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In this report, the polyaniline (PANI)/ZnOnanocomposite system exhibits superior degradation ofmethyl orange
andmethylene blue under visible light condition, due to the intermolecular interaction between conducting PANI
sponsoringmore number of electrons to the conduction band of ZnO nanoparticles. The pure ZnO and the differ-
ent mole ratios of PANI into ZnO catalysts were prepared by precipitation followed by sonication process. The
bandgap of the nanocomposite system revealed in the red region was estimated by Tauc plot. The X-ray diffrac-
tion results indicate that the high quantity of PANI into ZnO system reduces the crystallite size and also the
crystallinity of the materials. On comparing with the other prepared materials, PZ1.5 illustrated higher degrada-
tion of methyl orange and methylene blue. The reason for high catalytic activity and their mechanism of visible
light activities were discussed in this paper.
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1. Introduction

At present, the investigators are focusing numerous studies on nano
semiconductor catalysts due to its exciting properties in several applica-
tions [1–4]. Goesmann et al. has explained that the nano materials
express smaller size, larger surface area and fascinating quantum de-
pendent properties which are entirely different from bulk materials.
Therefore, the nanomaterials exhibit unbelievable efficiency for differ-
ent applications [5]. Between other semiconductors, the large energy
gap semiconductors like titanium oxide (TiO2), cerium oxide (CeO2)
and zinc oxide (ZnO) show excellent results for various applications
like sunscreen, paints, solar cells, antibacterial activity, photocatalyst,
biosensor, gas sensor and so on [6–8]. For commercial consideration,
ZnO is superior than other two semiconductors since it is too inexpen-
sive. However, ZnO is restricted in degrading contaminants under visi-
ble light due to insufficient energy of their large band gap [9–13].
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Nowadays, the ecosphere is facing a challengeable assignment for
inefficient energy and environmental pollutions [14–15]. This is very
significant and hot topic for the researchers in these days. Different
kinds of polluting proxies present in the surrounding due to huge pop-
ulation leads numeral industrial unit, vehicles and so on. In some cir-
cumstances, untreated harmful chemical waste water directly spoils
the fresh water sources that extent variety of health dangers to
human life [14–16]. In the current development, the investigators uti-
lize themetal oxide nanoparticles for waste water treatment by several
chemical and bio techniques [16]. The photocatalytic approach is the
best opted way to decrease the impurities present in the water under
various wavelengths of light irradiation [17–19]. This process is a
unique way of handling waste products, since it needs smaller amount
of catalysts and generates almost zero or very less harmful by-products
[17–19].

Generally, the ZnO based hybrid nanocomposite materials such as
ZnO/metal, ZnO/metal oxide and ZnO/polymer show visible light
photocatalysis, because of the intermediate states present in the nano-
composite which absorbs visible light that prompts electrons and
holes during the photo reaction [9–13,20,21]. Recently, we reported
that ZnO combinedwith CdO, CuO, CeO2 andMn2O3 can effectively pre-
vents electron-hole recombination and this allows extending the degra-
dation of pollutants from UV to visible light, because of its synergetic
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Fig. 1. XRD patterns of (a) ZnO, (b) PZ1, (c) PZ1.5 and (d) PZ2.
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effect between the two semiconductors [10–12,22]. On the other hand,
the surface defect induced ZnO/Ag (metal) system inhibits electron-
hole pairs during the photocatalytic process, which led to improve the
efficiency of MB degradation in 2 h under visible light [9]. Further,
polyaniline (PANI) is one of the best conductive polymers due to –NH-
groups present in the chain. The PANI holding wide-ranging of applica-
tions like supercapacitors, sensors, batteries and organic coating
prevent the corrosion and so on, since it has high stability and conduc-
tivity [23–26].

The objective of the presentwork is to reduce the band gap of ZnOby
adding different mole ratios (1M, 1.5 M and 2M) of PANI and was syn-
thesized by simple precipitation followed by sonication. The change of
structural andmorphological observation of pure ZnO andmodification
of PANI/ZnOwere investigatedwith the use of XRD and TEM results. The
optical bandgap of thematerials were determined by Tauc plot based on
UV–Vis absorption results. The prepared catalystswere examined to de-
grade methyl orange (MO) and methylene blue (MB) dyes. Moreover,
the photocatalytic results and their mechanism are discussed in detail.

2. Experimental

2.1. Materials

The photocatalytic degradation of methyl orange (MO) and
methylene blue (MB) dyes for the synthesis of pure ZnO and
polyaniline (PANI), the required chemicals zinc acetate dihydrate
(Zn(CH3COO)2·2H2O), diethylene glycol, ammonium peroxydisulphate
(APS) and sodium hydroxide (NaOH) were purchased from Sigma-Al-
drich. These chemicals were used without any further purification. All
the aqueous solutions were prepared using double distilled water.

2.2. Pure nano ZnO preparation

The nano ZnO was prepared by several procedures [27]. When
compared with the other methods, precipitation method is simple, in-
expensive and the duration of synthesis is less and cost effective [27].
Primarily, 0.1 mol of zinc acetate dihydrate was dissolved in 500 ml of
double distilled water under vigorous stirrer at 600 rpm. Then
0.05mol of sodiumhydroxidewas added slowly into the initial solution.
Simultaneously, the pH of the solution was maintained between 7
and 8. The persistence of the above step explained that when
Zn(CH3COO)2·2H2O reacts with NaOH, precipitate of zinc hydroxide
was obtained. Then the precipitation powder was washed several
times, filtered, and then dried at room temperature. The collected pow-
der was calcined at 400 °C for 1 h due to the removal of hydroxide and
the formation of zinc oxide.

2.3. PANI/ZnO nanocomposites preparation

For the preparation of nanocomposite, 0.5 M of diethylene glycol so-
lution was mixed with 1.0 g of ZnO nanoparticles (prepared by the
above procedure) and the solution was sonicated (~42 kHz). Then
different mole ratios of (1 M, 1.5 M and 2 M) polyaniline were mixed
with 0.2 M of ammonium peroxydisulphate (APS) under vigorous stir-
rer at 600 rpm for 2 h. This polymerization solution was added drop
wise into the diethylene glycol/ZnO solution. The resulting mixture
was sonicated overnight. Finally, the sample was recovered and follow-
ed by filtering, washing, and finally drying at 50 °C for 10 h under
vacuum condition. The synthesized samples were labeled for easy iden-
tification as PZ1, PZ1.5 and PZ2 respectively.

2.4. Photocatalytic activity

The prepared pure ZnO and the different mole ratios of PANI/ZnO
nanocomposites system were used in degrading MO and MB solution
under visible light condition. The procedure of the photoreaction was
described in our previous reports [9–13,28,29]. Thewhole photocatalyt-
ic reaction was maintained at a constant temperature of 25 °C with a
projection lamp (7748XHP 250 W, Philips) fitted in the photo reactor
for the source of visible light irradiation. Primarily, 100 mg of the syn-
thesized catalyst was mixed with 100 ml of dye solutions (initial con-
centration) in a 500 ml cylindrical beaker covered by circulating
K2Cr2O7 solution to avoid exposing UV radiation. Under dark condition,
the mixture of reaction suspension was vigorously stirred for 30 min to
establish adsorption/desorption equilibrium condition. The solution
mixture was irradiated at uniform time interval. The irradiated solution
was collected, then the catalysts were separated by centrifugation and
filtration. Finally, the absorption spectra of initial and uniform time in-
terval of the irradiated solution were found out by UV–vis absorbance
spectroscopy.

η ¼ 1−
C
C0

� �
� 100 ð1Þ

where, η is the degradation efficiency, C0 and C are the concentrations of
the dye solution before illumination (t = 0) and after illumination of
light for ‘t’ minutes, respectively.

2.5. Characterization details

The crystal structure and crystallite size of the synthesizedmaterials
at room temperature was determined by X-ray diffraction using a
D5000 diffractometer (Siemens, USA) with CuKα1 (λ=1.5406 Å) radi-
ation. The morphology and size of the synthesized materials were con-
firmed by transmission electron microscopy (TEM, Tecnai G2 20
S-TWIN, FEI Netherlands). The specific surface area of the catalysts
was calculated using Brunauer–Emmett–Teller (BET, Micromeritics
ASAP 2020, USA) equation. The band gap (Tauc plot) and the photocat-
alytic activity weremeasured by using a UV–Visible spectrophotometer
(Perkin Elmer Lambda 35, USA).

3. Results and discussion

In this work, the properties of synthesized pure ZnO and the differ-
ent mole ratios of PANI/ZnO photocatalytic materials were optimized
by different techniques. Finally, the photocatalytic ability of the mate-
rials was found by the degradation of MO andMB solution under visible
light irradiation.

The crystallite size and structure of the prepared materials were an-
alyzed by XRD. Fig. 1(a) illustrates the pure ZnO material shows very
sharp peaks compared with PANI/ZnO (Fig. 1 b to d) nanocomposite
system. All the hkl planes and 2ϴ values are agreed with the JCPDS



Table 1
Crystallite size, BET surface area, TEM particle size and band gap of the synthesized pure
ZnO and different ratio of PANI/ZnO photocatalysts.

Samples
Crystallite
size D (nm)

BET surface
area (m2/g)

TEM PARTICLE
SIZE (NM)

Band gap based on
Tauc polt (eV)

Pure ZnO 24.6 43.3 28 3.21
PZ1 20.3 44.2 25 2.99
PZ1.5 14.6 46.5 15 2.67
PZ2 9.8 47.8 Agglomeration 2.59

Fig. 3. UV–vis absorption spectrum of (a) ZnO, (b) PZ1, (c) PZ1.5 and (d) PZ2.
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card number 79-0205. Scherrer formula was used to determine the
crystallite size (D) of the synthesized catalyst [30].

D ¼ kλ=βcosθ ð2Þ

where k is the shape factor (0.89), λ is the wavelength of X-ray
(1.5406 Å), β is the line broadening at full width at half maximum
(FWHM) in radians, and θ is the Bragg's angle.

Table 1 shows the values of the crystallite size of the synthesized
photocatalysts. The PANI/ZnO nanocomposites revealed broad and low
intensity peaks that signifies the indication of smaller size and possess
low crystallinity nanocomposites. The declaration was promised with
the previous reports [21,25–27,31–33]. The nanocomposite materials
express low crystallinity and small size because of the intermolecular
interaction between conducting PANI and ZnO nanoparticles [21,25,
26]. From the XRD results, the nanocomposite materials exhibit smaller
size that promotes high surface area which was confirmed by BET anal-
ysis and the results of BET specific surface areas are also tabulated in
Table 1. The specific surface area of PANI/ZnO nanocomposites has in-
creased because of the synergistic effect between PANI and ZnO nano-
particles which lead to the small size of nanocomposites [21,25,26].

The shape and size of the prepared catalysts were scrutinized by
TEM images. Fine spherical shaped ZnO nanopartilces are obtainable
Fig. 2. TEM images of (a) ZnO, (b
in Fig. 2(a). The nanocomposites system clearly specifies that the ZnO
nanoparticles are embedded in the PANI matrix, which was evidently
shown in Fig. 2(b) to (d). When increasing the PANI quantity into ZnO
nanoparticles, it gets dispersed and gives more aggregation, because of
the intermolecular interaction between PANI and ZnO nanoparticles
[21,25,26,31–33] which were evidently shown in Fig. 2 (d). This state-
ment coincides with the previous literatures [21,25,26,33]. The particle
sizes of the synthesized materials were determined and the values are
presented in Table 1.

The band gap property of the synthesized catalysts was evaluated
using Tauc plot established on UV–vis absorption spectra and their cor-
responding plots are shown in Fig. 3. From Fig. 3, it seems that the ab-
sorption edge of the nanocomposites is in the red region, which
means higher wavelength that represents visible region than that of
pure ZnO nanoparticles that shows lower wavelength. The band gap
values were calculated using Tauc plot and the values are tabulated in
) PZ1, (c) PZ1.5 and (d) PZ2.



Table 2
MO and MB degradation efficiency and first order rate constant (k) values of all the pre-
pared samples.

Samples

MO degradation
rate (%) in
180 min

First order rate
constant k (MB)
10−2 min−1

MB degradation
rate (%)in
180 min

First order rate
constant k (MB)
10−2 min−1

Pure ZnO 4.6 0.013 6.6 0.015
PZ1 69.8 0.607 74.6 0.674
PZ1.5 98.3 2.325 99.2 2.575
PZ2 24.7 0.226 39.7 0.227

Fig. 4.Time course degradation curves forMOusing (a) ZnO, (b) PZ1, (c) PZ1.5 and (d) PZ2
catalyst under visible light.
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Table 1. The band gap value of the PZ2 nanocomposite is small when
compared with other PZ1, PZ1.5 and ZnO catalysts. This result was in
agreement with the previous reports [21,25,26]. Hence, the UV–vis ab-
sorption result evidently signified that the synthesized nanocomposite
absorption is in the visible region of the electromagnetic spectrum.
Therefore, we have concluded that because of the strong absorption in
the visible region, it is predictable that the prepared nanocomposite sys-
tems might be photocatalytically active under visible light irradiation.

3.1. Degradation of MO and MB under visible light

The core part of this work is the photocatalytic degradation process
that implicates under visible light irradiation using the prepared nano-
composite systems. The synthesized samples are employed for the
degradation of MO and MB solution and their corresponding time de-
pendent degradation curves which are represented in the Figs. 4 and 5.

The photocatalytic degradation efficiency of synthesized catalysts
was determined by using Eq. (1) and their resultant percentage are
listed in Table 2. The first order rate constants (k) of the photocatalytic
reactions were calculated from the following equation:

k ¼ ln C=C0ð Þ=t ð3Þ

where C0 and C are the concentrations of model dyes at the irradia-
tion time 0 and t min.

The first order rate constant (k) value of the prepared samples
(Table 2) evidently exposed that MB has degraded much more rapidly
than that ofMO degradation due to its simple structure [13]. On relating
the result of degradation rate in both cases, PZ1.5 shows good efficiency
under visible light.
Fig. 5.Time course degradation curves forMBusing (a) ZnO, (b) PZ1, (c) PZ1.5 and (d) PZ2
catalyst under visible light.
Additionally, recycling process permits in finding out the stability
and reusability of the nanocomposite materials. Fig. 6 shows the
recycling ability of PZ1.5 nanocomposite. After undergoing recycling
process of MO for three times under visible light irradiation, very slight
variationwas found. Thus, it was concluded that the nanocomposite ex-
hibits good stability and reusability for thephotocatalytic degradation of
MO dye under visible light irradiation.

The PZ1.5 nanocomposite system displays superior degradation effi-
ciency due to better crystallinitywhen comparedwith PZ2. In themean-
time, the higher percentage PANI shows aggregation of particlewhich is
another essential factor to reduce the degradation efficiency for PZ2 [27,
34]. The illustration of schematic diagram (Fig. 7) symbolized the pho-
tocatalytic mechanism of the PANI/ZnO system.

When the photo (light) falls on the nanocomposite catalytic surface,
the intermolecular interaction between conducting polymer PANI and
ZnO occurs. The presenting PANI is excited in this system for π → π⁎
transition and produced electrons [21,25,26,35]. The excited electrons
are transferred to the conduction band of ZnOwhich stimulates oxygen
to give superoxide radical ion O2•− and consequently, the hydroxyl rad-
ical OH•. These radicals are more responsible for the degradation of MO
[21,25,26,35]. For this reason, these nanocomposite systems exhibit
photocatalytic activity of MO under visible light compared to pure
metal oxides nanoparticles system. Hence, we finally conclude that
the nanocomposite PZ1.5 material shows superior activity, because of
its crystallinity and intermolecular interaction between conducting
PANI and ZnO nanoparticles.
4. Conclusion

In this work, we effectively synthesized PANI/ZnO and pure ZnO by
precipitation followed by sonication. The bandgap of the nanocompos-
ite materials was displayed in the visible region which was established
by UV–vis absorption spectroscopy. The nanocomposite PZ1.5 material
shows superior activity because of its crystallinity, less aggregation of
particles and intermolecular interaction between conducting PANI and
ZnO nanoparticles. These are confirmed through TEM, XRD and BET
techniques. The stability and reusability of the photocatalysts were
Fig. 6. Recycling ability of PZ1.5 nanocomposite for degrading MO under Visible light
irradiation.



Fig. 7. Photocatalytic mechanism of PANI/ZnO system.
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also found quite high. These results suggest that in future PANI/ZnO
nanocomposite could be used for environmental remediation.
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