acid [8]. 
Although various dopant acids, inorganic types (HCl, sulfuric acid 
(H2SO4), nitric acid (HNO3), phosphoric acid (H3PO4), perchloric acid 
(HClO4), etc.) or organic types (ethanoic acid, methanoic acid, tartaric 
acid, camphor sulfonic acid, methyl sulfonic acid, ethyl sulfonic acid, 
4-toluene sulfonic acid, etc.) can be used in IP of aniline, their counter 
ion types and acidity in various reaction media are found to have sig-
nificant effect on the formed nanostructures of PANI and their properties 
through controlling the proportions between neutral aniline molecule-
s/anilinium cations and deprotonated/protonated states [31]. Li et al. 
[32] found that nanofibril, nanogranular and hollow ball-like 
morphology of PANI can be formed by using acids HCl, H2SO4 and 
HNO3, respectively. The morphology difference seems to be consistent 
with relative oxidation capability of HCl < H2SO4 < HNO3 acid. Under 
the condition of HCl, the PANI nanofibers formed can rapidly diffuse 
into the aqueous phase due to their hydrophilic nature, thus avoiding 
overgrowth. In comparison, under the condition of HNO3, the amphi-
philic charged HNO3-aniline salt could self-assemble into sticklike mi-
celles as soft templates and aniline oligomers with high concentration 
assembled into hollow nanostructure. In the case of H2SO4, PANI 
exhibited nanogranular morphology, because H2SO4 has a larger size of 
counterpart ion. The doping of PANI chains accompanied with the 
counterparts near backbones can result in PANI with relatively short 
chains and low molecular weights when protons were attached onto 
amine or imine groups in molecule chains. Besides, the average diameter 
of PANI with the same nanofiber morphology was also found to increase 
with acidic strength in water-CH2Cl2 IP system, which can be tuned from 
30 nm using HCl to 120 nm using HClO4 acid [8]. In another example, 
on account of the strong interfacial hydrogen bonding action between a 
special acid H4SiW12O40 and water molecules, aligned belt nano-
structures of PANI have been fabricated in water-CH2Cl2, water-toluene 
and water-diethyl ether IP systems [33]. The water molecule layers 
located in the interface have an ordered array, and strong hydrogen 
bonding between water molecules and H4SiW12O40 leads to H4SiW12O40 

Fig. 2. Typical interface systems used in IP: liquid-liquid (Lm-L), liquid-solid 
(Lm-S, L-Sm) vapor-liquid (Vm-L) and vapor-solid (Vm-S), wherein “m” is the 
monomer dissolved in one of the two phases around the interface. 
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Table 1 
Morphology and applications of selected NCPs synthesized in different IP reaction systems.  

NCPs Morphology Interface Reaction system Oxidant Application Ref. 

PANI nanofiber Lm-L CH2Cl2-H2O APS (dopant: various acid) – [8, 
20] 

PANI-PSS nanofiber Lm-L CCl4-H2O APS (dopant: PSS) – [9] 
PANI nanoneedle, nanofiber Lm-L CHCl3-H2O APS, H2O2 (dopant: HCl) – [10] 

slightly elongated structure Lm-L CHCl3-H2O APS, H2O2 (dopant: HCl) 
(additive: DTAB) 

spherical, nanofiber Lm-L CHCl3-H2O APS, H2O2 (dopant: HCl) 
(additive: SDS) 

PANI nanoneedle, hollow 
microsphere, nanowire 

Lm-L CHCl3-H2O APS (dopant: HCl) (additive: 
CTAB) 

– [11] 

PANI nanofiber Lm-L xylene-H2O APS (dopant: HCl) – [19] 
PANI nanofiber Lm-L CHCl3-H2O APS (dopant: HCl) (additive: 

IPA) 
supercapacitor [21] 

PANI coral-like Lm-Lba- 
L 

CCl4-[BMIM]PF6-H2O APS supercapacitor [22] 

nanosheet Lm-Lb-L CCl4-[EMIM]BF4-H2O APS 
PTh microparticle Lm-L hexane-CH3CN/CH3NO2 FeCl3 – [23] 
PPy/PDMS film Lm-L hexane-H2O FeCl2 and FeCl3 gas separation [24] 
polyindole nanoparticle Lm-L CHCl3-H2O APS – [25] 
polyindole nanorod Lm-L CH2Cl2-H2O APS (dopant: H2SO4) – [26] 
polycarbazole macroporous honeycomb Lm-L CH2Cl2-H2O APS (dopant: HCl) (additive: 

Tween20) 
– [27] 

connected hollow sphere Lm-L CH2Cl2-H2O APS (dopant: HCl) (additive: 
CTAB) 

smaller hollow sphere Lm-L CH2Cl2-H2O APS (dopant: HCl) (additive: 
SDS) 

PEDOT nanoneedle Lm-L CH2Cl2-H2O FeCl3 – [28] 
PANI nanoneedle Lm-L CH2Cl2-H2O FeCl3 – [29] 
PPy nanoneedle Lm-L CH2Cl2-H2O FeCl3 

PANI nanofiber Lm-L toluene-H2O APS (additive: MgCO3) – [30] 
nanotube Lm-L toluene-H2O APS (additive: CaCO3) 

PANI nanofiber Lm-L CHCl3-H2O FeCl2 and CHPb (dopant: HCl) supercapacitor [32] 
granular Lm-L CHCl3-H2O FeCl2 and CHP (dopant: H2SO4) 
hollow ball-like Lm-L CHCl3-H2O FeCl2 and CHP (dopant: HNO3) 

PANI aligned belt Lm-L CH2Cl2-H2O FeCl3 (dopant: H4SiW12O40) – [33] 
PANI petal-like Lm-L CCl4-H2O APS and K2Cr2O7 (dopant: HCl) supercapacitor [35] 
PANI spongey nanospherical Lm-L hexane-CH3CN MTPPS (dopant: p-TSA) supercapacitor [38] 
PEDOT nanocapsule, mesocellular 

foam 
Lm-L cyclohexane-H2O CAN (additive: DeTAB) supercapacitor [39] 

PANI nanofiber Lm-L CH2Cl2-H2O APS (additive: CeO2) – [40] 
PANI nanofiber Lm-L CHCl3-H2O APS (dopant: HCl) (additive: 

CH3OH or C2H5OH) 
supercapacitor [41] 

PANI nanofiber Lm-L CHCl3-H2O APS (dopant: HCl) (additive: 
acetone) 

supercapacitor [42] 

PPy/PANI nanoparticle Lm-L CCl4-H2O APS (dopant: HCl) (additive: 
CTAB) 

H2 gas sensor [43] 

PANI/PTh nanoparticle Lm-L CHCl3-H2O APS (dopant: H2SO4) supercapacitor [44] 
PANI/PDMA nanoparticle Lm-L CHCl3-H2O APS (dopant: HCl) – [45] 
CB/PPy hollow nanosphere Lm-L toluene-H2O APS supercapacitor [46] 
graphene/PANI/ 

MnO2 

nanofiber Lm-L CHCl3-H2O APS and KMnO4 (dopant: 
H2SO4) 

supercapacitor [47] 

Au/PANI nanofiber Lm-L toluene-H2O APS (dopant: H2SO4) – [48] 
MnO2/PANI nanorod Lm-L toluene-H2O MnO2 (dopant: H2SO4) photocatalytic [49] 
poly(ionic liquid) 

s@PANI 
core-shell microsphere L-Sm C2H5OH and H2O-poly(ionic 

liquid) microsphere 
APS electro-responsive 

electrorheological 
[52] 

PANI/cotton smooth fiber L-Sm H2O-cotton APS – [53] 
PEDOT nanofilm Lm-S cyclohexane-PET sheet Fe(OTs)3 – [54] 
PEDOT film Lm-S CHCl3-PI film H2O2 and FeCl3 – [55] 
PCL/PANI porous film Lm-S H2O-PCL-BPO film PCL-BPO film (dopant: HCl) – [56] 
PEDOT nanofiber Vm-S EDOT-rusted steel rusted steel (dopant: HCl) supercapacitor [57] 
PEDOT/CNT 3D scaffold Vm-S EDOT-cylindrical shaped 

template 
FeCl3 electroactive tissues [58] 

PPy/CNT 3D scaffold Vm-S pyrrole-cylindrical shaped 
template 

FeCl3 electroactive tissues [59] 

PPy/PANI film Vm-L pyrrole and aniline-H2O FeCl3 Cr(VI) adsorption [61] 
PANI irregular shape and size Vm-L aniline-H2O APS (dopant: HCl) – [62] 
PANI nanofiber Lm-L toluene-H2O APS (dopant: HCl) NO2 gas sensor [65] 
GCs/PANI 3D hollow L-Sm H2O-GCs APS (dopant: HCl) NH3 gas sensor [66] 
PANI nanofiber Lm-L CHCl3-H2O APS (dopant: HCl) corrosion protection [71] 
PANI nanotube Lm-L xylene-H2O APS (dopant: DPA and HCl) corrosion protection [72]  

a Ionic liquid as “buffering zone” between organic and aqueous phases. 
b Cumene hydroperoxide. 
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aligning along the water molecule layers of the interface, while 
providing protons to the aniline (Fig. 3a). These actions result in an 
ordered array of aniline or polymer chains at the interface, forming 
PANI in belt-like nanostructure (Fig. 3b). Compared with HCl-doped 
PANI nanofibers (Fig. 3c) formed in the same water-diethyl ether IP 
system, the PANI nanobelts doped with H4SiW12O40 possess a more 
ordered structure as indicated by the diffraction peak in XRD spectrum 
(Fig. 3d), and the higher ordered structure is consistent with the higher 
electrical conductivity observed (Fig. 3e). 

In addition to the molecular dopants, just as evidenced in the famous 
case of PEDOT:PSS [34], sulfonated polystyrene (PSS, acidic polymer 
with pKa smaller than that of aniline, 4.63) can also be used as a proton 
source to provide the necessary counterions to charged PANI, and can 
also help maintain the water solubility of the final PANI-PSS nanofiber 
complex [9]. The resulting water-casting processable, transparent, 
conducting film showed morphology of nanofibers (40–50 nm in 
diameter) imbedded in low emissive polystyrene chains; the nanofibers 
reveal twisted surface, unlike the neat nanofibers prepared under the 
presence of camphorsulfonic acid (CSA). 

For successful IP reaction in Lm-L bisolvent system, water-soluble 
oxidants such as iron(III) salts [24], APS [8], hydrogen peroxide 
(H2O2) [10], potassium dichromate [35] are usually required. The 
component and concentration are the two critical factors that affect the 
IP of monomers forming CPs. For example, in water-hexane IP system, 
addition of FeCl2 can slow down the reaction between pyrrole and FeCl3, 
leading to formation of denser structured PPy nanofilm [24]. Composite 
oxidants have also been studied, and found to be capable of adjusting the 
nanostructures of PANI. As reported by Zeng et al., [35] nanostructures 
of PANI can be controlled and tuned from nanofibers synthesized with 
APS as oxidant to nano-petal-like morphology in water-CCl4 IP system 
by using a composite oxidant APS/K2Cr2O7. Because the oxidability of 
APS/K2Cr2O7 is much higher than that of single oxidant APS, which 
accelerated the polymerization of aniline, forming a large number of 
oligomers at the initial stage of IP which then aggregated into 
nano-petal-like PANI. When low concentrations of oxidant and mono-
mer are used together, the IP reaction will be significantly slowed down, 
and the crystallization time at the interface can be further extended so as 

to increase the degree of crystallization, yielding higher crystalline 
NCPs. For a specific case when 0.1 mg/mL of FeCl3 and 1 mg/mL of 
monomer were used in a water-CH2Cl2 IP system, single-crystalline 
nanoneedles of PANI (size 63 nm × 12 nm), PPy (size 70 nm × 20 nm) 
were formed, while single-crystalline nanoneedles of PEDOT (size 
50 nm × 15 nm) were formed under 1 mg/mL FeCl3 and 1 mg/mL 
monomer [28,29]. After attacked by the oxidant, IP reaction occurred 
along the vertical direction of the interface and the oriented polymers 
were aligned during the slow IP reaction to form elongated rice-like 
crystals. 

Another point worthy to be noted about control of IP is the molar 
ratio between the oxidant and the monomer. For example, the [APS]/ 
[aniline] ratio is usually controlled at 1/4 in order to synthesize uniform 
PANI nanofibers. With the increase of ratio, the fibrillar morphology 
became more and more aggregation, and almost disappeared at ratio of 
1/1. This is because the concentration of the initially generated PANI 
nanofibers at interface increased at high [APS]/[aniline] ratio, leading 
to rapid aggregation of PANI before diffusing into aqueous phase [36, 
37]. Though not common, some oxidants soluble in organic solvents can 
also be used in IP. By using methyltriphenylphosphonium perox-
odisulfate (MTPPS) as the oxidant, spongy PANI nanospheres were 
formed at the interface of hexane (containing aniline)-CH3CN (con-
taining MTPPS) [38]. 

Additives such as surfactants in aqueous or organic phase have sig-
nificant influence on the aggregation of aniline oligomers. In the tradi-
tional homogeneous reaction system with surfactant, micelles formed by 
monomer and surfactant were regarded as templates supporting the 
formation of nanostructures [10]. Differently for IP reaction, micelles 
composed of monomer, oxidant and surfactant might be formed at the 
reaction interface between aqueous and organic solvent. The spherical 
micelles formed in the IP might be regarded as templates enabling for-
mation of hollow microspheres through a self-assembly process at the 
interface. Broad range of morphologies of NCPs could be obtained by 
using different surfactants at varying concentrations. Dallas et al. [10] 
investigated the effects of surfactant type (dodecyltrimethylammonium 
bromide (DTAB) and sodium dodecylsulfate(SDS)) on the IP synthesis of 
PANI in water-CHCl3 system, from which slightly elongated 

Fig. 3. (a) Scheme for the formation mechanism of PANI belts at Lm-L interface. SEM images of (b) aligned PANI belts synthesized by water-diethyl ether IP 
approach using H4SiW12O40 as doping acid and (c) PANI fibers obtained by water-diethyl ether IP approach using HCl as doping acid. (d) XRD patterns and (e) I-V 
characteristic of a conductivity testing of PANI by using different doping acid and organic solvents: (A) H4SiW12O40 (methylene chloride), (B) H4SiW12O40 (toluene), 
(C) H4SiW12O40 (diethyl ether), and (D) HCl (diethyl ether). (inset: schematic of the ITO-PANI-ITO device). 
Reprinted with permission from Ref. [33]. Copyright 2011 American Chemical Society. 
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nanostructure and nanospherical shape were obtained, respectively. In 
another example, morphology change of nanostructured PANI from 
nanoneedles or nanowires with a network architecture to hollow mi-
crospheres was observed in water-CHCl3 IP system simply by changing 
the surfactant concentration of cetyltrimethylammonium bromide 
(CTAB) [11]. With increasing CTAB concentration, the morphology of 
micelles changed from spherical to linear, which might be regarded as 
templates supporting the formation of networked nanowires. Similarly, 
PEDOT nanocapsules and mesocellular foams were fabricated and for-
mation of the morphology was strongly dependent on the concentration 
of decyltrimethylammonium bromide (DeTAB) [39]. In the study, a 
variable amount of DeTAB was dissolved in distilled water forming 
micelles, and cerium ammonium nitrate (CAN) was added to the micelle 
solution as oxidant. The micelles are able to capture the oxidant due to 
electrostatic interactions between CAN and the surfactant molecules, 
and this allows oxidant to exist at the micelle/water interface. The 
micelle solution was then introduced dropwise into cyclohexane solu-
tion containing monomer EDOT which comes into contact with oxidant 
at the micelle interface (Fig. 4a). By changing the concentration of 
DeTAB, the morphology of PEDOT formed was changed from nano-
capsules to mesocellular foams (Fig. 4b–d) [39]. 

He et al. [30,40] synthesized PANI nanotubes and nanofibers by IP in 
a solids-stabilized oil-water emulsion, in which nanoparticles (MgCO3, 
CaCO3, CeO2) were used as emulsifiers. When these nanoparticles were 
mixed with water and organic solvent CHCl2 or toluene under stirring, 
solids-stabilized emulsion (often referred to as Pickering emulsion) 
could be obtained even though there were no surfactants used. The 
organic solution was dispersed in the water phase and nanoparticles 
were situated at the organic/water interface. As a consequence, aniline 
in the droplets of the emulsion would diffuse to the interface and get 
polymerized under the oxidation of APS in the water phase. 

Additionally, some intermolecular interactions between polymers 
chains and solvent molecules play roles to certain extent in tuning the 
morphology and nanostructures of NCPs. It is reported that when small 

alcohol molecules like methanol and ethanol were introduced into 
aqueous phase, the strong intermolecular hydrogen bonding between 
PANI chains and alcohol molecules could significantly suppress the 
growth and migration of PANI nanofibers. As a result, PANI nanofibers 
with increasing length-diameter ratio and relatively higher orientation 
of polymer chains could be obtained [41]. Similarly, Zhao et al. [42] 
observed that addition of acetone molecules could also suppress the IP 
process as well, thus leading to formation of PANI nanofibers with 
smaller diameter and higher orientation of polymer chains. 

Lm-L interface is not only the most commonly used IP system for the 
synthesis of pure NCPs as mentioned above, but also has been developed 
for synthesizing nanostructured copolymers such as PPy/PANI [43], 
PANI/PTh [44] and PANI/Poly(2-methoxyaniline) (PANI/PDMA) [45], 
for which the morphologies obtained are usually in the form of nano-
particles (Fig. 5). For example, PANI/PTh copolymer synthesized in 
water-CHCl3 IP system showed nanoparticle morphology in the size of 
40–60 nm [44]. In the synthesis, both the aniline and thiophene 
monomers were dissolved in the CHCl3 phase. Some other copolymers 
like PANI/PDMA have also been studied for the IP synthesis as reported 
by Abdelwahab et al. [45], and the molar ratio of two monomers was 
found to affect significantly the morphology of NCPs synthesized. Upon 
changing the molar ratio of aniline and 2-methoxyaniline from 1/4 or 
4/1 to 1/1 in CHCl3, the morphology of the copolymer PANI/PDMA 
synthesized changed from nanoparticle (4–10 nm) to narrow nanofiber 
(4–8 nm in diameter). 

NCPs are often combined with other nanomaterials including carbon 
nanomaterials [46,47], metal [48] and metal oxide [49] nanoparticles, 
etc. to enhance the properties towards particular applications. Besides, 
as nanomaterials are added into the liquid phase where IP reactions 
occurred, they are also served as templates for the synthesis of com-
posites with special morphologies. Monomers are polymerized in the 
presence of these nanomaterials which can be added to the aqueous or 
organic phase and maintain homogeneous dispersion under ultrasound 
treatment or stirring during the IP synthesis. For example, 

Fig. 4. (a) The overall procedure for the selective fabrication of PEDOT nanocapsules and mesocellular foams via Lm-L IP process involving cyclohexane solution 
containing monomer and DeTAB water micelles. TEM images of PEDOT (b) nanocapsules, (c) mixture of nanocapsules and mesocellular foams and (d) mesocellular 
foams prepared with 0.15 M, 0.20 M and 0.30 M DeTAB, respectively. 
Reprinted with permission from Ref. [39]. Copyright 2006 WILEY-VCH. 
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PANI-modified MnO2 composite nanorods were fabricated via IP of 
aniline in the presence of MnO2 nanorods at water/toluene interface 
[49]. Clearly, appropriate additives like the nanomaterials mentioned 
above could result in significant effect on the control of morphology of 
NCPs and their composites fabricated through IP; further research along 
this direction by using different nanomaterials or nanostructures as 
templates should be taken into account. 

2.2. Liquid-solid (Lm-S, L-Sm) interface 

The IP reaction at Lm-S or L-Sm interface can be considered as a 
heterogeneous reaction system, which is distinct from the Lm-L cases 
described above. Typically, monomers (or oxidants) are coated onto a 
solid substrate (template), which will then be brought into contact with 
a liquid phase where dissolved the oxidant (or monomer) to initiate the 
IP reaction at the solid-liquid interface [50]. Apparently, in such a case 
the IP reaction is limited (highly localized) to the solid surface as one of 
the reactants (monomer or oxidant) is preabsorbed on the surface. The 
surface supported reaction helps produce polymers in nanostructures 
that match the structural pattern of the substrate, thus providing a 
promising way to control the morphology of nanostructured polymers 
and their composites. Commonly used solid-phase substrates include 
both rigid and flexible films, as well as some polymer templates like poly 
(etheretherketone) (PEEK) [1,51]. 

Between the two types of liquid-solid interfaces, L-Sm interface is 
relatively uncommonly used in IP, but it is easy for synthesizing com-
posite micro-/nano-materials due to the strong surface adhesion of 
monomers on the solid substrate or template [52,53]. For L-Sm IP, 
variable factors play critical roles in controlling the NCPs structures and 
morphologies, including solid phase materials and their proportion with 
monomers, the type and proportion of monomers and oxidants, and 
other experimental conditions like temperature, solvent and concen-
trations. For example, taking advantage of the hydrophilic character of 
aniline and poly(ionic liquid)s, Zheng et al. [52] synthesized core-shell 
poly(ionic liquid)s@PANI microspheres, in which poly(ionic liquid)s 

microspheres surface provided the reaction interface between absorbed 
aniline and later-contacted oxidant APS. The thickness of PANI shell can 
be adjusted by controlling the dosage of aniline, however, when the 
mass ratio of aniline to poly(ionic liquid)s was higher than 3/7, indi-
vidual granular PANI appeared. This is because the poly(ionic liquid)s 
could absorb enough aniline and only small amount of remaining aniline 
were polymerized in liquid phase. 

Compared to L-Sm IP, Lm-S approach (sometimes called liquid phase 
deposition polymerization [50]) has gained much more attention 
because it based on stable substrate precast with oxidant, which is 
practically convenient (and provide wide options) for reacting with 
different monomers dissolved in a solution (the liquid phase). But to 
avoid dissolution of the oxidant from surface (especially during the 
polymerization process), the liquid phase containing monomer should 
be considered seriously. Since Fe3+ salts are the most widely used oxi-
dants for polymerization in CPs fields, and the salts are usually soluble 
well in water and CH3CN but not in other normal organic solvents, Li 
et al. studied the Lm-S IP synthesis of PEDOT nanofilms using Iron(III) 
p-toluene sulfonate (Fe(OTs)3) [54] or FeCl3 [55] as the oxidant sup-
ported on poly (ethylenephthalate) (PET) or polyimide (PI) film, and 
EDOT as monomer dissolved in cyclohexane or CHCl3. Despite carefully 
controlling the low content of oxidants on the substrates, there are still 
traces of oxidant inevitably falling into liquid phase upon immersing 
substrate into the solution. Nonetheless, it is believed that the trace 
amount of oxidized oligomers formed in the solution can hardly affect 
the interfacial formation of polymer film. Much promisingly, they found 
that using double oxidants of H2O2 and FeCl3 and hydrolyzed PI film as 
substrate was a good choice for IP [55]. A hydrolyzed PI film was 
immersed first in H2O2 solution, then in FeCl3 solution and finally in 
CHCl3 solution containing EDOT⋅H2O2 would transform carboxylic 
groups on hydrolyzed PI film to peroxyacid groups, which in turn 
worked as secondary oxidant together with FeCl3 to promote the poly-
merization of EDOT on the surface. Other similar Lm-S IP methods using 
much ingenious oxidant substrates to obtain interesting NCPs were also 
reported. Male et al. [56] used honeycomb-patterned poly 

Fig. 5. TEM image of PPy/PANI nanoparticles. FESEM image of PANI/PTh nanoparticles. TEM images of PANI/PDMA nanofibers and nanoparticles with the molar 
ratio of aniline and 2-methoxyaniline of 1/1, 1/4 and 4/1. 
TEM image of PPy/PANI nanoparticles: Reprinted with permission from Ref. [43]. Copyright 2020 Elsevier B.V. FESEM image of PANI/PTh nanoparticles: Reprinted 
with permission from Ref. [44]. Copyright 2015 Wiley Periodicals, Inc. TEM images of PANI/PDMA nanofibers and nanoparticles: Reprinted with permission from 
Ref. [45]. Copyright 2013 Taylor & Francis Group, LLC. 
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(ε-carprolactone)-benzoyl peroxide (PCL/BPO) film as oxidizing sub-
strate to realize IP synthesis of flexible and porous PCL/PANI films by 
contacting the oxidant film with aqueous HCl solution of aniline 
(Fig. 6a–e). Only nanoscale layer of PANI was formed on the PCL film 
surface because the oxidant BPO was available only at the film/solution 
interface, i.e., after certain period of polymerization covering the surface 
oxidant species, no oxidant is available at the interface to react with the 
monomer in solution phase. Such surface patterned IP approach is quite 
useful for developing flexible conductive devices in organic electronics. 

2.3. Vapor-solid (Vm-S) interface 

For oxidative IP reactions occurring at Vm-S interface, the monomer 
serves as the vapor phase and the solid phase is usually a substrate 
containing oxidant, and the whole reaction is held in a sealed reactor 
that is kept at a constant high temperature or pumped to induce negative 
pressure to accelerate the evaporation of monomers. Both pure NCPs 
and their composites have been successfully synthesized with the Vm-S 
IP methods [57–59]. Formation of high-quality NCPs at Vm-S interface 
extremely depends on the controlling vapor state, chamber humidity, 
oxidant formula and reaction conditions. On one hand, it is a chal-
lenging task to maintain the homogeneity of monomer vapors in large 
vacuum chamber. On the other hand, it is very sensitive to humidity in 
the chamber because high humidity will stimulate the hydration and 
crystallization of oxidants like Fe3+ salts, likely leading to pinholes in 
the final film by continued cross-linking of NCPs. Also, reaction condi-
tions like temperature could affect significantly the vapor phase state 
and polymerization rate. 

Diao et al. [57] used a rusted steel as oxidant to obtain freestanding 
PEDOT film with high packing density of nanofibers with a core-shell 
FeCl2-PEDOT architecture when EDOT/chlorobenzene vapor and HCl 
vapor made contact with the solid-state rust coating in a sealed reactor 
at 150 ºC (Fig. 7a). 37% HCl was selected to reduce the hydration of Fe3+

liberated from bulk rust (FeOOH, FeSO4) by reacting with the HCl vapor, 
which promoted the vertical growth of PEDOT-coated FeOOH nano-
fibers. As the reaction continues, Fe3+ in FeOOH scaffolds was reduced 
to Fe2+ forming the FeCl2 core (Fig. 7b and c). The importance of the 
choice and use of oxidants has also been demonstrated by Prato et al., as 
they prepared three-dimensional (3D) conductive porous PEDOT/car-
bon nanotube (CNT) scaffolds [58] as well as PPy/CNT scaffolds [59] 
based on Vm-S IP between EDOT or pyrrole vapor and blended sucro-
se-CNT-FeCl3 template. In addition to controlling the polymerization 
time (overnight) and temperature (140 ºC), a small amount of strong 

oxidant (20 mg FeCl3) was found imperative for ensuring that enough 
polymers can be produced to hold the entire 3D structure, whereas 
larger quantities of oxidant present would hinder the polymerization 
because of high humidity from the hydrated oxidant [60]. 

2.4. Vapor-liquid (Vm-L) interface 

With the oxidant existing in the liquid state, the monomer vapor can 
contact the solution surface to generate the polymerization reaction at 
the Vm-L interface, just as shown in Fig. 8a [61], which is reminiscent of 
the vapor-transfer induced molecular self-assembly technique previ-
ously developed from our lab [14]. Aqueous solutions of APS or Fe 
(III)-based oxidant have been used as liquid phase to react with the 
vapor of highly volatile monomers (e.g., aniline, pyrrole, etc.). The vapor 
can usually be generated by evaporation from a beaker containing the 
corresponding monomer held in a vacuum desiccator. Pure NCPs [62] or 
nanostructured copolymers [61] can be formed at these Vm-L interfaces, 
though they subsequently transformed into film morphology since the 
initially generated NCPs aggregates still rest on the solution surfaces 
until the whole reactions stopped. However, due to the constant stirring 
during the reaction, nanoscale PANI synthesized by this method showed 
irregular shape, size (the length and diameter of PANI ranging from 50 
to 400 nm and 20–100 nm, respectively) and surface, exhibited lower 
conductivity (due to a less ordered structure with lower crystallinity and 
crystallite size). On the other hand, the PANI materials thus synthesized 
showed higher hydrophilicity and higher solubility (lower molecular 
weight), which may be due to the easier contact between the monomer 
and oxidant in the vapor phase leading to the growth of higher number 
of polymer chains with lower length than that of the solution or 
dispersion state [62]. 

Fig. 8 shows a representative example for synthesis of copolymer 
PPy/PANI at Vm-L interface, wherein mixture vapor of two monomers 
pyrrole and aniline is in contact with the aqueous solution of FeCl3. Film 
of PPy/PANI (Fig. 8b) has been prepared and displayed a high density of 
pore-like features with irregular shape and various diameters [61]. The 
observed porosity is due to the evaporation and diffusion of water vapor 
through the film, particularly at lower concentration of FeCl3 (Fig. 8c). 
With the increase of FeCl3 concentration, the pore-on-film structure was 
no longer observed (Fig. 8d). On the other side, the partial pressure of 
each monomer in vapor phase should be considered. Since the vapor 
pressure of pyrrole (8.288 mmHg at 25 ºC) is much higher than that of 
aniline (0.465 mmHg at 25 ºC), the PPy film would be formed at the 
initial stage of IP and acts as polymerization sites supporting the 

Fig. 6. (a) Schematic representation of the Lm-S IP synthesis of PANI-functionalized-polycaprolactone (PCL) film. (b) Surface and (c) cross-section SEM images of 
PCL/PANI film. The photos of (d) single and (e) multi-folded PCL/PANI films. 
Reprinted with permission from Ref. [56]. Copyright 2016 Elsevier. B.V. 
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subsequent polymerization and growth of PANI. 

3. Applications of NCPs fabricated by interfacial polymerization 

As discussed in previous sections, NCPs and their composites 

synthesized by IP have been extensively studied and explored for po-
tential applications because of the combination of superiority on large 
surface area, high electrical conductivity, mechanical flexibility, facile 
production, easy nano-structuring and low cost. These features make 
NCPs ideal candidate for development into various electronic devices 

Fig. 7. (a) Schematic illustration of rust-based Vm-S IP in a sealed vessel. (b) 1D core-shell FeOOH-PEDOT microfibers piercing out of the PEDOT film skin, and (c) 
the schematic mechanism about their growth under Ostwald ripening FeOOH nuclei. (d) The high rate capability retaining gravimetric capacitance at fast scan rates 
and (e) 80% of original capacitance retained after 38,000 cycles of the two-electrode PEDOT symmetric supercapacitor. 
Reprinted with permission from Ref. [57]. Copyright 2019 American Chemical Society. 

Fig. 8. (a) Schematic illustration of Vm-L IP synthesis of PPy/PANI composite films. (b) Free-standing PPy/PANI composite films. Top-view SEM images of PPy/PANI 
composite films synthesized with (c) 0.075 M FeCl3 and (d) 0.5 M FeCl3. 
Reprinted with permission from Ref. [61]. Copyright 2019 Royal Society of Chemistry. 
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and applications, such as supercapacitors, sensors, corrosion protection 
and among others. In this section, we will elaborate more of these spe-
cific applications, with the aim to better understand the structure- 
property-function relationship, which in turn is very much correlated 
with the controlled IP and growth of NCPs under varying reaction 
conditions as described above in previous sections. 

3.1. Supercapacitors 

Supercapacitors have gained enormous attention due to their unique 
features like high power, long cycle life and environment-friendly na-
ture. CPs have been extensively studied for applications in super-
capacitors due to the remarkable pseudocapacitance behavior 
originating from the multiple oxidation states of CPs. Since the short 
diffusion path and high surface area are the two key factors in deter-
mining the device power density, NCPs have received remarkable 
consideration for potential development as supercapacitors [63]. 

By virtue of great interfacial tunability, IP can be adjusted through 
various ways mentioned in Section 2, so as to increase crystallinity, 
regular nanostructure and surface morphology of NCPs there synthe-
sized, which in turn can improve their capacitance performances. In 
contrast to other nanostructures, nanofiber morphology with a larger 
length to diameter ratio and higher orientation of polymer chains could 
provide shorter ion diffusion path, enhanced electroactivity, and 
increased electrode/electrolyte contact area. By introducing ethanol 
into aqueous phase of water-CHCl3 reaction system, Jin et al. [41] 
synthesized uniform PANI nanofibers with larger length-diameter ratio, 
which exhibited specific capacitance of 489 F g− 1 at a current density of 
1 A g− 1 and retained 65.4% after 500 cycles. Previously in 2006, PEDOT 
nanocapsules and mesocellular foams synthesized at water/cyclohexane 
interface were reported exhibiting rectangular shaped current voltage 
curves with a steep increase in the current over a potential range of 
0.0–0.2 V, which led to a specific capacitance of about 155 and 
170 F g− 1, respectively [39]. These observed high capacitance values 
were due to their unique structures and larger specific surface area 
compared to pristine PEDOT nanoparticles. More recently, film elec-
trode of PEDOT nanofibers synthesized at the Vm-S interface gave a 
capacitance of 181 F g− 1 at a current density of 3.5 A g− 1 and retained 
80% of the original data after 38,000 cycles, mainly benefiting from the 
high packing density in the film of high-aspect-ratio core-shell nano-
fibers (Fig. 7d and e) [57]. 

Nevertheless, for electrodes fabricated from pure NCPs there are still 
some challenges on the aspects of energy density and cycling stability in 
long term charge-discharge processes. Thus, composites of NCPs con-
taining other active materials like metal oxides or carbon materials have 
been developed with the hope to synergize the advantageous structure 
and performance features between them to achieve much higher 
capacitance and better cycling stability [63]. Transition metal oxide 
nanoparticles were chosen because of their large surface area, short 
conduction lengths and inherent electrochemical pseudocapacitive 
properties, while carbon nanomaterials (carbon black, CNT, graphene, 
etc.) were chosen because of their high accessible surface area, good 
conductivity and charge transfer channels. As a typical example, Li et al. 
[47] proposed and synthesized graphene/PANI/MnO2 hybrids by Lm-L 
IP, in which graphene was employed as an excellent substrate to host 
the active polymer and PANI nanofibers as ideal charge transfer and 
storage carrier. Monomer aniline was mixed with graphene in CHCl3 and 
polymerized at water/CHCl3 interface by a binary oxidants of potassium 
permanganate and APS. Although the electrical conductivity of MnO2 
(generated from the oxidation) was inferior to that of PANI, it can act as 
new nucleation center over terminate growing PANI chains, leading to 
further chain growth and finally much ordered PANI nanofibers. The 
hybrids of graphene/PANI/MnO2 thus fabricated contain electrical 
double layer capacitance of graphene and pseudo capacitance of PANII 
and MnO2, which demonstrated significantly enhanced specific capaci-
tance of 800.1 F g− 1 at 0.4 A g− 1, and remaining 71% of the initial 

capacitance after 800 cycles, much higher than that of pure PANI 
nanofibers obtained at water (APS)/CHCl3 (aniline) interface. 

3.2. Sensors 

Electrical conductivity of NCPs changes drastically upon chemical or 
electrochemical doping, and such modulation can be developed into 
sensors taking advantages of the flexibility, ease and low cost of large 
area processing intrinsic to polymer materials. Holding this great 
promise, NCPs have drawn increasingly interest in fundamental and 
applied research in recent years. In addition to the sensitive dependence 
of conductivity of NCPs on chemical doping (absorption), the sensitivity 
of NCP based sensors also benefits from the high surface area and small 
sizes of NCPs, which help facilitate the fast diffusion of analyte mole-
cules onto their surface. Thus, NCPs could be directly developed into 
chemiresistive sensors to detect a wide range of oxidizing or reducing 
chemical analytes, especially chemical vapors like alcohols, ethers, 
ammonia (NH3), organic volatile amines, nitro explosives, NOx, H2, H2S, 
SO2, CO, and among others [64]. 

In general, just like most of the chemiresistive sensors involving 
single sensing component (material), sensors made of pure NCPs also 
often suffer from low sensitivity and poor selectivity, but these can be 
improved by IP fabrication of high-quality and structurally controlled 
NCPs. It has been proven that PANI nanofibers with controlled size 
distributions synthesized at the water/toluene interface could have the 
gas-phase doping/dedoping time decreased in comparison to the com-
mon PANI, owing to the high surface area and small size (30–80 nm) of 
PANI nanofibers [65]. If complexed with other nanocomponents, like 
metal or metal oxide nanoparticles, carbon nanomaterials, insulating 
polymers, the sensing performance of PANI nanomaterials would be 
further improved. For example, 3D hollow quasi-graphite capsule/PANI 
(GCs/PANI) hierarchical hybrids (Fig. 9a–e) were constructed by deco-
rating protonated PANI on the surface of GCs [66]. Different amounts of 
GCs (1, 3, 9 mg) were separately dispersed in water providing the re-
action interface between absorbed aniline and later-contacted oxidant 
APS in HCl solution, which produced different hybrid materials labeled 
as GC/PANI-1, GC/PANI-3, GC/PANI-9. The rigidly ordered architec-
tures obtained ensure these hybrids with relatively larger interface, 
which in turn is conducive to surface adsorption of analyte molecules 
and increased sensing response due to charge transfer. As shown in 
Fig. 9b, the GCs/PANI-3 hybrid is highly sensitive (with a response ratio 
of 1.30) toward 10 ppm NH3 gas with short response and recovery times 
of 34 and 42 s, respectively. The GCs/PANI-3 material also demonstrates 
a good selectivity, repeatability, and long-term stability, which are 
attributed to the synergistic effect of the composite of GCs and PANI. 
Indeed, the control of interfacial charge transfer is believed to be critical 
to tune the sensor performance of chemiresistive materials. Recently, we 
published a systematic review on the p-p/p-n/n-n heterojunction 
nanofibers (fabricated from various composited of metal oxides, carbon 
nanomaterials and NCPs, etc.) and their applications in gas-phase 
chemical detection, with specific focus on the structural arrangement 
of nanofibril heterojunctions so as to tune the interfacial charge transfer 
kinetics, which in turn leads to adjustment and optimization of the 
sensing performances [67]. 

NCPs have also attracted intensive interest in the development of 
biosensors owing to their excellent biocompatibility and strong immo-
bilization of biomolecules, as well as rapid and efficient electron transfer 
interactions with biomolecules [7]. The flexibility and biocompatibility 
of NCPs have also made them highly active in the field of bioelectronics 
[68]. For example, many researchers have developed NCPs-based elec-
tronic skins or wearable sensors that can sense pressure, touch, 
emotional change, temperature, sweat, breath chemicals, etc. These 
emerging applications open new broader research scenarios for NCPs 
and the associated IP synthesis, wherein the interfacial improvement 
demands a lot more research regarding both materials design and 
engineering. 

N. Gao et al.                                                                                                                                                                                                                                     



Synthetic Metals 273 (2021) 116693

11

3.3. Corrosion protection 

Metal corrosion has caused huge economic losses and serious safety 
risks, making the research of green and environmental benign functional 
anti-corrosion coatings quite attractive. In order to achieve long-term 
and anodic protection, Deberry et al. [69] first reported the applica-
tion of CPs in the field of corrosion protection. It is believed that CPs 
promote the formation of passivating layer at the interface between 
metal and CPs, thus slowing down the corrosion. Since then, it has been 
found that more CPs like PANI, PPy and others can also provide corro-
sion protection for highly oxidizable metals such as iron, aluminum and 
zinc. CPs have thereby become a fresh hotspot in anti-corrosion coating 
research, taking advantage of the diversified structure, unique doping 
mechanism and high environmental stability intrinsic to CPs [70]. Be-
sides polymer chain itself, morphology and type of dopants also affect 
the anti-corrosion properties. However, in order to sustain the 

anti-corrosion capability, CPs are often blended with other polymers (e. 
g., polyvinyl butyral and polyvinyl chloride) that possess good me-
chanical characteristics and can provide backup protection after the CPs 
are eventually consumed from the redox reactions. 

NCPs, particularly those with highly controlled structure and 
morphology fabricated from IP, provide large interface area and tunable 
surface property that combined are conducive to strong adhesion to-
wards metals forming tight coating protection against corrosion [71]. As 
shown in Fig. 10, it was demonstrated that PANI nanotubes synthesized 
at the Lm-L interface showed good anti-corrosion effect [72]. In this 
case, the use of decylphosphonic acid (DPA) as a dopant may provide 
further protection to the metal because phosphono groups can interact 
strongly with metal oxides (the passivating layer generated by coated 
PANI), and the released DPA ions contribute to the surface blocking by 
forming insoluble complex salts with iron. 

Besides the polymeric blends, the combination of CPs with other 

Fig. 9. (a) Schematic illustration of fabrication of the GCs/PANI hybrid composites. (b) Dynamic response-recovery curves of the GCs/PANI-1, GCs/PANI-3, and 
GCs/PANI-9 based sensors toward 10 ppm NH3. (c) A calibration plot of the response of the GCs/PANI-3 sensor versus the concentration of NH3 in the range of 
5–800 ppm. SEM images of the (d) pure GCs and (e) GCs/PANI-3 hybrid. 
Reprinted with permission from Ref. [66]. Copyright 2019 American Chemical Society. 

Fig. 10. (a) SEM image of PANI nanotubes obtained at Lm-L interface in which an arrow is used to indicate the cavity of nanotube. (b) Photos of the samples taken 
after a week immersion test in 3.5% NaCl solution. (c) Photos of the samples with a scratch taken after 20 days of salt spray test. 
Reprinted with permission from Ref. [72]. Copyright 2016 Royal Society of Chemistry. 
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nanomaterials such as metal oxide nanoparticles and carbon nano-
materials (carbon black, CNT, graphene, etc.) also helps improve sus-
tainability of anti-corrosion coating. Metal oxide nanoparticles have 
been widely used as reinforcement components to improve the corrosion 
resistance and mechanical properties of anti-corrosion coating. Gra-
phene has been used in recent decades in combination with CPs due to 
its unique chemical inertness, excellent thermal stability and molecular 
impermeability. Although coatings based on IP or the NCPs fabricated 
from other methods have demonstrated good promise in corrosion 
resistance, the details of anti-corrosion mechanism and the correlated 
materials improvement still remain in debate and face some serious 
technical challenges, thus demanding more research in future. 

3.4. Other applications 

In addition to the three applications mentioned above, NCPs pre-
pared by IP also have been used for other fields such as electro- 
responsive electrorheological [52], gas separation [24], contaminant 
adsorbent [61], photocatalysis [49], and electroactive tissue [58,59]. In 
most cases, these applications rely on NCPs-involved composites with 
another active material as well as tunable structures and interfaces. 

When PANI was coated on the surface of poly(ionic liquid)s, the 
electro-responsive electrorheological effect can be enhanced, because 
the PANI shell can well limit the irreversible ion leakage of poly(ionic 
liquid)s microspheres and improve the particle polarizability. By 
increasing FeCl2 concentration in FeCl3 solution, IP reaction rate was 
reduced and the denser PPy nanofilm was prepared at Lm-L interface, 
which significantly improved its gas selectivity. The highest selectivity 
value was O2/N2 = 17.2 and permeability for O2 was 40.2 barrer. 

Recently, the use of CPs such as PANI or PPy as adsorbents for 
environmental remediation has shown great promise due to their 
excellent environmental stability, good redox reversibility, low cost, 
easy synthesis and treatment [73]. PPy/PANI composite films (Fig. 8) 
prepared at Vm-L interface show an excellent Cr(VI) adsorption capacity 
of 256.41 mg g− 1, much higher than that of PPy-based absorbents pre-
pared by chemical and electrochemical polymerization [61]. Further-
more, PANI can also enhance the adsorption of organic dyes such as 
methylene blue and rhodamine B. PANI-modified MnO2 composite 
nanorods via Lm-L IP showed higher photocatalytic efficiency than that 
of MnO2 [49]. This is because the organic dyes can be well adsorbed on 
PANI/MnO2 providing more contact sites than single component. The 
versatility, compatibility and biocompatibility of NCPs also make them 
attractive in electroactive tissue engineering. As shown in Fig. 11, 

unique hybridized materials was composed of NCPs and CNT at Vm-S 
interface. The resulting 3D scaffolds showed typical Young’s modulus 
(20–50 kPa) of soft materials, as well as high electrical conductivity, 
which played an important role in electroactive cell growth. 

4. Conclusions and prospective 

As a promising method for NCPs synthesis, IP has attracted 
increasing interest in the research fields of CPs, taking advantages of the 
great tunability of interfaces, precursor materials (monomer, oxidant, 
etc.) and reaction conditions, which in turn provide NCPs prepared 
therefrom with diverse types regarding morphology and size. These 
unique features of NCPs and the associated IP synthetic methods provide 
enormous promise for the materials and related applications in super-
capacitor, chemosensor and corrosion protection fields. 

Upon reviewing the recent advancement in the fields, we identify 
three areas of research concerned improvement of IP and NCPs that 
deserve consideration and further endeavors. Firstly, most IP reactions 
reported are slow and limited in small reaction scale (e.g., limited by 
containers and interfaces), imposing potential challenge for their prac-
tical use as film devices and large-scale production. Secondly, the reg-
ulatory aspects and strategies are not consistent in relation to different 
interface systems. For the most studied Lm-L interfaces, although re-
searchers have done systematic studies to adjust the nanostructures of 
NCPs through variable pathways, the precise control of NCPs into 
preferential dimensions and morphologies has yet been achieved, and 
more studies are still needed to realize a balance among monomer and 
its concentration, oxidant and reaction rate, solution-phase and the 
interface. For Lm-S interface, the selection of oxidants is extremely 
important for forming pure and uniform NCPs. Oxidants are either 
required not to be soluble in the liquid phase in order to limit the re-
action at the interface, or stay absorbed stably on the solid substrate. For 
the Vm-S or Vm-L interface, the hygroscopicity of oxidant (solid phase) 
often hinders the polymerization reaction and damage the integrity of 
film morphology, while oxidant (in aqueous solution) interferes the 
water evaporation and pore generation especially at lower concentra-
tion. In addition, lower volatility of EDOT (vapor pressure of 
0.278 mmHg at 24 ºC) and some other monomers should also be seri-
ously considered for their use in vapor-involved IP process. Thirdly, as 
described in Section 2, aniline has both high solubility and effumability, 
and remains the most commonly used monomer in IP to make high- 
ordered PANI nanostructures. In comparison, most of other CPs can 
only be synthesized from the monomers that are either poor in solubility 

Fig. 11. (a) Young’s Modulus of PEDOT/CNT scaffolds synthesized under different synthesis time and temperature at Vm-S interface. (inset: SEM images of PEDOT/ 
CNT scaffolds). (b) Young’s Modulus of PPy/CNT scaffolds related to the polymer composition. (inset: SEM images of PPy/CNT scaffolds). 
(a) Reprinted with permission from Ref. [58]. Copyright 2020 American Chemical Society. (b) Reprinted with permission from Ref. [59]. Copyright 2018 American 
Chemical Society. 
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or effumability, thus hardly producing NCPs with highly ordered 
structure or morphology. Moreover, the redox property and structure 
planarity of monomer molecules also affect significantly the oxidation 
polymerization at the interface. Innovative design of new structures of 
pyrrole, thiophene, EDOT and other monomers may lead to better un-
derstanding of the IP process and more precise structural control of the 
synthesis of NCPs. Among them, our ongoing research has demonstrated 
the successful IP of 3-methoxythiophene by Iron(III) oxidant Fe(OTs)3 in 
Lm-L (hexane-CH3CN) interface system, which produces uniform 
nanofibers. In view of the unparalleled features of PEDOT in CPs, the 
analogs and derivatives of EDOT monomers should be taken more 
attention and deserve more research effort. In our previous work, 
monomers in these series have been synthesized and carried out for 
successful oxidative polymerization under conventional ways [74]. 

By blending with other nanomaterials (especially, metal oxides and 
carbon materials, patterned polymers, etc.), the hybrid composites of 
NCPs provide more options for property tuning and performance 
improvement when used in devices, such as organic electronics, flexible 
and wearable sensors, photo(electric)catalysis, energy transfer and 
storage units, gas separation membranes, drug delivery and among 
others. The research of IP could also be synergic to the study of surface- 
supported synthesis or other interfacial engineering like molecular self- 
assembly, with the aim to get better approaches to control and optimize 
IP and the structure of NCPs thus produced. As an evidence, Qin et al. 
[75] has established a controllable interfacial supramolecular poly-
merization method to achieve polymers of (UPy-SH)2 (dimerization of 
ureidopyrimidinone (UPy) units forming two thiol end groups) with 
effective control of their properties. Moreover, our group has recently 
tried to fabricate 1D aggregates of EDOT unit-attached PTCDIs via su-
pramolecular self-assembly for electrochemical research [15] and po-
tential performance in fluorescence chemosensor application [76]. 
Ternary oligomers of stereoregular fused thiophenes like thineo[3,2-b] 
thiophene (TT) with EDOT have also been synthesized in our lab, and 
these molecules have much planar and long-range conjugation archi-
tecture along the parallel direction [77,78], which show great promise 
for IP (in combination with molecular self-assembly) to prepare highly 
structured NCPs. 
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