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Abstract: 

Conjugated polymer nanostructures (CPNs) emerge as a new class of photocatalysts for organic 

pollutant degradation under UV and visible light. Polyprrole (PPy), as a conjugated polymer, exhibits 
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a wide range of applications. We present here the first demonstration of employing pure PPy 

nanostructures as a very efficient photocatalyst for water depollution. PPy nanostructures were 

synthesized in hexagonal mesophases (used as soft templates) by chemical polymerization (PPy-NS-

c), obtained by radiolysis (PPy-NS-γ), and synthesized without any template via chemical method 

(PPy-bulk) as bulk. The different PPy samples were characterized by SEM, TEM, FTIR and UV-Vis 

absorption spectroscopy. The photocatalytic activity of both PPy nanostructures (PPy-NS-c and PPy-

NS- γ), which remain very stable after several cycles, was evaluated for the degradation of organic 

pollutant in aqueous solution (phenol and methyl orange were taken as a model pollutant). PPy 

nanostructures show high photocatalytic activity under both UV and visible light while bulk PPy (PPy-

bulk) has no appreciable activity. PPy-NS-c present the highest activity for photodegradation of phenol 

under UV light, while PPy-NS-γ exhibit the best photocatalytic activity under visible light. We 

demonstrate here that the nanostructuration of these polymers is an important key factor for their 

application in photocatalysis. 
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1. Introduction 

TiO2 is the most widely used photocatalyst because of its nontoxicity, mechanical stability, 

corrosion resistance, high photocatalytic activity and low price. Nevertheless, TiO2 is only active under 

UV light because of its large band gap (3.2 eV for anatase and 3.0 eV for rutile)[1], which constitutes 

3-4 % of the solar light impinging on the Earth’s surface. To overcome this limitation and extend its 
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photocatalytic activity toward the visible region, a great number of efforts have been made either via 

doping of TiO2 with N, C or S or by its surface modification with metal nanoparticles (NPs) such as 

Ag, Au, Pt, Pd NPs [2-10].  

Besides, the development of efficient, durable and cost-effective materials for photocatalytic 

applications and solar energy conversion is crucial for environmental applications and solar fuel 

production. In this context, different semiconductor nanostructures and novel photocatalysts have been 

proposed for solar energy conversion such as bismuth-based oxides [11, 12], lanthanide stannates [13-

16], spinel compounds [17], ZnO-based nanocomposites [18], graphene oxides [19-21] and conducting 

polymer nanostructures [22, 23].  

Since MacDiarmid and co-workers discovered conducting polyacetylene (PA) doped with iodine 

in 1977, conducting polymers (CPs) have drawn much attention for energy conversion and storage 

applications such as solar cells, fuel cells and rechargeable lithium batteries [24-31]. Conducting 

polymers offer the advantages of their low cost, facile synthesis, excellent electrochemical 

performance, great electrical conductivity and high carrier mobility. Conjugated polymers, as a new 

class of photocatalysts, is very active under UV and visible light [22, 23, 32, 33]. Novel organic 

polymeric based materials have recently made an upsurge in photocatalysis and solar energy 

conversion [34]. For example, g-C3N4 is a thermally and chemically stable semiconducting material 

that was discovered to photocatalyze a wide variety of chemical reactions including the water splitting 

reaction [35-39].  
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Recently, we developed an alternative radiolytic methodology for the synthesis of conducting 

polymers either in aqueous solutions or in organic solvents thanks to the use of high-energy radiations 

[40-47]. Also, the controlled synthesis in soft templates (made of hexagonal mesophases) of 

conjugated polymer nanostructures (CPNs) such as poly(diphenylbutadyine) (PDPB) [48], poly(3,4-

ethylenedioxythiophene) (PEDOT) [49], and poly(3-hexylthiophene) (P3HT) [23] has been reported 

by our group. We have demonstrated for the first time in the literature that these CPNs are highly active 

photocatalysts under UV and visible light, and more interestingly that their photocatalytic activity 

under visible irradiation is higher than that of plasmonic TiO2 (titania modified with silver 

nanoparticles) [22]. In all cases, the polymer nanostructures were synthesized in soft templates made 

by hexagonal mesophases. In spite of using various methodology (radiolysis or photochemical 

polymerization for PDPB or chemical oxidation for PEDOT and P3HT), polymerization has always 

been shown to proceed in the confined hydrophobic domain (oil cylinders) of the hexagonal 

mesophases [50]. The as-prepared nanometric sized polymeric material can be extracted from the 

hexagonal mesophases by simple addition of ethanol [32, 48, 51, 52]. Importantly, the beneficial role 

of the nanostructuration of the polymer for its photocatalytic activity in the visible region was clearly 

observed, since the bulk counterpart exhibited very low photocatalytic activity [23, 49, 50]. 

Polypyrrole (PPy) is considered as one of the well explored conjugated polymer for different 

applications such as actuators [53], supercapacitor electrodes [54, 55], ablation of cancer cells [56, 57], 

fuel cells, and catalysis [58] owing to its high electrical conductivity, high stability, high carrier 

mobility, excellent electrochemical activity, facile synthesis and strong binding or tethering sites for 

sequential reactions. A variety of synthesis methods such as templated-based and template-free 
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synthesis have been developed to prepare PPy nanostructures of different morphologies [40]. Using 

soft templates, different morphologies were obtained by controlling the concentrations of the 

surfactants and that of the monomers [59, 60]. For photocatalytic application in water treatment, 

composite nanomaterials based on PPy associated to inorganic semiconductors have been also 

developed such as polypyrrole-TiO2 [61], AgCl/PPy [62], and PPy/Bi2O2CO3 [63] etc.  

Here, we demonstrate for the first-time the high photocatalytic activity of bare polypyrrole 

nanostructures for water treatment. We show that PPy conjugated polymers are highly efficient for 

degradation of organic pollutants (phenol taken as a model pollutant) under both ultraviolet and visible 

light irradiation. We report on the synthesis of PPy nanostructures with three different approaches: i) 

in soft templates using swollen hexagonal mesophases by chemical oxidation (PPy-NS-c), ii) in the 

absence of any template by direct gamma irradiation synthesis (PPy-NS-γ), and iii) without any 

templates by chemical oxidation (PPy-bulk). PPy nanostructures are stable under photocatalytic 

cycling. The photocatalytic activities of these PPy structures were investigated and compared. The 

photocatalytic mechanism was also studied and discussed in details.  

 

2. Experimental section 

2.1. Materials and reagents 

Pyrrole (Py) (98%, Aldrich Chemical Co.), as monomer, iron (III) chloride (FeCl3) as oxidative 

agent, sodium dodecyl sulfate (SDS) as surfactant, sodium chloride (NaCl), copper (II) sulfate 

pentahydrate (~99%), methyl orange (MO), cyclohexane (99.7%), phenol, 2-propanol (99.5%), tert-
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butanol (≥99.5%), ethanol (≥99% for HPLC) were purchased from Sigma-Aldrich, and n-pentanol was 

purchased from Honeywell (≥99%). All the reagents were analytically pure, commercially available 

and used without further purification. Ultrapure water (Millipore System, 18.2 MΩ cm) was used.  

 

2.2. Photocatalysts Preparation 

In this work, we used three methods to synthesize PPy: 

(i) The as-prepared sample PPy-NS-γ was synthesized by radiolysis without any template and the 

color of the solution varied from the transparent solution (before irradiation) to black solution (after 

irradiation) (Scheme 1). PPy-NS-γ are obtained by oxidation of the Py monomer by HO• radicals in 

water solution. The synthesis procedure was adapted from the ref. [40] with few modifications. In brief, 

an aqueous solution containing 20 mM pyrrole was degassed with N2O for 20 min and irradiated with 

a 60Co panoramic γ-source at a dose rate of 4.1 kG.h-1. The used dose was 77 kGy. After drying in the 

oven at 50 oC, a black powder was obtained: PPy-NS-γ. 
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Scheme 1. PPy Polymerization by radiolysis.  

(ii) PPy-NS-c nanostructures were synthesized by chemical oxidation of the PPy monomer 

confined in the oil phase of hexagonal mesophases (0.1 mM). Hexagonal mesophases are made of a 

mixture of sodium dodecyl sulfate (SDS) as surfactant, salted water phase (NaCl, and containing FeCl3 

and Py in this study), cyclohexane as oil phase and pentanol as cosurfactant. These mesophases are 

composed of oil-swollen surfactant tubes arranged on a triangular lattice in water and doped with Py 

monomer in water phases (in our case) were used as soft templates for the synthesis of PPy 

nanostructures. Formation of hexagonal mesophases was described in details in previous works [32, 

48, 50-52]. As shown in Fig.1, 7 μL Py was added to 2 mL of an aqueous solution containing 0.1 M 

NaCl, and 0.8 g SDS were introduced to the obtained solution. The mixture is vortexed for few minutes 

and then put in an oven at 50 oC for 1 h: A transparent viscous micellar solution (solution A) is obtained. 

0.1 M FeCl3 was dissolved in 2 mL of water. 0.8 g SDS is introduced in the solution and the mixture 

is mixed, vortexed and put in an oven at 50 oC for 1 h (solution B). Subsequently, 3 mL of cyclohexane 

was added to each micellar solution (solution A and B, respectively). The ratio monomer/oxidant 

[Py]/[FeCl3] was 1/2. After vortexed a few minutes, 400 μL n-pentanol (co-surfactant) were added 

dropwise. The mixtures were then vortexed until a transparent (A) and yellow translucent (B), 

birefringent gels (hexagonal mesophases) were obtained. Mixing A and B lead to a black gel (C). 

During the process, the color of the mesophases changed very fast from transparent to black (Fig. 2). 

N
H

N
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The PPy nanostructures were extracted by addition of ethanol, which destabilizes the mesophase. After 

centrifugation of the suspensions, PPy nanostructures were washed several times with ethanol and 

dried in the oven at 60 °C: A black powder (D) was then obtained.  

 

Fig. 1. The flow-process diagram of PPy-NS-c synthesis. 

 

Fig. 2. Colour variation during the synthesis process in mesophases leading to PPy-NS-c. 

 (iii) PPy-bulk was synthesized by chemical oxidation (using FeCl3 as oxidant) in water without 

any surfactant nor irradiation. The ratio monomer/oxidant [Py]/ [FeCl3] = 1/2 (the same ratio as that 

used for synthesis of PPy-NS-c). After centrifugation of the suspensions, bulk-PPy PPy were washed 

several times with ethanol and dried in the oven at 60 °C.  
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2.3. Characterization 

The different materials were characterized by FT-IR, SEM, TEM, UV-Vis absorption 

spectroscopy and Maldi-TOF. 

Fourier transform infrared (FT-IR) spectra were obtained by using the FTIR spectrometer (Bruker 

Vertex 70) with a diamond ATR attachment (PIKEMIRACLE crystal plate diamond/ZnSe) and MCT 

detector with a liquid nitrogen cooling system.  

The morphologies and nanostructures of the solid samples were characterized by scanning 

electron microscopy (SEM, ZEISS Supra 55VP FEG-SEM at 1kV) and by transmission electron 

microscopy (TEM, JEOL JEM 100CX).  

UV-Vis absorption spectra of PPy suspension were recorded with a UV-vis scanning 

spectrophotometer (HP 8453) in quartz cell. 

Maldi-TOF (Matrix Assisted Laser Desorption/Ionization Time of Flight) mass spectrometry 

(Xevo Q-Tof WATERS) was used to determine the polymerization degree. The suspension of PPy in 

water was mixed with a matrix solution. The matrix solution was then placed on a stainless-steel plate. 

The spectra were obtained in the reflection mode and in the positive ion mode. 

2.4. Electrical Conductivity: To measure the electrical conductivity of PPy, the Kelvin four-

point probe technique was used to measure the resistance of the as-prepared samples. Before 

measurements, PPy films were obtained by spin coating with a small drop of PPy suspensions on a 

glass substrate. The suspensions were doped with NOBF4 (200 mM) in acetonitrile. A 3 Veeco Dektak 

150 surface profiler was used to measure the thickness of the film.  
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According to the following equation, the conductivity (ρ, S·cm−1) was obtained: 

ρ = ( !
"#$

× %
&
× 𝑡)-1 

where V is the voltage (V), I is the applied current (A) and t is the thickness of the films (cm). 

2.5. Electrochemical Measurements: Cyclic voltammograms (CV) of PPy were measured by 

IUPAC. The oxidation potential (Eox) of the investigated compounds were measured in 

dichloromethane by cyclic voltammetry with tetrabutylammonium perchlorate (0.1 M) as a supporting 

electrolyte in a standard one-compartment, three-electrode electrochemical cell under an argon stream 

using a VSP BioLogic potentiostat and scan rate was 20 mV s-1. Platinum disk (Ø = 1 mm), Ag wire 

pseudo-reference, and gold electrodes were used as working, reference and counter electrodes, 

respectively. Ferrocene was used as an internal standard, and the potentials were referred to the 

reversible formal potential of this compound. 

2.6. Photocatalytic Tests.  

The photocatalytic activities of PPy samples were evaluated for degradation of phenol (C6H5OH, 

50 ppm) and methyl orange (MO, 500 ppm) taken as model pollutants. Before photocatalytic 

experiments, the suspensions containing the PPy and the model pollutant were stirred in the dark for 

2 h to ensure adsorption-desorption equilibrium. Then, the suspension was exposed to light under 

stirring and O2 bubbling. An Oriel 300 W Xenon lamp with an infrared water filter and a 400-nm cut 

off filter for the experiment under visible light was used as the light source. In details, 3 mg of PPy 

powder were added into 3 mL phenol aqueous solution with stirring. 300 μL of the suspension were 

taken out every 1 h of irradiation and the mixture was centrifuged to remove the PPy nanostructures. 
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High pressure liquid chromatography (HPLC) was used to determine the concentration of phenol and 

to calculate its photocatalytic degradation activity. Degradation of MO was followed by UV-visible 

spectrophotometric method at 460 nm wavelength. The degradation rate of phenol is expressed as (C0-

C)/C0 ×100%), where C0 is the initial concentration of phenol and C represents the concentration of 

phenol after every interval of 1 h. 

The mineralization of phenol was measured by the total organic carbon (TOC) using a Shimadzu 

TOC-LCSH. 

Tris(hydroxymethyl) aminomethane (noted Tris) was used as a probe to determine the hydroxyl 

radical concentration [22, 49, 64]. Hydroxyl radicals and formaldehyde are produced during the 

reaction between Tris and hydrogen-abstracting species. The concentration of the formaldehyde was 

quantified by means of the Hantzsch method [65]. 

 

3. Results and Discussions 

Swollen hexagonal mesophases were used as soft templates to synthesize PPy nanostructures 

(PPy-NS-c). These mesophases consisted of oil-swollen surfactant tubes ordered on a triangular lattice 

in water [66, 67]. The hydrophobic domain of the mesophases can accommodate high concentrations 

(up to 0.1 M) of PPy monomer, which is polymerized by FeCl3 (oxidant). The mechanism of chemical 

oxidation of Py leading to PPy is described in the literature [68].  

Other nanostructures of PPy were synthesized by radiolysis (PPy-NS-γ) [40]. Radiolysis of 

aqueous solution is an efficient way to polymerize monomers into polymers by oxidative hydroxyl 
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radicals Reaction (1)[40]. Water radiolysis produces solvated electrons and radicals (HO˙ and H˙):  

H2O
'()*+,*-,./
%⎯⎯⎯⎯⎯⎯⎯' HO˙, e- 

aq，H˙, H2O2, H3O+, H2  (1) 

To scavenge electrons and produce more oxidative HO˙ radicals, the aqueous solution is degassed 

with N2O: e-s + N2O + H2O→ HO• + HO- + N2. 

Radiolytic polymerization of PPy is described in details [40]. 

3.1. Characterizations of PPy nanostrctures 

 

Fig. 3. SEM images of PPy-NS-c (a-b), PPy-NS-γ (c-d), and PPy-bulk (e-f). 

SEM images present for PPy-NS-c homogeneous spherical nanostructures with an average size 

of 40 nm (Fig. 3a-b). Similar nanoparticles have been observed using TEM (Fig. S1). By contrast, 

PPy-NS-γ, synthesized by radiolysis, show nanoballs of uniform sizes of 400 nm (Fig. 3c-d), which 

correspond to the TEM images of PPy-NS-γ (Fig. S2). In case of chemical polymerization without 

template, amorphous particles connected in nacklaces are obtained (PPy-bulk) (Fig.3e-f). Thanks to 
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the confinement provided by the non-polar tubes of hexagonal mesophases used as soft template or γ-

ray irradiation technique, we were able to control and direct the size and morphology of a variety of 

CPs, and hence to obtain polymer nanospheres. 

 

Fig. 4. ATR-FTIR spectra of PPy-NS-c, PPy-NS-γ, PPy-bulk. 

The FTIR spectra of PPy-NS-c, PPy-NS-γ and PPy-bulk (Fig. 4) have been compared to those of 

PPy reported in the literature.[40, 69-72] The major peaks in the 1400 to 1600 cm-1 region is associated 

with the formation of the p conjugated polyene unit. The band located at 1420 cm-1 corresponds to the 

C-N stretching vibration from pyrrole ring, and the low intensity peak at 1550 cm-1 is ascribed to the 

C=C/ C-C stretching of PPy, whereas peak at 1677 cm–1 could represent to C=N. The band of =C-H in 

plane-deformation vibration is situated at 1045 cm-1.  

Furthermore, no significant difference exists between the nanostructures synthesized by chemical 

oxidation or by radiolysis. Compared with PPy-bulk, some bands of PPy-NS-c and PPy-NS-γ are 

slightly shifted. The occurrence of small peak at 3284 cm–1 could be assigned to presence of N–H 
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stretching vibrations. The main absorption bands of PPy-bulk are similar to PPy-NS-c and PPy-NS-γ 

and are shown in Fig. 4. These spectra revealed that PPy was successfully synthesized by chemical 

oxidative method and by radiolysis. 

The maximum molecular weight of PPy-NS-c and PPy-NS-γ determined by Maldi-TOF mass 

spectroscopy was found to be respectively 1747 and 1709 g mol-1 corresponding to 26 and 25 repeated 

unite of Py monomers (See Fig. S3-4).  

Fig.5 shows UV-vis spectra recorded for a dispersion of PPy nanostructures in water. The spectra 

are similar to that in the previous reports [73-75] . The spectrum of PPy-NS-γ exhibits short wavelength 

absorption edge at about 425 nm, and the optical band gap is estimated equal to 2.41 eV. While PPy-

NS-c shows absorption at shorter wavelength at 300 nm. Obviously, PPy-NS-c exhibits a small 

absorption in the visible region (≥ 400 nm), indicating that part of visible light can be transmitted 

through PPy solution. The peak at around 470 nm is due to the π-π* transitions [76]. Interestingly, there 

is a high absorption intensity from the visible region to near-IR region (700 nm~1000 nm), which is 

the characteristic of the polaronic and bipolaronic transitions [56, 75]. PPy-bulk agglomerate into 

larger particles that cannot be dispersed in ethanol and other solvents. 
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Fig. 5: UV-Vis spectra of the PPy nanostructures (PPy-NS-c and PPy-NS-γ) and PPy-bulk in powder 

and in suspension. 

.  

To investigate the electrical conductivity of PPy, four-point probe technique was used to measure 

the resistance of the samples. The results show that PPy-NS-c nanostructures present the highest 

conductive performance. The electrical conductivity of the three samples, such as PPy-bulk, PPy-NS-

γ and PPy-NS-c were 7.5´10-5 S·cm-1, 3.6´10-3 S·cm-1, 4.3´10-2 S·cm-1, respectively. It has to be noted 

that the conductivity increases drastically with the decreased diameter of the PPy particles and the 

smaller particles size corresponds to the higher surface area for electron transfer [77]. The highest 

conductivity of PPy-NS-c nanoparticles may be owing to smaller size, less defects, and larger surface 

areas. In fact, as the diameter decreases, the delocalization of charge carriers over an extended region 

of the polymer chains could be enhanced by higher surface area, and more ordered chains of connected 

structures of PPy-NS-c networks could counteract the influence of insulated cavities [40]. Similar 
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results were obtained by our group for PDPB nanofibers synthesized in hexagonal mesophases. Indeed, 

the conductivity was found to increase with decreasing the diameter of the nanofibers [48]. 

3.2. Photocatalytic tests 

The photocatalytic activity of the PPy samples was evaluated for degradation of phenol (initial 

concentration Co=0.5 mM) and methyl orange (MO) (Co=0.5 mM) in aqueous solution under UV and 

visible light irradiation. Phenol was taken as model pollutant: It is stable under irradiation (no 

photolysis) and its intermediate degradation products are well known. Methyl orange, as an azo dye, 

is fairly stable (almost no photolysis was observed under solar light irradiation). Before irradiation, 

dark adsorption-desorption equilibrium and photolysis experiments were conducted. The rate of 

adsorption of phenol on PPy-NS-c is about 10% and the photolysis rate is about 3% after 5 h (Fig. S5). 

As shown in Fig. 6a, PPy-NS-c and PPy-NS-γ nanostructures exhibit higher degradation rate of phenol 

compared with PPy-bulk under UV light. Moreover, PPy-NS-c shows the best photocatalytic activity 

under UV light compared with PPy-NS-γ and PPy-bulk, with degradation rate of phenol about 100% 

after 4.5 h, while the photodegradation rate of PPy-NS-γ and PPy-bulk are about 80 % and 37% after 

5 h, respectively (Ag nanoparticles modified TiO2 and P25 show the high activity under UV light). 

More interestingly, PPy-NS-γ present a high photocatalytic activity under visible light. 20% 

degradation rate is achieved by PPy-NS-γ after 5 h irradiation whereas with PPy-NS-c and PPy-bulk, 

10% and 5% degradation are reached respectively (Fig. 6b). This activity is close to that of plasmonic 

TiO2 (TiO2-P25 modified with Ag NPs)[78]. While the photocatalytic degradation of MO using PPy-

NS-c is about 80% after 5 h under UV light and 10% under visible light, which is lower than phenol 

degradation (Fig. S6). The total mineralization of phenol was followed using as a ordinary technique, 
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the value of the total organic carbon (TOC) for expressing the detoxification level of water. The PPy 

nanostructures are able to fully oxidize the organic pollutants, with an almost complete mineralization 

of carbon into CO2 and H2O. The results from TOC indicate that ~90% mineralization of phenol and 

~79% mineralization of MO were achieved after 5 h irradiation (UV) with PPy-NS-c. Some related 

works on phenol degradation with different photocatalysts have been listed in Table S1 for comparison.  

Furthermore, stability with cycling is another important factor for the applications in 

photocatalysis. In order to evaluate the stability of the conjugated polymer PPy nanostructures for 

practical application, the stability of PPy with cycling was studied. During the photocatalytic cycles, 

PPy NSs only shows a slight decrease trend, for example, the degradation rate of phenol is up to 87% 

at the fourth cycle (Fig. 6c) and there is no difference of morphology after 4 cycles (Fig. S7). This 

small decrease is due to the loss of the photocatalyst during the tests, as the samples are centrifuged 

and washed for further use. These results demonstrate that the as-prepared PPy NSs are very promising 

for water treatment and other photocatalytic applications. Our study also proves that nanostructuration 

of CPs is a key factor for photocatalytic applications. However, conjugated polymer nanostructures 

are very active photocatalysts under UV and visible light, while the bulk polymer counterparts have 

no significant photoactivity. The difference of photocatalytic activity between nanostructures and bulk 

conjugated polymer has been assigned to (i) the presence of more defects in bulk polymers favoring 

higher electron-hole recombination, and (ii) higher surface area with decreasing the size of the CPs 

[22, 50].  
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Fig. 6: Degradation rates of phenol in the presence of as-prepared samples of PPy under UV-Vis (a) 

and visible light irradiation (b); (c) Photocatalytic activity of PPy-NS-c with cycling.  
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3.3. Photocatalytic mechanism 

We investigated the electronic properties of the synthesized PPy structures to understand their 

original photocatalytic activity under UV and visible light. When a semiconductor absorbs photons of 

energy higher or equal to the band gap, electrons (e-) can be promoted from the valence band (VB) to 

the conduction band (CB), leaving holes (h+) in the VB. Consequently, the e- and h+, when they escape 

recombination, can migrate to the surface of the photocatalysts where they participate in redox 

reactions with adsorbed species [79]. In the presence of dioxygen, e- react with it to form the oxidizing 

O2•- superoxide radicals (E0 (O2/O2•-) = -0.33 VSHE) (Eq.1) and h+ may be trapped by H2O or HO- to 

produce hydroxyl radicals (HO•) (Eq.2-4).  

        O2 + e- ®O2•-                                 (1) 

O2•- is very reactive so that it can oxidize molecules and transform into HO• through the following 

reactions: 

O2•- + H+® HO2•                     (2) 

2 HO2•® H2O2 + O2       (3) 

H2O2 + O2•- ® HO• + O2 + HO-           (4) 

H2O2 + h+® 2 HO•           (5) 

While in HOMO level, the holes might react with HO- (or H2O) to yield oxidative HO• radicals: 

H2O + h+® HO• + H+               (6) 
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These radicals are very active so that they can oxidize the organic pollutant (such as phenol [80] 

and MO [81, 82]) to form CO2 and H2O. Experiments were conducted in the presence of different 

scavengers to investigate the role of the radicals in the photocatalytic degradation process. 

In the absence of O2 (experiments under N2 atmosphere) the activity of PPy-NS-c for phenol 

degradation decreases from 100% to 15% under UV and from 22% to 8% under visible light irradiation 

after 5 h, respectively (Fig. S8, S9). This indicates that the present of O2 is an important factor during 

the photocatalytic process.  

Fig. 7a shows the degradation of phenol at the presence of PPy-NS-c using different electron 

scavengers under UV light. The experiments were conducted in the presence of Cu2+ to scavenge 

electrons (forming Cu+). The photodegradation rate of phenol is reduced from 100 % to 87 % in the 

presence of CuSO4. Experiments with CuSO4 show much lower degradation rates of phenol. Cu2+ 

reacts with electrons to produce Cu+, and this reaction is in competition with reaction (1). The presence 

of Cu2+ leads to a decrease in the production of O2•− in the photocatalytic process, which causes a 

decrease in the degradation kinetics. 

Other electron scavengers (1´10-4 M of (NH4)2O8 and 1´10-4 M of H2O2) were added to the 

suspension to investigate the photocatalytic activity. After 5 h, the photocatalytic degradation of phenol 

was 20% and 35% in the presence of (NH4)2O8 and H2O2, respectively. These results indicate that 

addition of electron scavengers leads to lower photocatalytic degradation rate and Cu2+ are the most 

active species for scavenging electrons compared to the (NH4)2O8 and H2O2.  
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Fig. 7: Photocatalytic degradation of phenol using PPy-NS-c in the presence of (a)different electron 

scavengers, (b) both electron and hole scavengers, and (c)superoxide and hydroxyl radical 

scavengers  
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propanol does not affect the photodegradation rate (which is 85% after 5 h). Furthermore, to confirm 

the role of HO• and O2•− radicals, tert-butanol and NaI were used as free HO• and surface HO• radical 

scavengers [79], and benzoquinone was used as the O2•− radical scavengers [23]. As shown in Fig. 7c, 

the rate of phenol degradation significantly decreases with benzoquinone (O2•− scavenger) addition 

indicating the crucial role of O2•− radical. In addition, it was found that the rate of photocatalytic 

degradation increased with NaI (surface HO• radical scavenger) and tert-butanol (free HO• radical 

scavenger). The result also shows the surface HO• radicals are responsible for the degradation of 

phenol compared with free HO• radicals owing to the small detected quantity of HO• using Tris 

(hydroxymethy) aminomethane as a probe (Table S2)[64]. All these experiments demonstrate that 

photocatalytic degradation of phenol by PPy NS is mainly caused by O2•- superoxide radical formed 

from the reduction of dioxygen (O2).  

To further understand the photocatalytic activity of PPy nanostructures, their electronic properties 

were investigated. Fig. 8a shows the cyclic voltammetry (CV) curve of PPy-NS-γ, PPy-NS-c and PPy-

bulk, which was used to evaluate the energy levels of the lowest unoccupied molecular orbital (LUMO) 

and the highest occupied molecular orbital (HOMO) from the ionization potential and the electronic 

affinity and to calculate the band gap of PPy (Fig. S10, Table S3). Specifically, the main oxidation (p-

doping) process occurs at onset potentials of 0.07 V (PPy-NS-c) and 1.41 V (PPy-NS- γ), while 

reduction (n-doping) process starts at -1.72 V (PPy-NS-c) and -0.38 V (PPy-NS- γ). The energy levels 

of the LUMO/HOMO, for PPy-NS-γ and PPy-NS-c were respectively determined: -4.18 eV/-5.97 eV 

and -2.84 eV/-5.16 eV. The band gap was estimated to be 1.79 eV and 2.32 eV, respectively, which are 

remarkably smaller than the band gap of TiO2 (3.20 eV). Actually, lower band gap implies the 
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possibility of activation of the polymer nanostructures under visible light with potential application in 

optoelectronics, photocatalysis or eletrocatalysis. Recently, in our group, CP nanostructures of PDPB, 

P3HT and PEDOT with small band gaps and high photocatalytic activity under visible light were 

developed [23, 51, 52]. 

 

 

Fig. 8. (a) Cyclic Voltammetry of PPy recorded at 20 mV/s in acetonitrile and 0.1 M 

Tetrabutylammonium Perchlorate. Ferrocenium/ ferrocene (Fc/Fc+) redox potential has been measured 

at the end of each experiment in order to calibrate the pseudo reference electrode (0.241 V νs. Ag in 

the present study). The energetic levels of PPy are obtained by the following equation: EHOMO (eV) = 

- (4.8 + Eox_onset - 0.241) and ELOMO (eV) = - (4.8 + Ered_onset - 0.241). (b) Possible photocatalytic 

mechanism with charge separation in PPy nanostructures with electron reducing oxygen and the hole 

oxidizing water. 
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Based on the above results, a possible photocatalytic mechanism of PPy nanostructures was 

proposed as illustrated in Fig. 8b. The generated charge carriers under both UV or visible light 

irradiation and the reactive oxygen species (ROS) are responsible for the oxidation and the degradation 

of the organic model pollutant (phenol or MO). Our results indicate that O2•− is the main radical 

responsible of degradation of the organic pollutant and their mineralization. 

 

Fig. 9. Kubelka-Munk plots and band gap energy estimation of PPy-NS-γ (a) and PPy-NS-c (b) for 

direct transition. 

The optical band gap energy (Eg) of PPy was estimated by Kubelka-Munk method. The 

corresponding Eg can be determined by the linear portion of (αhν) n vs. (hν) plot, where α, h, ν and k 

are the absorption coefficient, Planck constant, and light frequency, respectively. The value of n is 

equal to 2 for the indirect bandgap and 1/2 for the direct bandgap. Figure 9 presents the Kubelka-

Munk plots for PPy samples used to estimate the Eg associated with the direct transitions. As a result, 

the Eg of PPy-NS- γ and PPy-NS-c is about 1.94 eV and 2.01 eV. The results are quite similar to the 

band gap of PPy-NSs from CV calculation (Figure 8 and Table S2). The variation of the band gap 
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values obtained by calculation by Kubelka-Munk and CV methods can be explained by numerous 

reasons, which include geometrical arrangement and electronic configuration of the constituting 

elements, charge imbalance, oxygen vacancies and defects on the polymer surface. 

 

4. Conclusions 

PPy nanostructures were obtained by two different methods of polymerization: PPy-NS-c were 

successfully synthesized by chemical oxidation with Fe3+ in hexagonal mesophases (used as soft 

templates) and PPy-NS-γ were obtained by radiolytic polymerization. PPy-NS-c and PPy-NS-γ 

nanostructures show much higher photocatalytic activities under ultraviolet and visible light irradiation 

compared with PPy-bulk (synthesized without any template). The photocatalytic activity of the PPy 

nanostructures is close to that of plasmonic silver nanoparticles modified TiO2 under visible light. Our 

experiments demonstrate that O2•− radicals are the main radical responsible for the degradation of 

phenol and MO. Nanostructuration of the CP is a key factor for their application in photocatalysis. 

These photocatalysts are stable with cycling. These results open interesting perspectives of using 

conjugated polymer nanostructures for different applications in photocatalysis: water and air treatment, 

self-cleaning surfaces and water splitting. Further studies will focus on design of composite materials 

based PPy heterojunctions for efficient solar hydrogen conversion and solar fuel production. 
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