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Abstract
Conductive polymers perform as a new class of very active photocatalysts under vis-
ible light. Among them, polypyrrole (PPy) is one of the most promising conjugated 
polymers with a wide range of applications. PPy and doped PPy were synthesized 
on glass plate in thin film form by a facile simple successive ionic layer adsorption 
and reaction method. Polypyrrole is doped with dodecyl benzene sulphonic acid, 
toluene sulphonic acid, hydrochloric acid, sodium iodide (NaI), citric acid (commer-
cial) and citric acid (lemon). The synthesized thin film was well characterized using 
UV–visible spectrophotometer, scanning electron microscopy, Fourier transform 
infrared spectroscopy, thermogravimetric analysis and photoluminescence (PL). The 
electrical conductivity was measured by Hall effect measurements. Among vari-
ous organic and inorganic acid dopants, NaI-doped PPy thin film exhibited narrow 
band gap and has excellent ability to absorb light in red region of the spectrum. NaI-
doped PPy thin film showed higher conductivity when compared to other dopants. 
A lower PL intensity of NaI-PPy thin film indicates higher electron–hole pair sepa-
ration efficiency. The photocatalytic activities of PPy thin film and NaI-doped PPy 
thin film on rhodamine 6G dye under visible light were systematically investigated. 
NaI-doped PPy thin film had better degradation efficiency than PPy due to its higher 
electron–hole pair separation efficiency.
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Introduction

The development of efficient and environmentally friendly approaches for energy 
conversion and storage is one of the vital challenges of the twenty-first century 
[1]. Nanomaterials potentially provide paradigm-changing solutions to energy 
conversion processes that occur at surfaces [2, 3]. Titanium dioxide (TiO2) is 
currently the most widely used photocatalyst because of its high photocatalytic 
activity, stability, low cost and non-toxicity. Nevertheless, TiO2 applications 
are limited because of a low quantum yield with the fast charge carriers (e−/h+) 
recombination and the necessity to use UV irradiation. In fact, TiO2 can only be 
excited by UV irradiation and it absorbs only 3–4% of the solar light [4–6]. In 
the last few years, a considerable number of novel strategies including doping, 
heterojunctions, graphene-based composition and co-catalyst have been proposed 
to offer new photocatalytic materials as potential substitutes of TiO2 for the most 
relevant photocatalytic applications such as detoxification and disinfection, water 
splitting and organic synthesis [7–9]. To achieve high visible-light-induced pho-
tocatalytic activity, it is essential to fine-tune several electronic characteristics of 
photocatalysts such as band gap energy, band position, lifetime of electrons and 
holes [9, 10]. Several methods, including the use of dopants such as carbon or 
nitrogen, have been used to reduce the band gap of TiO2.

Recently, black hydrogenated TiO2 nanocrystals with high photocatalytic 
activity under solar light have been developed [11]. Linic and Weng reported that 
plasmonic photocatalysts have appeared as a very promising way to improve the 
activity of TiO2 in the visible light [12, 13]. Moreover, surface modification of 
TiO2 with Cu, Ag or Au nanoparticles significantly enhances the photocatalytic 
activity under UV and visible light [14–16]. However, the high cost of the noble 
metal-doped catalyst (i.e. Au, Ag) and the low stability with repeated cycling sig-
nificantly limit their large-scale applications [17]. Hence, the existing photocata-
lysts have not yet found the way for practical applications. In the last few years, 
polymer nanostructures have attracted a lot of attention for energy conversion and 
storage applications [18].

Among all conducting polymers, polypyrrole (PPy) is one of the most prom-
ising conducting polymers because of its excellent thermal and chemical stabil-
ity, high conductivity, low cost and elevated carrier mobility as well as biocom-
patibility. These unique characteristics make PPy potentially useful for a broad 
range of applications, including solar cells, biosensors and organic light-emitting 
devices [19–21]. Although oxide-based semiconductors have been in vogue as 
efficient photocatalysts in the past decade, the reports regarding photocatalytic 
activity of conjugated polymers are scarce [18, 22]. Also, many conjugated poly-
mers act as efficient electron donors and good hole transporters upon visible-light 
excitation. The dopants in the conducting polymer play a significant role in deter-
mining photocatalytic and photovoltaic efficiency, since they affect both band gap 
and electrical conductivity. In the present work, polypyrrole is doped with dode-
cyl benzene sulphonic acid (DBSA), toluene sulphonic acid (TSA), hydrochloric 
acid (HCl), sodium iodide (NaI) citric acid (commercial) and citric acid (lemon). 
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To the best of our knowledge, there has been no previous study on the synthesis 
of NaI-doped PPy thin film by using SILAR method. We show that conducting 
PPy thin film and NaI-doped PPy thin film synthesized by SILAR method exhibit 
better photocatalytic activities in visible light.

Experimental

Materials

Pyrrole (Spectrochem) and ammonium persulphate (APS) (SD Fine Chemical) 
were used as precursors for the synthesis of undoped and doped polypyrrole. Dode-
cyl benzene sulphonic acid (DBSA) (SD Fine Chemical), P-toluene sulphonic acid 
monohydrate (PTSA) (Spectrochem), hydrochloric acid (HCl) (Merck), sodium 
iodide (NaI) (Merck), citric acid (Fischer Scientific) and citric acid (from cit-
rus × lemon extract) were used as dopants.

Synthesis of polypyrrole (PPy) thin films

Polypyrrole (PPy) thin films were deposited by a simple successive ionic layer 
adsorption and reaction (SILAR) method on glass plates at room temperature. The 
SILAR method consists of two chemical baths. One bath consists of 0.1 M (7 ml) of 
pyrrole in 50 ml distilled water and another bath consists of 0.2 M (4.56 g) ammo-
nium persulphate (APS) dissolved in 50  mL of distilled water. The cleaned glass 
substrate was dipped into pyrrole solution for 10  s, and then, the substrate was 
dipped into APS solution for 10 s, the slide from the solution was removed and the 
glass slide was heated at 70 °C to form polypyrrole thin film. In order to prepare 
monomer-free thin film, the resultant films were rinsed with distilled water. Twenty 
cycles of coating were done to obtain the thin film. The same procedure was adopted 
for doped PPy by using 0.05 M of dopant. The synthesized PPy with DBSA, PTSA, 
HCl, NaI, citric acid and citric acid (from citrus x lemon extract) labelled as DBSA-
PPy, Toly-PPy, HCl-PPy, NaI-PPy, C1-PPy and C2-PPy, respectively, was character-
ized. The chemical reaction for formation of PPy is depicted in Fig. 1a. The sche-
matic representation for synthesis of PPy thin film by SILAR method is depicted in 
Fig. 1b.

Characterization

UV absorbance studies were performed by UV–visible spectrophotometer (Shi-
madzu double-beam monochromator spectrophotometer (UV-2540). The morphol-
ogy of the synthesized composite films was investigated by using SEM (FESEM 
S-4800Hitachi Model Scanning Electron Microscope). Fourier transform infrared 
(FTIR) spectra were recorded on JASCO model 6300. Thermal properties were 
obtained by TGA (PerkinElmer model TGA 7) in the range 20–800 °C at 2 °C/min 
in nitrogen atmosphere. The DC electric measurements were taken by Ecopia Hall 
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effect Measurement system (HMS-5000). Photoluminescence (PL) studies were 
analysed using JASCO 8660 Spectrofluorometer. The catalytic activity of PPy and 
NaI-doped PPy thin film was evaluated by the total mineralization of rhodamine 6G, 
a basic dye in aqueous solution using a double-walled quartz photoreactor having 
150 W mercury lamp as a light source supplied by SAIC, India.

Photocatalytic activity of synthesized thin films

A 150 W mercury lamp was used as the light source. The reactor vessel was kept at 
25 °C using circulated water. 1 cm × 1 cm of thin film catalyst was added to 350 ml 
rhodamine 6G (R6G) dye solution of 5  mg/L concentration. Prior to visible irra-
diation, the R6G dye solution was kept over the catalyst and stirred in the dark for 
1 h to reach the sorption equilibrium. During the irradiation, about 5 mL liquid was 
taken from the reaction cell at regular time intervals. The dye solution was analysed 
by UV–Vis spectrophotometer. The absorbance of R6G was measured at 524 nm. 
The amount of removal of the R6G dye, in terms of percentage removal, has been 
calculated using the following relationship:

where Ci and Cf are the initial and final concentrations of dye (ppm) at a given time.
(1)Percentage removal (%R ) =

[

Ci − Cf∕Ci

]

× 100

Fig. 1   a Chemical reaction for formation of PPy, b schematic representation for synthesis of PPy thin 
film by SILAR method
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Results and discussion

Optical studies

Optical studies were done by using UV–visible spectrophotometer. The UV absorb-
ance of citric acid from lemon extract and commercial citric acid is shown in Fig. 2. 
An absorbance peak at 288  nm is observed for lemon extract, and an absorbance 
peak at 282 nm is observed for commercial citric acid. Alam [23] has reported the 
absorbance peak at 280 nm for citrus products which well agrees with our absorb-
ance spectra. So in our present study, lemon contains citric acid as a main ingredient 
which was confirmed by UV absorbance studies. The IUPAC name of citric acid is 
1,2,3-propanetricarboxylic acid. The absorbance spectra are due to the presence of 
three carboxylic acids in citric acid. Rauf et al. [24] have reported the presence of 
phytochemicals in citrus lemon which are reducing sugar, tannins, flavonoids, terpe-
noids and phenols. After comparing with the literature, we argue that in our present 
study, the higher absorbance in citrus lemon is due to the presence of phytochemi-
cals present in the bio-extract.

Figure 3 shows the UV absorption spectra of polypyrrole and doped polypyrrole 
thin film measured over the wavelength range of 200–900 nm. PPy thin film shows 
an absorbance peak at 383 nm which is attributed to π–π* electronic transition. All 
other doped PPy thin films exhibited a broad peak starting from 372 to 532  nm. 
Small shoulder peaks observed at 474 nm and 512 nm correspond to polaron transi-
tion [25, 26]. Similar type of absorbance peaks is reported in earlier literature for 
pure PPy thin films [26]. While NaI-PPy and C2-PPy thin film exhibits a broad peak 
which extends up to 700 nm, individual peaks are not visible for these polymers. All 
the three peaks corresponding to π–π* electronic transition, polaron and bipolaron 

Fig. 2   UV absorbance of citric acid commercial and lemon extract
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peaks merged to form broad peak covering the UV and visible part of solar spec-
trum. Sharp distinct absorption peaks are not visible. Instead of sharp peaks, three 
peaks merged to form a slope implying high concentration of π–π* electronic transi-
tion and very less concentration of polaron and bipolaron transitions. In the case of 
NaI-PPy and C2-PPy thin films, a wide peak around 380–700 nm is observed, which 
implies the availability of more number of polarons and bipolarons when compared 
to other dopants. So UV–Vis absorption spectra of PPy and doped PPy confirm the 
formation of PPy thin film. When compared to PPy, the doped PPy exhibited red-
shift due to the effect of dopants. TSA-PPy thin film shows more intense peak than 
other doped PPy thin film. Song et al. [27] reported that the shorter alkyl length in 
doped PPy, which shows the more intense peak, would result in the higher conduc-
tivity. NaI-PPy has the ability to cover the full visible light when compared to other 
doped PPy thin films, so we expect that this thin film will act as a better photocata-
lyst in dye degradation in the presence of visible light.

In the present work, thickness of the film was measured by the gravimetric weight 
difference method using relation,

where m is the mass of the deposited film measured by sensitive microbalance; A 
is the area of the deposited film; and ρ is the density of the deposited materials. 
Table 1 shows the band gap and thickness of the thin film.

The band gap of thin film was calculated using the following equation:

(2)t =
m

� × A

(3)� =
1

t

(

ln1

T

)

Fig. 3   UV absorbance of PPy and doped PPy thin film
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where T is the transmittance and t thickness of thin film.

where A is the absorbance.
The band gap of PPy and Doped PPy is shown in Fig.  4. The band 

gap is in the decreasing order for PPy > DBSA-PPy > TSA-PPy > HCl-
PPy > C1-PPy > C2-PPy > NaI-PPy. The band gap of DSA-PPy and TSA-PPy 
is low when compared to PPy. This may be due to the bulky group (TSA and 
DBSA) present in polypyrrole, which creates polaronic and bipolaronic sublevels 
with in the gap. TSA-PPy shows low band gap compared to DBSA-PPy because 
it contains short alkyl chain group (TSA) when compared to long alkyl chain 
group (DBSA). The presence of three carboxylic groups in C1-PPy and C2-PPy 
produces more polaronic, bipolaronic sublevels with in the gap. So C1-PPy and 
C2-PPy have lower band gap compared to DBSA-PPy and TSA-PPy. Hazarika 
and Kumar [28] revealed that PPy nanofibers doped with short alkyl chain exhib-
ited smaller optical band gap. In our present study, the NaI-PPy thin film shows 
the very low band gap of 1.75 eV, which falls in red region in spectrum compared 
to other doped PPy, which is shown in Fig. 5. This may be due to the availability 
of more polaronic, bipolaronic sublevels with in the gap of NaI-PPy when com-
pared to other dopants.

(4)A = log10 1∕T

Table 1   Thickness and band gap PPy and doped PPy

PPy DBSA-PPy TSA-PPy HCl-PPy NaI-PPy C1-PPy C2-PPy

Thickness (µm) 0.7 1.7 2.6 1.8 3.5 1.5 2.6
Band gap (eV) 2.32 2.11 1.96 1.93 1.75 1.86 1.81

Fig. 4   Band gap of PPy and doped PPy thin film
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The energy band gap determines which wavelength(s) of light can be absorbed 
which in turns assists to identify the photovoltaic and photocatalytic efficiency. The 
poly(phenylene), poly(3-hexylthiophene) and poly(fluorene) copolymer derivatives 
synthesized via tedious process consumed toxic chemicals exhibited band gap from 
2.00 to 2.5 eV [29], and it is chemically unstable. In our present study, we have incor-
porated NaI in PPy and attained the band gap of 1.75 eV which is much lower than 
that for the previously reported by Chen [29]. We have adopted easy and economical 
method of fabricating thin film compared to the literature [29], and the thin film is envi-
ronmentally, chemically and electrically stable.

Morphological analysis

The morphology of the thin film was analysed by SEM images, which is shown in 
Fig. 6. NaI-PPy thin film has low band gap, so it was taken further for SEM analysis. 
Figure 6a shows the SEM image of PPy thin film which has uniform surface but with 
some cracks. Figure 6b shows the SEM image of NaI-PPy thin film having doughnut-
shaped grains with average grain size of 20 μm. The cross section of PPy thin film 
is shown in Fig.  6c. This image reveals that the layer is uniform with thickness of 
0.506 μm. Figure 6d shows the cross-sectional view of NaI-PPy thin film. The thick-
ness is found to be 4.102 μm with irregular shape. The irregular shape may be due to 
the presence of NaI present in the polymer backbone.

Fig. 5   Schematic representation of PPy and doped PPy band gap position in visible part of spectrum
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Fourier transform infrared spectroscopy

FTIR analysis was performed to verify the functional group in the synthesized film. 
Figure 7 shows the FTIR spectra of polypyrrole and doped polypyrrole. The peak 
near 1292 cm−1 is due to C–N stretching and C–C vibration of the polymer [30]. The 
pyrrole ring stretching is obtained at 1440 cm−1. The C=N stretching is observed 
at 1672 and 1630 cm−1 [31]. Secondary amine (–NH) group can be recognized by 
absorption due to N–H stretching in the region 3246–3560 cm−1 [32, 33] confirm-
ing the formation of PPy. The same characteristic peaks were also observed for the 
NaI-PPy with some shift in the wave number, as well as change in the intensity of 
the peaks, as compared to that of PPy. The additional peaks in respective IR spectra 
confirm the dopant effect in the thin film samples.

Thermal gravimetric analysis (TGA)

Thermal studies were done by TGA. Figure 8 shows the TGA curves of PPy and 
doped PPy. The PPy and doped PPy follow three steps during the decomposition 

Fig. 6   SEM of a PPy thin film, b NaI-PPy thin film, c cross section of PPy thin film, d cross section of 
NaI-PPy thin film
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processes. The initial stages of weight loss at 100 °C could be due to the vapori-
zation of water molecules and oligomers as well as elimination of unreacted mon-
omer [33]. At 200  °C, the protonic acid component of the polymer is lost, and 
finally, at 300–600 °C the decomposition of polymer chain occurs, which leads to 
the production of volatile gases [33]. Henceforth, PPy and doped PPy are stable 
up to 200 °C.

Fig. 7   FTIR image of PPy and doped PPy thin film

Fig. 8   Thermogravimetric analysis of PPy and doped PPy thin film
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Photoluminescence

It is widely accepted that π → π* electronic transitions in the polymeric units play a 
key role in the PL emission of PPy thin film. Owing to the presence of conjugated 
double bonds in the products, we studied the PL properties of the PPy and doped 
PPy thin film. Figure  9 shows the room-temperature PL spectra of the thin films 
excited at 325 nm. All the samples exhibit blue luminescence properties similar to 
other PPy reported [34] earlier. The spectra show broad peaks centred at 425 and 
480 nm for PPy and doped PPy thin film, respectively. This transition may be due 
to polaron and bipolaron transition [35]. Son et al. [36] reported similar type of Pl 
intensity. In our present study, a lower Pl intensity of NaI-PPy thin film is observed, 
which indicates higher electron–hole pair separation efficiency. So this material can 
be a potential candidate for photocatalysis.

Electrical conductivity

From the measured I–V characteristics of PPy and doped PPy thin films, the values 
of electrical conductivities have been obtained by using the equation

where I is the current, V is the voltage, L is the thickness of pellet and A is the cross-
sectional area of the pellet.

Table 2 shows the conductivity of PPy and doped PPy thin films. The conductiv-
ity decreases in the order σ (NaI-PPy) > σ (C2-PPy) > σ (C1-PPy) > σ (TSA-PPy) > σ 
(DBSA-Ppy) > σ (HCl-PPy) > σ (PPy). Polarons and bipolarons are dominant charge 
carriers, which are responsible for the electrical conduction in these thin film 

(5)� =
[

(I × L) ∕ (V × A)
]

Fig. 9   Photoluminescence of PPy and doped PPy thin film
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samples. As the strength of the applied field increases, the number of such polarons 
and bipolarons increases, resulting in the increment of current [37]. This results in 
an increase in conductivity with voltage as more and more number of polarons and 
bipolarons are available in the system. Doping causes bond change from aromatic 
configuration to quinoid configuration, which is higher in energy and confines the 
charge and spin density to a self-localized structural deformation that is mobile 
along the chain [38].

In our present study, TSA-PPy shows higher conductivity than DBSA–PPy 
because of small band gap and small alkyl group. Citric acid has effective conjuga-
tion lengths due to three carboxylic acids present in citric acid and short alkyl chain 
which contributes to higher conductivity. C2-PPy shows higher conductivity than 
C1-PPy. Apart from citric acid, citrus lemon contains terpenes, tannins, reducing 
sugar and polyphenol, which is responsible for the increase in conductivity.

The synthesized NaI-PPy thin film showed 1000 times higher conductivity than 
PPy thin film and also exhibited higher conductivity when compared to all other 
doped PPy. The higher conductivity is due to an increase in mobility of NaI as well 
as a decrease in band gap as given in Table 2. The smaller value of optical band 
gap energy allows easy π–π* electronic transition and hence results in higher value 
of electrical conductivity. Khanmirzaei et al. [39] reported that an increase in ionic 
conductivity in starch-based polymer electrolytes is due to an increase in mobile 
ions of iodide salts in the systems. Singh [40] synthesized potassium iodide-doped 
biopolymer electrolyte and found an increase in ionic conductivity due to mobile 
charge carriers of K+ and I− ions. Shirwa et al. [41] also proved higher conductivity 
of polyacetylene doped with NaI due to charge transfer mechanism. From the results 
of our present study, it was concluded that the high electrical conductivity of NaI-
PPy thin film is due to low band gap, high mobility and charge transfer mechanism 
and suggests the presence of deep localized state in the band gaps.

Navale [31] has reported electrical conductivity of 50% camphor sulphonic acid-
doped polypyrrole thin film synthesized by casting method exhibited 1.56 × 10−8 S/
cm. The electrical conductivity of PPy thin film synthesized via inkjet printing 
method revealed 1.5 × 10−6 S/cm [42]. So therefore we argue that our NaI-PPy thin 
film exhibited electrical conductivity of 6.75 × 10−2 S/cm which is much higher than 
reported in the literature.

Photocatalytic performance of PPy thin film

Waste waters generated by the textile industries contain considerable amounts of 
non-fixed dyes and especially of azo dyes which are toxic to aquatic life and create 
serious environmental pollution. Rhodamine 6G (an azo dye) is a fairly stable and 
persistent dye pollutant under visible-light irradiation. In our present study, NaI-PPy 
thin film has low band gap and higher conductivity when compared to other doped 
PPy thin film. So this material was chosen for the photocatalytic activity of rhoda-
mine 6G (R6G) (taken as model pollutants) in water under visible light.

Figure 10 depicts UV–Vis spectrum of R6G during photoirradiation with NaI-
PPy catalyst with various time intervals. The R6G shows major absorption peaks in 
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visible region at 524 nm. R6G shows main absorption peaks at 524 nm in the visible 
region. The rate of decolorization was recorded with respect to the change in inten-
sity of absorption peaks at 524 nm for R6G. The absorption peaks, corresponding 
to dye, diminished and finally disappeared during reaction, which indicated that the 
dye had been degraded.

The concentration of R6G is 5  mg/L (10.4379 × 10−6  M) catalyst dose 
(1 cm × 1 cm) thin film, and duration is 3 h. The obtained degradation curves of R6G 
dye are shown in Fig. 11. NaI-PPy thin film exhibited a visible light-induced photo-
catalytic activity with 76% degradation of R6G dye after long irradiation (300 min). 
However, only 51% degradation has been achieved for PPy thin film under identical 
reaction conditions. NaI-PPy thin film exhibited the highest catalytic activity with a 
25% increase in degradation efficiency.

Tinacaba et  al. [43] reported degradation rate of 1.37%/min for 2.56 × 10−6  M 
of R6G dye using ZnO/Zn thin film in UV light. The degradation efficiency in 
the present technique is the same as reported by Tincaba, but in our case we used 
visible light for dye degradation. The better efficiency of thin film catalyst is due 
to the absorption of light by the catalyst from UV to visible part of the spectrum. 
The number of photons available in artificial UV light and artificial visible light is 
80.49 × 1020 photon/s and 4.15 × 1020 photon/s, respectively. So in our present sys-
tem, the dye degradation efficiency is better with lesser number of photons itself 
compared to UV light [43]. Our results are better than other reported rates such as 
by Kansal et al. [44] wherein it took 180 min to degrade 200 mg/l rhodamine 6G 
dye by 20% for a ZnO catalyst dose of 0.5 g/l. Compared with the literature, we have 
reached a better degradation efficiency in visible light.

The results showed that both films are effective in producing electron–hole pairs 
that can degrade organic materials. One of the key features of a photocatalyst is that 

Fig. 10   Absorbance spectra of rhodamine 6G during the course of reaction
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it must be efficiently recycled and reused after repeating cycles of degradation reac-
tions. As the PPy is in thin film form, it could be efficiently recycled and reused 
for repeating cycles without appreciable loss of activity, which promotes the NaI-
PPy thin film photocatalyst for its practical applications in the field of environmental 
protection.

Photocatalysis involves generation of charge carriers, i.e. excess electrons (e−) 
and holes (h+), and the catalytic reactions induced by these species. NaI-PPy has 
higher electrical conductivity, which implies more charge carriers are available in 
the system for efficient photocatalytic degradation of dyes. A high photocatalytic 
activity is closely related to an efficient separation of the photoexcited electron–hole 
pairs generated in the photocatalyst after its excitation. The organic pollutants and 
dyes can be photodegraded via a photocatalytic oxidation process. A large number 
of major reactive species including holes, HO· and O2·− radicals are involved in the 
photocatalytic oxidation process. A mechanism was proposed by Ghosh et al. [45] 
for the photoactivity of poly(3,4-ethylenedioxythiophene) (PEDOT) under visible 
light. In our present study, a similar mechanism was proposed.

In our present study, due to low band gap of the NaI-PPy, less energy is required 
to promote an electron to the conduction band and as a result more electronic transi-
tions are likely to occur at higher wavelength radiation (less energetic) compared 
with PPy. Under visible-light irradiation, a photon excites an electron from the 
valence band (VB) to the conduction band (CB) of NaI-PPy. Hence, the electrons 
can easily migrate into the surface of the NaI-PPy and react with oxygen to form 
oxidizing O2·− superoxide radical. This effective separation of photogenerated elec-
tron–hole thereby promotes enhanced photocatalytic activity. Sarbanti Ghosh et al. 
[45] proposed mechanism for the formation of HO· radicals (Eqs. 6–9):

(6)O⋅−
2
+ H+

→ HO⋅

2

Fig. 11   Effect of time variation on the photodegradation of R6G dye on PPy and NaI-PPy thin film



5228	 Polymer Bulletin (2019) 76:5213–5231

1 3

The results show that the photocatalysis mechanism involves O2
·−, photoinduced 

h+ and HO· radicals mediated degradation of organic pollutant with effective charge 
separation in NaI-PPy thin film. The overall reaction of dye photodegradation can be 
resumed as follows [46]:

When the reaction order for such photodegradation obeys the pseudo-first-order 
kinetics, the following equation can be used:

where t represents the photodegradation time and k is the observed pseudo-first-
order rate constant. By integrating Eq. (11), the following expression is obtained:

Thus, a plot of − ln(C/C0) vs. time leads to a linear diagram which slope equals 
the observed pseudo-first-order rate constant of photodegradation [47]. Figure  12 
shows a plot of − ln(C/C0) vs. time in which it can be observed that all photodeg-
radation followed pseudo-first-order kinetics, indicating that the photodegradation 
rate is directly proportional to R6G concentration. The k value using thin film and 
5 mg/L of initial R6G concentration for the NaI-PPy thin film was two times higher 
(k = 0.00586 min−1) than that using PPy thin film (k = 0.00281 min−1).

(7)HO⋅

2
→ H2O2 + O2

(8)H2O2 + O⋅−
2

→ HO⋅ + O2 + HO−

(9)H2O2 + h+ → 2HO⋅

(10)Dye + ROS → Degradated∕mineralizated products

(11)−dC∕dt = kC

(12)− lnC∕C0 = kt

Fig. 12   − ln(C/C0) as a function of time throughout R6G dye photodegradation under visible-light irra-
diation using PPy and NaI-PPy thin film
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Low band gap and high conductivity are responsible for higher photocatalytic 
activity in NaI-PPy thin film. A lower PL intensity of NaI-PPy thin film indicates 
higher electron–hole pair separation efficiency, which is also responsible for the fast 
degradation rate of R6G dye. So this material can also be employed as a candidate 
for hybrid solar cell application.

Conclusion

In summary, PPy and doped PPy thin film has been synthesized by a facile and 
reproducible SILAR method at room temperature. The NaI-PPy thin film with much 
narrower band gap (1.75 eV) compared with other doped PPy thin film has therefore 
excellent ability to absorb light in visible regions. Our results demonstrate that NaI-
PPy thin film shows exceptional high photocatalytic activities under visible light 
and is of huge potential for environmental remediation. The photocatalytic oxida-
tion reactions involve the oxidative O2

·−and HO· species. Our results demonstrate that 
conducting polymers constitute a new class of photocatalysts for environment reme-
diation. The catalyst can be reusable, scalable and capable of functioning in visible 
light, which is especially important in the degradation of dyes. As NaI-PPy thin film 
exhibits a wide range of absorption, low band gap and better electron hole separa-
tion efficiency, it can also serve as better candidate for hybrid solar cell application.
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