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Abstract  

Engineering photocatalytic materials for solar energy harvesting and environmental remediation is a 

very promising prospect to solve energy and environment issues. Here we report the preparation of a 

nanocomposite formed by TiO2 with nanostructured polypyrrole (PPyNS-TiO2) and its photocatalytic 

properties. We show that this nanocomposite is very active for water and air treatment under UV and 

visible light irradiation. This activity is higher than that of bare TiO2 and PPyNS, and much improved 

compared to that of TiO2-bulk polypyrrole (PPybulk-TiO2). The nanostructuration of the conjugated 
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polymer is a key factor for the photocatalytic activity of the composite. The large enhancement of the 

photocatalytic activity is ascribed to the heterojunction between PPyNS and TiO2, which broadens the 

absorption of visible light and facilitates the charge carriers’ separation. These results foresee the 

composite PPyNS-TiO2 photocatalyst for water and air purification in environment remediation. 

 

Keywords: Polypyrrole nanostructures, Organic-inorganic hybrid nanocomposites, Conjugated 

polymers, Titanium dioxide, Photocatalysis, Depollution. 
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1. Introduction 

Semiconductor photocatalysts based on TiO2 have attracted increasing attention for water and air 

treatment owing to the low cost of titania, its high photochemical properties, excellent stability and 

outstanding photocatalytic activity [1-6]. Nevertheless, the large band gap of TiO2 (3.2 eV for anatase 

and 3.0 eV for rutile) induces a photocatalytic activity only under ultraviolet light (5% of the solar 

light), which limits its commercial applications in photocatalysis. Besides, high charge carrier 

recombination in TiO2 also results in a poor photocatalytic activity. In order to improve its 

photocatalytic activity, numerous approaches have been developed such as noble metal loading [7-13], 

non-metal doping [14-16], heterojunction construction [4, 13, 17-19] or modification with conjugated 

polymers (CPs) [20-27]. Organic-inorganic hybrid materials have attracted much attention in solar 

energy conversion and photocatalytic degradation of organic pollutants [28, 29]. Among them, 

modification of TiO2 with conjugated polymer nanostructures (CPNs) presents promising 

photocatalysis application under visible light. CPs with their unique extending π-π* electron system 

which can serve as stable photosensitizers inpouring the electrons into the conduction band (CB) of 

semiconductors [26, 30-33]. For example, composite materials composed of TiO2 nanoparticles bound 

to large PPy polymer particles surface were reported to be photoactive under visible-light irradiation 

[27]. Although there are already some investigations on photocatalytic performance of TiO2-PPy, some 

fundamental questions are still not answered. In previous studies, little attention was paid to the life 

time of photo-induced charge carriers and charge transfer route between TiO2 and PPy nanostructures 

under ultraviolet and visible light, separately and the photocatalytic properties of TiO2-PPy 

nanocomposite for air treatment has not been reported [20, 22, 23, 27, 34]. 
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CPs present high mobility of charge carriers, narrow and tunable band gap, good stability and 

high absorption coefficients towards the visible region or near-infrared light. These excellent and 

special properties indicate that CPs are promising photosensitizers or photocatalysts under the solar 

light illumination. We demonstrated in our previous works that nanostructured CPs such as 

poly(diphenylbutadyine) PDPB, Poly(3,4-ethylenedioxythiophene) PDOT, Poly(3-hexylthiophene) 

(P3HT) and polypyrrole (PPy), exhibit higher photocatalytic property in visible region contrary to their 

bulk counterpart, and this activity is much higher than that of plasmonic TiO2 [31, 33, 35]. These CPNs 

are synthesized in soft templates formed by hexagonal or lamellar mesophases and polymerized by 

UV light or radiolysis [30, 36, 37].  

In this work, we modified commercial P25 TiO2 with nanostructured PPy (PPyNS) (prepared in 

soft templates formed by hexagonal mesophases) for photodegradation of organic pollutants (methyl 

orange and phenol as model water pollutants and toluene as air pollutant). The nanocomposite shows 

an important increase of the photocatalytic performance under ultraviolet and visible light compared 

to bare TiO2 and PPyNS, and most interestingly to PPybulk-TiO2. The improved photocatalytic 

performance of PPyNS-TiO2 is due to highest surface area and less defects in the nanostructure PPy 

and to the wide light absorption and increased charge separation efficiency owing to the heterojunction 

formation. The PPyNS-TiO2 composite photocatalyst shows high stability and recyclability. The 

kinetics of charge carriers is also discussed. This work offers a facile and cheap way to fabricate the 

heterojunction in organic-inorganic hybrid materials interface, and the composite nanomaterial 

represents a promising photocatalyst for water treatment and indoor application such as air treatment. 
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2. Experimental 

2.1 Chemicals and materials 

Pyrrole (Py) (98%), iron chloride (FeCl3, ≥97%), sodium dodecyl sulfate (SDS, 98.5%), 

cyclohexane (99.7%), n-pentanol (>99%), methyl orange (MO), phenol, sodium chloride (NaCl, 

≥99.5%), ethanol (≥ 99%), were bought from Aldrich Chemical Co., and toluene was purchased P.P.H. 

“STANLAB” (Lublin, Poland). All the reagents were used without further purification. Commercial 

P25 titanium dioxide purchased from EVONIK has been used as support material, which consists of 

crystalline phases rutile (14-17%), anatase (73-85%) and amorphous titania (0-13%) [38]. Distilled 

water was used throughout the experiment. 

2.2 Photocatalyst preparation 

PPy nanostructures (PPyNS) were obtained by surfactant-mediated soft templating (lamellar 

mesophases) method: We used the synthetic protocol reported in our previous work with some 

modifications [31]. In short, first, the monomer pyrrole (100 μL) and 1.6 mg of the SDS surfactant 

were dissolved in 4 mL aqueous NaCl (0.1 M). Then 6 mL cyclohexane and 1 mL pentanol were then 

added to the solution, the obtained mesophase doped by monomer was labeled as A. The mesophase 

B was prepared: An aqueous solution (4 mL) containing 0.1 M FeCl3 and SDS surfactant (1.6 mg) was 

added under stirring to cyclohexane (6 mL) and pentanol (1 mL). The achieved mixture (A+B) was 

vigorously stirred with vortex, and kept 12 h for complete polymerization. The polymerization takes 

place in the confined aqueous domain. The PPy nanostructures powder was extracted with a mixture 

ethanol and distilled water.  

The composite PPyNS-TiO2 was obtained by sonication (5 min) in ethanol followed by 2 h stirring 
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(Fig. S1a). PPybulk was synthesized without any soft template (polymerization in water using FeCl3 as 

oxidant) [31]. PPybulk-TiO2 was prepared with the sample procedure used for PPyNS-TiO2 preparation.  

Modification of TiO2 with Ag NPs (Ag-TiO2) was obtained by radiolytic reduction (using a 

panoramic gamma source) of Ag+ on TiO2 in suspension in water (containing 0.1 M of 2-propanol as 

HO
.
 scavenger) as reported in our previous work [10, 12]. Here, Ag-TiO2 plasmonic photocatalyst is 

taken as a model photocatalyst to be compared with PPyNS-TiO2 due to its good photocatalytic activity 

under visible light. 

  

2.3. Characterization 

UV-visible spectra of PPyNS-TiO2, PPyNS and TiO2 were recorded with a Cary 5000 Series, 

Agilent Technologies spectrophotometer using an integrating sphere and with KBr as a reference 

sample. The morphology of the synthesized materials was observed by transmission electron 

microscopy (TEM, JEOL JEM 2010 UHR operating at 200 kV). 

The crystalline structure of the samples was studied using an X-ray diffraction (XRD) (PHILIPS-

PW 3040/60) system with Cu Kα radiation from 10~90o. 

FT-IR (Fourier transform infrared) spectra were recorded using a FT-IR spectrometer (Bruker 

Vertex 70) with a diamond/ZnSe accessory (PIKEMIRACLE crystal plate) and a dectector LN-MCT 

Mid equipped with a cooling system (liquid nitrogen). 

X-ray photospectroscopy (XPS) surveys were conducted on a Kα X-ray Photoelectron 

Spectrometer equipped with a hemispherical electron energy analyzer (Mg Kα radiation and 

monochromatic Al Kα, PHI 5000 VersaProbe II microprobe) under ultrahigh vacuum. For charge 
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correction, C1 spectra at 284.5 eV as standard was considered. The samples were dispersed in ethanol 

and then supported on Si plate for measurements. 

Time-resolved microwave conductivity (TRMC) technique was used to investigate the 

photogenerated charge carriers’ dynamics of the as-prepared samples under UV and visible light 

excitation. A pulsed and tunable laser source (200 ~ 2000 nm) equipped with an optical parametric 

oscillator (OPO; EKSPLA, NT342B) was used to excite the samples and a Gunn diode (30 GHz) was 

used to generate microwaves. TRMC technique measures the relative change (
∆𝑃(𝑡)

𝑝
) in microwave 

power reflected from a semiconductor material during its excitation by a laser pulse. This change 

(∆𝜎(𝑡)) could be related to small perturbation of the samples conductivity, as shown in the following 

formula: 

∆𝑃(𝑡)

𝑝
= 𝐴∆𝜎(𝑡) = 𝐴𝑒𝜇𝑒∆𝑛𝑒(𝑡)   (equation 1) 

In TiO2 based compounds, the electron mobility（𝜇𝑒） is much higher than of h+. Therefore, 

∆𝜎(𝑡)  is mainly due to excess electrons.  ∆𝑛𝑒(𝑡)  is the excess free electron number at time t. A 

(sensitivity factor) is time independent and relies on the conductivity of the semiconductor and the 

microwave frequency.  

The primary data given by TRMC signals are its maximum value (Imax), which corresponds the 

quantity of the excess electrons generated by the laser pulse, and its decay, which is owing to the 

decrease of excess electrons. 

The photoelectrochemical performance of the as-prepared samples were measured by Origalys 

workstation with a three-electrode system (the prepared sample electrode, Pt foil electrode and 

Ag/AgCl electrode were acted as working, counter and reference electrode, respectively). The 
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photoinduced current density with time (𝑖- t) curves were observed at a potential of -200 V (vs.-

Ag/AgCl). The electrochemical impedance spectroscope (EIS) measurements were conducted in 0.1 

M Na2SO4 solution. The working electrodes were prepared by a highly homogeneous sample film on 

FTO substrate. In briefly, 3 mg of sample was dispersed in 3 mL ethanol by stirring. Then, the solution 

was spread on the FTO (fluorine doped tin oxide) substrate. Finally, the working electrodes were 

achieved after they were dried at room temperature. EIS was recorded with AC voltage amplitude of 

10 mV, and a frequency range from 0.1 Hz to 1000 Hz at 0.2 V (vs. Ag/AgCl). 

 

2.4. Photoactivity tests 

The photocatalytic property of PPyNS-TiO2 was investigated for degradation of methyl orange 

(MO, 500 ppm) and phenol (C6H5OH, 50 ppm) in water and toluene (C7H8, 200 ppm) in air.  

Phenol is one of the most commonly used test molecule. It was proposed by Serpone et al. as a 

standard test molecule, it shows some advantages [39]:  

- It does not degrade by photolysis or catalysis. 

- It has an absorption band at 269 nm and can be detected by UV-visible spectroscopy. 

- Its mechanism of degradation is known (the main intermediates being benzoquinone, hydroquinone 

and catechol) [40]. 

- It can be completely mineralized into CO2 and H2O. 

- Its adsorption on the surface of TiO2 is very weak. 

- It is a real pollutant of water. 

Methyl orange is a toxic azo-dye used in textile industry. 
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Before irradiation, 3 mg of the photocatalyst (PPyNS-TiO2, bare PPyNS, TiO2 or PPybulk-TiO2) was 

dispersed in 3 mL of water containing phenol (initial concentration C0 = 50 ppm) or MO (initial 

concentration C0 = 500 ppm) used as model organic pollutant. In order to ensure adsorption-desorption 

equilibrium, the mixture was stirred for 2 h in the dark. Control tests for photolysis (without 

photocataysts) were conducted under UV light (Fig. S2). Then, the samples were exposed to a UV-

visible light (Oriel 300 W Xenon lamp) or a visible light (Oriel 300 W Xenon lamp with a 420-nm cut 

off filter) under O2 bubbling. 400 μL of the mixture were taken out every 5 min under UV irradiation 

and 1 h under visible light, respectively. Then, the suspension was centrifuged to separate the catalyst 

from the solution. High pressure liquid chromatography (HPLC, Agilent Technologies 1260 Infinity) 

was used to measure the concentration of phenol. The calibration of phenol was shown in Fig. S3. And 

the concentration of MO was determined by UV-vis spectrophotometric method. The photocatalytic 

activity of the sample was estimated by the expression (C0-C)/C0 × 100% (C0: initial concentration; C: 

present concentration after every interval of time). 

To estimate the quantity of the mineralized pollutant, we used Total organic carbon (TOC) 

(Shimadzu TOC-LCSH).  

Toluene was used as an air pollutant model. The photocatalytic tests in gas phase were conducted 

in a gas reactor with the volume of 30 cm3. The reactor for photodegradation of gas is equipped with 

the LED diodes, which emit monochromatic irradiation (375 nm, 415 nm or 465 nm). The light 

intensity of the irradiation corresponded to 10 mW/cm2. A slide of glass (2 cm × 2 cm) was covered 

by PPyNS, TiO2, and PPyNS-TiO2 film, respectively, and then the samples were placed on the bottom 

of the reactor and sealed with a quartz window (Fig. S1d). The initial toluene concentration was 200 
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ppm. For UV and visible irradiation, we used LED arrays with λ = 375 nm, 415 nm and 465 nm. Before 

illumination, the reactor was kept in the dark for 10 min. To analyze the concentration of toluene by 

gas chromatography we used a GC, Clarus 500, PerkinElmer. 

 

3. Results and discussions 

3.1. Characterizations of PPyNS-TiO2 composite 

The optical absorption properties of bare TiO2 and PPyNS, and PPyNS-TiO2 composite were 

investigated by UV-Vis DRS. In Fig. 1a, TiO2 presents an absorption edge at 400 nm owing to the 

appearance of rutile, while the absorption edge of PPyNS-TiO2 is located at 490 nm. The composite 

PPyNS-TiO2 shows higher absorption in the visible range because of the interaction between PPyNS and 

TiO2 in heterojunction leading to a red shift of the absorbance towards the visible region. Fig. S4 

shows a broad absorption of PPyNS from 200 nm to 800 nm. The optical band gap (Eg) of photocatalysts 

samples can be evaluated by DRS spectra (Kubelka-Munk method). The Eg of PPyNS-TiO2 and TiO2 

are 1.95 eV and 2.93 eV, respectively, which could be calculated by the plots of (αhν)1/2 vs-hν (α ⎯ 

absorption coefficient; h ⎯ Planck constant; ν ⎯ light frequency) (Fig. 1b)[41]. The band gap of PPyNS 

is about 2.01 eV, which was calculated in our previous work [31]. Fig. 1 and Fig. S5 show broader 

light absorption and narrower band gap of PPyNS-TiO2 and PPybulk-TiO2 compared with unmodified 

TiO2. The broad absorption in visible light and narrow band gap (Eg < 3.2 eV) of catalyst are beneficial 

for photocatalytic activity under visible light. 
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Fig. 1. (a) DRS spectra of composite PPyNS-TiO2 and bare TiO2; (b) Kubelka-Munk plots and band 

energy estimation of PPyNS-TiO2 and TiO2; (c) FTIR spectra of TiO2, PPyNS and PPyNS-TiO2; (d) X-

ray diffraction pattern for TiO2 and PPyNS-TiO2. 

 

FTIR is used to analyze the chemical structures of the as-prepared samples. The typical 

characteristic spectrum of PPyNS-TiO2 composite within the wavenumber range of 500 cm-1 ~ 4000 

cm-1 is shown in Fig. 1c. The bands at 1556 cm-1 and 1459 cm-1 are assigned to the C=C and C-C 

stretching vibration of pyrrole ring, respectively. The peaks at 1182 cm-1 and 1040 cm-1 relate to the 

N-C stretching band and =C-H in-plane deformation vibration [42, 43]. The peak at 908 cm-1 is due to 

C-H out-of-plane bending vibrations [22]. The wide absorption peak at  500 cm-1 to 800 cm-1 refers 

to the flexural vibration of Ti-O-Ti in TiO2, and the weak peak at 1632 cm-1 is vibration of O-H in 

water adsorbed on TiO2 surface [44]. The broad peak at 3401 cm-1 is ascribed to the O-H vibration of 
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water molecular. The characteristic peaks of PPyNS-TiO2 composite are shifted compared to neat PPyNS 

and TiO2 indicating the interaction between PPyNS and TiO2. 

Fig. 1d presents the XRD patterns of photocatalysts. For pristine TiO2, the XRD patterns presents 

the characteristic diffraction peaks of both rutile and anatase and. The PPyNS-TiO2 composite shows 

similar diffraction patterns with TiO2, and no other peaks were observed, which reveals the high purity 

of the sample. 

TEM and SEM images of TiO2 and PPy nanostructures and PPyNS-TiO2 composite are shown in 

Fig. 2 and Fig. S1b-c, respectively. TiO2-P25 particles show irregular shapes with diameters of 5-10 

nm (Fig. 2a and Fig. S6), and the lattice spacing d = 0.25 nm of TiO2 correspond to the (101) planes 

of rutile phase. PPyNS are homogeneous in size (about 40 nm diameter) (Fig.2b and Fig. S1b) [31]. 

PPyNS-TiO2 composite exhibits higher contrast than amorphous organic PPy nanostructures (TiO2 

nanoparticles appear more dark) (Fig. 2c-d and Fig. S1c).  

 

Fig. 2. HRTEM images of TiO2 with the inter-planar distance corresponding to the (101) planes of 

rutile phase in inset (a); TEM images of PPyNS (b) and PPyNS-TiO2 (c-d). 
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XPS was utilized to characterize the surface chemical components of PPyNS-TiO2 composite (Fig. 

S7 and Fig.3). The XPS survey spectra presents the elements of Ti, O, C, N (Fig.S7). Fig. 3a illustrates 

the XPS spectra of the Ti 2p region. Ti 2p spectrum shows a binding energy at 459.4 eV and 465.1 eV 

for Ti 2p3/2 and Ti 2p1/2, respectively, corresponding to the Ti 2p spectrum from TiO2. The signals of 

displayed peaks from C-C (288.3 eV), β-C (284.1 eV), α-C (285.0 eV) and other small peaks from C-

N (286.0 eV), C-O (287.3 eV) and carbonates (289.4 eV) are corresponding to C 1s of PPyNS (Fig. 3b). 

The signal at 400.0 eV was assigned to the –NH- group of the pyrrole unit, and the -N+- (polaron) and 

=N- defects of PPy structures are at 401.6 eV and 398.1 eV, respectively (Fig. 3c). The signals at 530.6 

eV and 532.9 eV correspond to the O 1s of TiO2 and SiO2 (Si plate as a support) (Fig. 3d)[34]. All 

these results demonstrate that there is no new component produced in the composite PPyNS-TiO2, 

which is consistent with the XRD results (Fig. 1d). 

 

Fig.3. XPS spectra of PPyNS-TiO2 (a) Ti 2p of TiO2, (b) C 1s of PPyNS, (c) N 1s of PPyNS and (d) O 

1s of TiO2 and SiO2 
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TRMC technique was conducted to study the dynamics of charge carriers in the TiO2-based 

composites [45]. The maximum data (Imax) provided by TRMC signals indicate the excess electrons 

number generated by the laser pulse and the decay of the signal is attributed to recombination and 

trapping processes representing the life-time of charge carriers. The samples were excited at different 

wavelengths under UV and visible light (360 nm, 420 nm, 450 nm, 500 nm). 

As stated before, in TiO2, electrons are much more mobile than holes, and the TRMC signals are 

largely corresponding to the e- in the conduction band (CB). At 360 nm excitation (Fig. 4a), above 

TiO2 bandgap, both bare TiO2 and PPyNS-TiO2 present high Imax values. The signal of bare TiO2 is 

higher than signal of the PPyNS-TiO2 composite, which indicates more charge carriers generated in 

pure TiO2 under UV light. The decay is quite identical for both compounds. The lower signal decay in 

PPyNS-TiO2 may be due to PPyNS shield effect, fast recombination effect, or fast electron trapping [46]. 

The similar decays show that no real important influence on charge carrier lifetime is detected. 

However, under visible excitation, below TiO2 bandgap, at 420 nm (Fig. 4b), 450 nm (Fig. 4c) 

and 500 nm (Fig. 4d), the signals of PPyNS-TiO2 increased relatively with the higher excitation 

wavelength, and the Imax signal of PPyNS-TiO2 is higher than that of TiO2 at 450 nm and 500 nm 

excitation. The signal decay is also slower in the composite material, and this is related to longer life 

time of charge carriers due to less e--h+ recombination or rapid electron trapping. The signal intensity 

of PPyNS-TiO2 at 500 nm is slightly lower than that obtained with 450 nm excitation. These results 

demonstrate the formation of a heterojunction between PPyNS and TiO2, which induces electrons 

transfer from PPyNS to TiO2 under visible light and extension of the life time of charge carriers under 

UV and visible light. 
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Fig. 4. TRMC signals of PPyNS-TiO2 and TiO2 at different excitation wavelengths: (a) 360 nm UV 

irradiation, (b) 420 nm, (c) 450 nm, and (d) 500 nm visible irradiation. The corresponding laser 

energy was 0.9, 2.3, 2.3 and 2.3 mJ·cm-2, respectively. 

 

Fig. 5a shows the photoinduced i-t curve of PPyNS-TiO2 and TiO2 photoanodes under UV-vis light 

irradiation. The photocurrent of PPyNS-TiO2 photoanode was about 80 μA·cm-2, which is twice higher 

than that of TiO2 photoanode, implying TiO2 modification with PPyNS increases generation, separation 

and transfer of charge carriers leading to the enhanced photoelectrochemical property [47]. EIS 

Nyquist plots showed that PPyNS-TiO2 exhibits a smaller semicircle compared to the TiO2 (Fig. 5b), 

suggesting that PPyNS may provide electron transfer channel for the PPyNS-TiO2/FTO photoanode, 

which increases the life time of electrons and ultimately enhances the photocatalytic activity [48, 49]. 
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Fig. 5. (a) Photocurrent transient responses at a constant potential of -200 mV for TiO2 and PPyNS-

TiO2 FTO electrodes under UV-vis light irradiation; (b) the EIS curve of PPyNS-TiO2 and TiO2 

photoanodes under dark at the potential of 0.2 V vs Ag/AgCl in 0.1 M Na2SO4 neutral electrolyte. 

 

3.2. Photocatalytic tests 

The photocatalytic activity of the PPyNS-TiO2 composite was studied for degradation of model 

pollutants in water and in air.  

MO and phenol were used as a water model pollutant. The effect of the mass ratios between PPyNS 

and TiO2 (PPyNS: TiO2 = 0:1, 1:2, 1:1, 2:1, 1:0) for photocatalytic degradation of MO was investigated 

and the best mass ratio with the highest photocatalytic activity is 1:1 (see in Fig. S8). Fig. 6 and Fig. 

S9 shows the degradation of methyl orange and phenol in aqueous solution. Under UV-vis light, the 

effective degradation of MO up to 100% takes place in 20 min in the presence of PPyNS-TiO2 and 

PPybulk-TiO2 composite, while this total degradation is achieved after 45 min irradiation with bare TiO2 

and with PPyNS only 78% degradation is obtained after 5 h (Fig. S10). The photocatalytic activity of 

PPy-TiO2 is close to that of plasmonic TiO2 (TiO2 surface modified with Ag nanoparticles) as shown 

in Fig. 6a [12]. Bare TiO2 is known to be not active under visible light irradiation. PPyNS-TiO2 
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composite shows a good photocatalytic activity: 70% of degradation rate of MO is achieved after 4 h 

under visible light. This activity is much higher than that of bare PPyNS (18% degradation after 4 h) 

and also much higher than that of plasmonic TiO2 (20% degradation after 5 h), and interestingly higher 

than that of PPybulk-TiO2 (41% degradation after 4 h) (see in Fig. 6b) 

These photocatalysts were also tested for phenol degradation. Fig. 6c shows that phenol is 

completely degraded in 20 min in the presence of PPyNS-TiO2, PPybulk-TiO2, or 0.5%Ag-TiO2 under 

UV-vis light. Besides, 100% degradation rate is achieved, respectively with bare TiO2 after 25 min and 

with bare PPyNS after 4.5 h. The activity of PPybulk-TiO2 and plasmonic TiO2 are very similar for phenol 

degradation under visible light. The photocatalytic activity of PPyNS-TiO2 is much higher than that of 

PPybulk-TiO2, 0.5%Ag-TiO2 and bare PPyNS (no photocatalytic activity of bare TiO2). The degradation 

rates of phenol are respectively: 55%, 25%, 15% and 10% with PPyNS-TiO2, PPybulk-TiO2, 0.5%Ag-

TiO2 and bare PPyNS after 4 h irradiation under visible light (Fig. 6d, and Fig. S11 and Fig. S12). TOC 

(total organic carbon) measurements indicate the decontamination level of water. 91% of phenol were 

mineralized after 20 min of UV irradiation in the presence of PPyNS-TiO2. Table S1 shows some 

photocatalytic results for water treatment reported for other composite materials based on TiO2 and 

conjugated polymers for comparison with the present work: Our photocatalyst (PPyNS-TiO2) shows a 

higher photocatalytic activity under visible light. Note that the comparison is a rough assessment due 

to the different experimental conditions such as light source, catalysts quality, pollutant type etc. 
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Fig. 6. Photocatalytic degradation rate of MO (C0 = 500 ppm) in the presence of as-prepared 

samples under UV (a) and visible light irradiation (b); photocatalytic degradation rate of phenol 

under UV (c) and visible light irradiation (d). 

 

The photocatalytic activity for air treatment of PPyNS and PPyNS-TiO2 composite was evaluated, 

and toluene was taken as model pollutant. Fig 7 shows toluene degradation at different irradiation 

wavelength (375 nm, 415 nm and 465 nm). Under UV irradiation (λ = 375 nm), TiO2 shows the best 
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photocatalytic activity compared to PPyNS and PPyNS-TiO2: After 50 min irradiation, the degradation 

rate with TiO2 is 100%, while with PPyNS and PPyNS-TiO2 it is, 49% and 92% respectively. The 

photodegradation rate of PPyNS-TiO2 is twice higher than that of pure PPyNS under UV light (Fig. 7a). 

More importantly, under visible light (λ = 415 and 465 nm), PPyNS-TiO2 shows better photocatalytic 

performance than PPyNS (TiO2 presents no photocatalytic activity under visible light). The degradation 

rates of PPyNS-TiO2 are 80% (λ = 415 nm) and 55% (λ = 465 nm) after 100 min, respectively, which 

are much higher than that obtained with PPyNS (45% under λ = 415 nm and 33% under λ = 465 nm 

irradiation) (Fig. 7b-c).  

 

 

Fig. 7. Photocatalytic activity of PPyNS and PPyNS-TiO2 for the toluene degradation under  

(a) λ = 375 nm, (b) 415 nm, and (c) 465 nm irradiation, respectively. 

 

The results show that PPyNS-TiO2 composites are very efficient for MO, phenol and toluene 

degradation under visible light irradiation. The formation of a p-n heterojunction between PPy 

nanostructures and TiO2 decreased the recombination of photogenerated charge-carriers and enhanced 

the photocatalytic performance of the composite PPyNS-TiO2. 
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In order to satisfy the practical application, the stability and reusability of the photocatalyst was 

investigated. The photocatalytic activity of PPyNS-TiO2 is stable after 6 cycles as shown in Fig. S13 

Fig. S14. These results indicate that PPyNS-TiO2 is a very promising photocatalyst for water and air 

treatment and other photocatalytic applications. 

 

3.3. Photocatalytic mechanism 

A huge number of defects could be accumulated at the contact interface of various solids and the 

energy levels of the interface are quasi-continuous, exhibiting alike properties to conductors. This 

contact interface can also produce low electric resistance Ohmic contacts and serve as the center of 

charge carriers’ recombination [50].  

CPs behave as classical organic semiconductors. The nanostructutration of a conjugated polymer 

is a pivotal factor for its photocatalytic activity. The morphology and size of the photocatalytic 

nanomaterials have an important effect on their photocatalytic performance, as demonstrated for TiO2 

for example [51, 52] or for CP nanostructures [31-33]. The difference in the photocatalytic property 

between nano and bulk CPs may be owing to larger sizes, larger surface areas, and more defects in 

bulk CPs, which are responsible for the e--h+ recombinations [31, 32].  

Under UV irradiation, the photoinduced e- in the CB of TiO2 can recombine with the h+ in the 

highest occupied orbital (HOMO) of PPyNS via the intimate interface resulting the separation of 

photogenerated charge carriers (see Fig. 8a), which explains the decreased intensity signal of PPyNS-

TiO2 in TRMC measurement at the excitation of 365 nm and 400 nm wavelength compared with bare 

TiO2. In this case, the oxidative reaction and reductive species are produced in the VB band of TiO2 
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(h+ + OH-→ •OH, +2.7 V νs. NHE at pH = 0) and the lowest unoccupied orbital (LUMO) of PPyNS (e- 

+ O2→ O2
•−, -0.046 V νs. NHE at pH = 0), respectively [53]. This proposed mechanism is highly in 

agreement with the results of TRMC and photocatalytic properties under UV irradiation.  

However, the higher yield and longer life time of charge carriers from the TRMC measurements 

and higher photocatalytic activity in the presence of PPyNS-TiO2 composite compared to pristine TiO2 

under visible light excitation, another possible photocatalytic mechanism can be proposed for PPyNS-

TiO2 (see Fig. 8b). Under visible light irradiation, only PPyNS can be photoexcited and act as a 

photosensitizer. Owing to the internal electric field function, the e- in the LUMO of PPyNS could be 

transferred to that of CB of TiO2. Photogenerated h+ located on the HOMO of PPyNS can participate 

in the oxidative reaction [54]. As a result, the redox reaction happens in the CB of TiO2 (reductive 

reaction: A→ A-) and HOMO of PPyNS (oxidative reaction: D→D+), and the effective charge 

separation can extend the life time of generated e- and h+ and then enhance photocatalytic activity.  

 

 

Fig. 8. Proposed photocatalytic mechanism for the PPyNS-TiO2 system and charge transfer 

mechanisms under UV light (a), and under visible light irradiation (b). 
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4. Conclusions 

We have prepared a highly photoactive PPyNS-TiO2 nanocomposite under visible for 

environmental pollution remediation. PPyNS-TiO2 presents a red-shift of the absorption band edge and 

a significant reduction of the band gap (1.95 eV). Our experiments demonstrate that for water and air 

treatment PPy nanostructures modified with TiO2 exhibit under visible light higher photocatalytic 

activity than plasmonic TiO2, PPyNS and PPybulk-TiO2 . This enhancement of the photocatalytic activity 

is due to the nanostructuration of the CP and the heterojunction formation at the interface between 

PPyNS and TiO2, which promotes the seperation of photoinduced e- and h+.   

Interstingly, the composite PPyNS-TiO2 has much higher photocatalytic performance than PPybulk-

TiO2 : Indeed, conjugated polymers nanostructuration is a pivotal factor for photocatalytic applications. 

Highest surface area and less number of defects in nanostructured polymers (which induce less 

electron-hole recombinations), lead to higher photocatalytic activity compared to their bulk conterparts 

[31-33]. The photocatalytic activity is stable with cycling. 

This work provides a facile way to develop cheap and very active organic-inorganic hybrid 

nanocomposite materials for air and water treatment. This stable nanocomposite can also find 

applications in self cleaning surfaces. Future works will also focus on its modification with cocatalysts 

based on abondant elements for water splitting. 
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