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Abstract

Herein, we present a novel acid-less synthetic approach for in-situ polymerization of aniline
synchronized with reduction of graphene oxide to graphene. This method provides uniform
deposition of ordered polyaniline nanotubes over the surface of graphene nanosheets. The
synthesized graphene-polyaniline nanocomposite has the ability of complete removal of harmful
dyes commonly used in industry: such as methyl orange, methylene blue, and rhoadmine B from
the waste water under the exposure to natural sunlight. The system can be used as an efficient
solar energy operated photocatalyst due to effective suppression of recombination of the charge
carriers. The unique spatial structure of the graphene-polyaniline nanocomposite has high
chemical stability, can be recycled after photolysis, and allows using in multiple cycles without
reduction in its photocatalytic activity. In addition, the graphene-polyaniline nanocomposite
exhibits strong near-infrared (NIR) absorption, good photothermal stability, as well as shows
substantial thermal energy generation under exposure to 808 or 980 nm NIR lasers. The electrical
conductivity of polyaniline nanotubes is improved as a result of their conjugation with graphene
nanosheets in the nanocomposite. Owing to its outstanding photocatalytic activity and chemical
stability, the reported graphene-polyaniline nanocomposite has a great potential in purification of
industrially generated waste water.

Graphical Abstract

A novel acid-less synthetic approach has been reported for in-situ polymerization of aniline and
synchronized reduction of graphene oxide to graphene. This method provides uniform deposition
of ordered polyaniline nanotubes over the surface of graphene nanosheets. Thus generated
graphene-polyaniline nanocomposite has the ability of complete removal of industrially popularly-
used harmful dyes such as methyl orange, methylene blue and rhoadmine B from waste water
under the exposure to natural sunlight.
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1. Introduction

In the recent years, lot of research has been devoted to address the issues of energy shortage
and environmental pollution. A promising way of overcoming the existing barriers in the
field is an efficient utilization of the solar energy [6,7]. In this context several new
promising photocatalysts were suggested and tested recently for their catalytic activity [1-
5]. Sunlight driven photocatalysis, in general, has a prominent ability in utilization of the
solar energy conversion and environmental remediation. Yet now, the overall photocatalytic
efficiency of the existing photocatalysts is too low for commercial applications. In addition,
current photocatalysts suffer from a slow electron transfer rate and relatively fast charge
recombination process. It is highly desired to explore and develop new photocatalysts with a
higher quantum yield. Among the so far investigated photocatalytic materials, polyaniline
(PANI) is an important compound owing to its good stability, corrosion protection property
and low toxicity [8]. Furthermore, PANI with an extended n-conjugated electron system
exhibits great potential in the field due to its high absorption coefficient in the visible range
of light and high mobility of charge carriers [9,10]. In addition, PANI is simultaneously a
good electron donor and excellent hole acceptor material under photo illumination [11].

However, apart from above mentioned benefits, the catalytic activity of PANI has hindered
from fast recombination of charge carriers generated during photolysis. In order to inhibit
the recombination of photo-generated electron-hole pairs, various approaches can be
considered. Among those, possible conjugation of PANI with graphene (GR) has received
special attention due to the superior electron mobility (2x10° cm2/V s) and high specific
surface area (2600 m2/g) of the latter [12]. Owing to its high electron mobility, GR quickly
accumulates photo-generated electrons from the PANI thus reducing the probability of the
electron-hole pair recombination. At the same time, high surface area of GR facilitates better
adsorption of pollutants at the surface of the photocatalyst. Moreover, the presence of the
GR phase promotes better dispersion of PANI in the composite thus increasing its
photocatalytic efficiency. It can be identified that the GR acts as an electron acceptor in the
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nanocomposite because of its two-dimensional w-w conjugation, which reduces the
recombination rate of charge carriers and ultimately enhances the performance of the
photocatalyst [13]. In consideration of the synergistic effect between GR and PANI Ameen
et al. have studied degradation of bengal rose dye using a PANI/GR photocatalyst. They
have found that about 56% of the dye has been degraded during three hours of
photoillumination [14]. Zhang et al. have prepared the hierarchical nanocomposites of PANI
nanorods and graphitic carbon nitride sheets and used them to trigger degradation of
methylene blue and methyl orange [10]. As reported the complete degradation of methyl
orange occurred within the first 25 minutes and about 79% of methylene blue has been
degraded within 30 minutes of illumination. So far reported synthetic approaches for
preparation of graphene-polyaniline (GR-PANI) nanocomposites required usage of some
acids, which is in contradiction with modern “green chemistry” approaches. In our paper, we
report on an alternative benign synthetic way for the GR-PANI nanocomposites preparation.

As discussed in previous publications possible means for the enhancement in the
photocatalytic activity of GR based composites include: 1) increase of the material’s ability
for sorption of pollutants, 2) broadening of the light absorption range, and 3) optimization of
the trapping and shuttling of the photogenerated electrons [15-20]. In addition, the GR
component was reported to possess a strong photothermal effect (PTE), which may also be a
key factor in the enhancement of the photocatalytic activity of GR based composites.
However, till now this possibility has not been explored.

Recently, the photothermal therapy (PTT) method has been introduced as a valuable and
increasingly recognized alternative in medical cancer treatments [21-24]. The method uses
near-infrared (NIR) laser light to generated heat and destroy tumor cells in vivo. Compared
to traditional therapeutic treatments, the PTT shows a minimal invasive nature and improved
selectivity since only the lesion that is exposed to the light is treated, while other tissues
(which are not exposed to laser radiation) are not affected. In the PTT treatment, the applied
photothermal agent should be able to generate a sufficient heat or thermal energy under the
laser light exposure in order to destroy cancerous cells and so the success of the treatment
depends entirely on the PTE property of the material being used. The GR component of the
photocatalyst should be able to generate enough thermal energy for thermal degradation of
pollutants in a steady state regime under continuous photo-illumination when the
temperature of the reaction mixture remains nearly constant. This effect restricts also
recombination of the photogenerated charge carriers and significantly enhances the
photocatalytic activity of the catalyst.

In this work, we suggest a novel, acid-less method for the preparation of GR-PANI
nanocomposites with enhanced photocatalytic activity. This process provides the route for
in-situ reduction of graphene oxide (GO) to GR coupled with synchronous polymerization
of aniline. The latter process results in a uniform deposition of ordered PANI nanotubes over
the surface of GR nanosheets. Thus constructed GR-PANI nanocomposites have been
studied using various experimental techniques including testing their electrical,
spectroscopic properties, photocatalytic activity, and PTE. The catalytic activity of GR-
PANI nanocomposite has been evaluated by the process of degradation of several
industrially versatile and harmful dyes viz., methyl orange (MO), methylene blue (MB) and
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rhodamine B (RhB) by exposing them to a natural sun light. Furthermore, we report on the
PTE effect in GR-PANI nanocomposites, which has been explored when aqueous
dispersions of the GR-PANI material were exposed to 808 or 980 nm NIR laser light.

2. Experimental

2.1. Materials

All the reagents were purchased from Aldrich and used without further purification unless
otherwise noted and aniline was distilled under reduced pressure prior usage. Aqueous
solutions were prepared using ultra-pure water obtained from Milli-Q Plus system
(Millipore).

2.2. Preparation of GO

GO was prepared from graphite powder according to the Hummers and Offeman method
with slight modifications [25]. In a typical procedure, 1 g of graphite powder (<20 pm,
Aldrich) was added to 40 mL concentrated H,SO,4 and stirred for 1 h under ice-cooling
condition. Then, 15 mL fuming HNO3 was slowly added and stirred the mixture for 30 min.
To this, 5 g of KMnO,4 was gradually added with stirring and cooling and the resulting
mixture was stirred at room temperature for 12 h followed by addition of 150 mL DI water.
After stirring the mixture for 30 mins, 30 mL of H,0, (30%) was slowly added, which
turned the color of the reaction mixture to bright yellow. The resulted mixture was
centrifuged and washed with 1:10 HCI in water solution in order to remove metal ions.
Further, the mixture was washed with DI water until complete removal of the acids and thus
obtained dark-yellow colored GO was dried under vacuum at 40 °C for 12 h. The drying
process of GO was carried out at lower temperature in order to avoid its deoxygenation.

2.2. Preparation of GR-PANI nanocomposite

In a typical synthesis, 50mg of GO was dispersed in 25 mL DI water by ultrasonication for
10 mins and 7 mmol of aniline was added to it. The resulted mixture was stirred at room
temperature for 10 min and further stirred for 30 min under the temperature of 0-5 °C. Then,
7 mmol aqueous solution of ammonium persulfate was added to the mixture in one portion.
The resulting solution was stirred for another half a minute to ensure complete mixing, and
the reaction was allowed to proceed under static condition for 12 h by maintaining the
temperature between 0-5 °C. Thus prepared GR-PANI nanocomposite was washed with DI
water and dried under vacuum at 50 °C for 12 h. The overall procedure for the preparation
of GR-PANI nanocomposite is schematically depicted in Fig. 1.

2.3. Synthesis of PANI nanotubes

The PANI nanotubes were synthesized according to the procedure depicted above for the
preparation of GR-PANI nanocomposite without use of GO.

2.4. Photocatalytic activity

The photocatalytic activity of GR-PANI nanocomposite was evaluated by the degradation
efficiency of MO, MB and RhB under exposure to natural sunlight. All the photocatalytic
experiments were performed under exposure to direct sunlight during June between 1 pm
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and 4 pm. During the photolysis, the average intensity of sunlight was measured using Light
Meter (LX1010B), which was found to be 700-800 W/m?2. The photocatalytic process was
performed in natural atmosphere, without any external source of aeration. In each
experiment, 10 mg of catalyst was suspended in 100 mL aqueous solution of MO, MB or
RhB (10 mg/L). This suspension was magnetically stirred in dark for 30 min in order to
establish adsorption/desorption equilibrium of MO, MB and RhB molecules on the surface
of the catalyst. Then, it was transferred to a double walled quartz photocatalytic reactor with
water circulation facility to maintain the reaction mixture at room temperature. The
suspension was then exposed to natural sunlight under constant stirring. At a given interval
of time, 5 mL of suspension was taken out, centrifuged and the concentration of MO, MB
and RhB was analyzed by measuring its absorbance using UV-vis spectrophotometer.
Further, the normalized concentration of MO, MB and RhB after photolysis was calculated
as C/Cy, where Cq is the initial concentration of MO, MB and RhB and C is the
concentration of MO, MB and RhB measured after exposure at a particular interval of time.

2.5. Photothermal effect

To investigate the PTE of GR-PANI nanocomposite, 808 and 980 nm NIR diode laser
systems (Armlaser Inc. USA) with the output power of 2 W/cm? were employed. In each
experiment, 1 mL aqueous dispersions of GR-PANI nanocomposite was transferred into 1 x
1 x 4 cm? quartz cuvette and illuminated using NIR laser. Variation of the temperature
mediated by the exposure to the laser light was recorded using Hanna precision digital
thermometer (Model: HI93510) having a thermocouple immersed in the aqueous dispersions
during the experiment.

2.6. Electrical measurements

Electrical measurements were performed with a two-electrode scheme using the Keithley
2400 multimeter. For the two-electrode scheme, a pair of silver electrodes with a gap of 200
pum between them was deposited on a glass substrate by vacuum thermal evaporation
[26,27]. A 5 wt% aqueous dispersions of GR, PANI and GR-PANI nanocomposite prepared
by sonication were cast on top of the electrode structure and dried before proceeding for
measurements. Variation of the current (I) was then measured as a function of the applied
voltage (V) and the electrical conductivity (o) of the samples was calculated from the slope
of the I-V curves using the relation:

o=LI/VA

where L is the distance between the silver electrodes and A is the cross-sectional area of the

sample (width of the electrodes multiplied by the film thickness). The thickness and width of
the films were measured using AFM technique in accordance with a method reported earlier
[28, 29].

2.6. Characterization

The ATR-IR spectra were recorded using Smiths ChemID diamond attenuated total
reflection (DATR) spectrometer and TGA were performed with a Perkin EImer Diamond
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TG/DTA instrument at a heating rate of 10 °C/min. Powder XRD patterns were recorded on
Scintag X-ray diffractometer (PAD X), equipped with Cu Ka photon source (45 kV, 40 mA)
at scanning rate of 3°/min. SEM measurements were carried out on a JEOL JXA-8900
microscope and Raman spectra were recorded with Renishaw R-3000QE system in the
backscattering configuration using an Argon ion laser with wavelength 785 nm. The UV-vis
absorption spectra were recorded on a Varian Carry 50 Bio UV-vis spectrophotometer and
the photoluminescence (PL) spectra were measured using PerkinElmer LS-45 luminescence
spectrometer. The pH of solutions was measured using Sargent-Welch (pH 8001) pH meter.
The N, adsorption-desorption isotherms were measured by ASAP2020 (Micrometrics,
USA) surface area analyzer at 77 K.

and discussion

The ATR-IR spectra of GO, PANI and GR-PANI nanocomposite are shown in Fig. 2. The
spectrum of GO (Fig. 2a) displays a broad band at 3395 cm™ corresponding to -OH
stretching vibrations and a band at 1719 cm™1 owing to C=0 stretching vibrations in
carboxylic acid and carbonyl moieties. The bands exhibited at 1619 and 1377 cm™! are
ascribed to skeletal vibrations of unoxidized graphitic domains and O-H deformations of the
C-OH groups, respectively. The band corresponding to stretching vibrations of alkoxy C-O
groups is observed at 1039 cm~1. While the broad band which appears at 3227 cm™! (Fig.
2b) can be attributed to the N-H stretching mode, the bands located at 1570 and 1487 cm™1
are ascribed to the C=C stretching deformation of quinoid and benzenoid rings, respectively
[28,30]. The bands displayed at 1286 and 1113 cm™1 correspond to C-N stretching
vibrations of the secondary aromatic amine and aromatic C-H in-plane bending,
respectively [31,32]. The bands at 801 and 694 cm™! are due to aromatic C-H bending and
aromatic ring bending. All the characteristic bands, which appear for the PANI sample (Fig.
2b), also can be seen in the spectrum of the GR-PANI composite (Fig. 2c) that confirms
formation of the PANI in the nanocomposite. The characteristic band observed at 1570 cm™1
(Fig. 2c) is attributed to the skeletal vibration of GR, which is overlapping with the C=C
stretching of quinoid rings of the PANI. However, the characteristic absorption bands of GO
are absent in the spectrum of GR-PANI nanocomposite indicating its successful reduction to
GR. Owing to strong interaction existing between PANI and GR nanosheets, the
characteristic bands of PANI have an obvious red shift in the spectrum of the GR-PANI
nanocomposite. The spectral red-shift phenomena observed in the spectrum of GR-PANI
nanocomposite resulted from m-7 interaction and hydrogen bonding between GR nanosheets
and the PANI backbone [33].

Fig. 3 shows the FESEM images of GO, PANI and GR-PANI nanocomposites. GO surface
displays the typical layered sheet morphology with an average sheet thickness of several
hundred nanometers (Figs. 3a and b). Also, Figs. 3a and b demonstrate effective exfoliation
of the GO nanosheets and their porous structure generated by opening of planar carbon
networks wedged at the edge surface of the crystallite by the oxidation process. The surface
morphology of the deposited PANI layer appears to be uneven with characteristic tube-like
structures about 100 nm in diameter and an average thickness of about 40 nm (Figs. 3c and
d). The GR-PANI nanocomposite exhibits a homogeneous deposition of PANI nanotubes
over the surface of GR nanosheets, which indicates that the aniline monomer has been
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polymerized on the both surfaces of GR nanosheets to form sandwich like structures (Figs.
3e and f). The morphology of PANI nanotubes found in PANI (Figs. 3¢ and d) and GR-
PANI nanocomposites (Figs. 3e and f) is identical. Similarly to the fullerene (Cgg) and
single-walled carbon nanotubes, GR is a good electron acceptor, while the aniline is a good
electron donor [34]. When the aniline monomer is added to the dispersion of GR it absorbs
spontaneously onto the surface of the GR nanosheets owing to the electrostatic attraction.
Following addition of aqueous solution of ammonium persulfate to the dispersion leads to
initiation of the aniline polymerization (“grafting-from” growth from the absorbed sites) on
the surface of the GR nanosheets. In the process of in-situ polymerization of aniline, GR
nanosheets are acting as a supporting material, which can supply a large number of active
sites for the nucleation of PANI, thus inducing a complete and uniform deposition of PANI
nanotubes over the GR nanosheets. The resulting deposition of ordered PANI nanotubes
over the surface of crumpled GR nanosheets can be obviously seen in Figs. 3e and f. The
homogenous deposition of PANI nanotubes over the GR nanosheets suggests the occurrence
of strong interaction between them. Moreover, existence of single layered GR nanosheets in
GR-PANI nanocomposites is clearly visible.

Fig. 4 shows the XRD patterns of graphite, GO, PANI and GR-PANI nanocomposite. The
inter-planar crystal d-spacing calculated by Bragg’s equation for graphite (Fig. 4a) is found
to be 0.337 nm, while it is larger for the GO sample (0.896 nm) (Fig. 4b). The observed
increment in the d-spacing of GO can be attributed to the existence of various functional
groups such as -OH, -COOH and -CO on the surface of GO nanosheets produced during the
process of their oxidation. Furthermore, the GO displays a diffraction peak at 9.9° which
corresponds to the (0 0 1) crystalline plane. Pure PANI exhibites a sharp peak at 6.5° (Fig.
4c) accompanied by other peaks at 18.5°, 19.8° and 25.8° corresponding to (0 0 1), (0 1 1),
(0 20), and (2 0 0) diffraction planes of the crystalline phase of PANI, respectively [35]. In
the pattern of GR-PANI nanocomposite (Fig. 4d), all the characteristic peaks of PANI are
observed, while the characteristic peak at 25° corresponding to the GR is overlapping with
the diffractions from PANI. The broad nature of the diffraction peaks in GR-PANI
nanocomposite indicates poor ordering of GR nanosheets along the stacking direction,
which implies that the GR-PANI nanocomposite is composed mostly of single or few layer
of GR nanosheets. In addition, the diffraction peak at 9.9° related to GO has not been
observed in GR-PANI nanocomposite showing its successful conversion into GR in
presence of the aniline.

The results of the thermal stability study by TGA technique for GO, PANI, and GR-PANI
nanocomposite are presented in Fig. 5. All the samples exhibited a minute weight loss below
100 °C due to loss of intercalated water molecules. The GO (Fig. 5a) showed a dramatic
weight loss in the range of 160-200 °C owing to decomposition of oxygen-containing
functional groups. Further, the PANI (Fig. 5b) demonstrated a weight loss in the range of
100-300 °C due to removal of lower oligomers of PANI. When the heating continued
thermo-oxidative decomposition of PANI could be observed between 350 and 600 °C. The
GR-PANI nanocomposite (Fig. 5¢) did not show any significant weight loss below 200 °C
indicating absence of oxygen-containing functional groups and successful conversion of GO
to GR in presence of aniline. Moreover, the thermal stability of GR-PANI nanocomposite
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was found to be higher than for the pristine PANI, which is due to the presence of GR
nanosheets and different structural organization of the PANI phase. The latter has a globular
structure in the pristine form of PANI and some elongated conformation in the GR-PANI
nanocomposite.

The Raman spectra of the GR, PANI and GR-PANI nanocomposite are shown in Fig. 6. The
spectrum of GR (the GR was obtained by the reduction of GO using ethylene diamine
through the method explained in Ref. 36) exhibit two bands located at 1318 and 1577 cm™L.
They can be are ascribed to so-called D-band (or K-point phonons in the Ajq symmetry) and
G-band presenting the vibration of sp? hybridized carbon atoms (the Eog phonons),
respectively [14,37]. PANI Raman spectrum possesses the bands centered at 587, 1159,
1261, 1370, 1475, and 1597 cm™ corresponding to out-of plane of C-N-C torsion, C-H
bending of quinoid ring, in-plane ring deformation, C-N stretching of the bipolaron
structure, C-C stretching vibration of the benzenoid ring, and N-H bending of the
bipolaronic structure, respectively [38]. The spectrum of GR-PANI nanocomposite exhibits
all the characteristic bands displayed in the spectra of GR and PANI. In general, the
spectrum of GR-PANI nanocomposite is nearly a superposition of the spectra of the
individual GR and PANI phases, which indicates presence of both the nanocomposite. In
fact, the vibration bands associated with PANI are strongly modified in the spectrum of GR-
PANI nanocomposite due to the presence of GR. This indicates the occurrence of a strong
interaction between the GR and PANI components. In particular, the band of PANI at 1168
cm1 is red shifted to 1160 cm™ owing to the presence of GR. Such shift is usually
associated with an increase of the bi-polaron segments contribution within the PANI chains
[39]. Additionally, the band at 1255 cm™1 is red shifted to 1218 cm™1, which also proves the
existence of a strong interaction between PANI fragments and the GR nanosheets.

The UV-vis spectrum of GO (Fig. 7a) displays an absorption peak at 229 nm owing to n—n*
transitions of the aromatic C-C bonds and a shoulder around 300 nm due to n—r* transitions
of the C=0 bonds [13]. PANI spectrum (Fig. 7b) shows characteristic peaks at 355, 435 and
870 nm, which correspond to n—7n*, 7 band to polaron band, and w-band to polaron band
transitions of PANI (emeraldine salt), respectively [40-42]. The GR-PANI nanocomposite
(Fig. 7c) has all the above bands of the PANI component present in the UV-vis spectrum
(Fig. 7b). In addition, a weak peak at 277 nm corresponding to n—7* transitions of the
aromatic C-C bonds in GR can be clearly seen. The absorption peak of GO at 229 nm (Fig.
7a) is red shifted to 277 nm in the GR-PANI nanocomposite (Fig. 7c). This observation is
consistent with the absorption of aqueous dispersion of stable GR nanosheets and suggests
that the electronic conjugation within the GR nanosheets has been restored after reduction
from GO to GR in the GR-PANI nanocomposite [13,43].

Photoluminescence spectroscopy can be used to evaluate the separation efficiency of the
photogenerated electron-hole pairs. The PL emission spectra of GR, PANI and GR-PANI
nanocomposite have been obtained with the excitation at 350 nm and are shown in Fig. S1.
The PANI displays the emission band at 417 nm in a blue region due to benzenoid/amine
groups of the oxidized/reduced PANI [14]. This characteristic band of PANI is exhibited
also in the GR-PANI nanocomposite at 419 nm. Further, it is observed that the PL intensity
of GR-PANI nanocomposite is lower than that of PANI and GR. The reduction in the PL

Appl Catal B. Author manuscript; available in PMC 2017 June 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neelgund et al.

Page 9

intensity indicates a high separation rate for the photogenerated electron-hole pairs in this
material. This observation demonstrates that the GR-PANI nanocomposite is capable to
suppress the recombination process of photogenerated charge carriers in an effective
manner.

The specific surface area of the samples under study was characterized with N, adsorption-

desorption isotherms (Fig. S2). The isotherms belong to so-called type 1V ones according to
the IUPAC classification [44]. The observed hysteresis in the adsorption-desorption curves

demonstrates that GR-PANI nanocomposite possess a mesoporous structure.

The photocatalytic activity of GR-PANI nanocomposite has been evaluated by the
degradation of MO, MB and RhB dyes in water under illumination with natural sunlight.
The degradation efficiency of GR-PANI nanocomposite was further compared with the
activity of GR and PANI. Figs. 8(a), (b) and (c) show the absorption spectra of the dyes after
their partial sunlight decomposition in presence of the GR-PANI nanocomposite. The
quantity of dye degraded in presence of GR-PANI nanocomposite has been measured by the
relative intensity of a characteristic absorbance maximum in their UV-vis spectra. The
reduction in the optical absorption observed in Figs. 8(a)—(c) reveals an effective
degradation of MO, MB and RhB over the surface of GR-PANI nanocomposite.
Disappearance of the characteristic absorption peaks demonstrates complete degradation of
these dyes owing to a significant photocatalytic activity of the GR-PANI nanocomposite.
Nowadays the treatment of the azo dyes present in the wastewater remaines a serious
technical problem. In consideration of this critical need, we have evaluated the degradation
rate of MO, MB and RhB over the surface of the GR-PANI nanocomposite. The temporal
evolution of MO, MB and RhB concentration in presence of GR, PANI and GR-PANI
nanocomposite is shown in Figs. 9(a)—(c). The degradation of all dyes was negligible in case
of the absence of any photocatalyst or when the system with the catalyst was not exposed to
light. On the other hand, a complete degradation of MO, MB and RhB dyes occurred in their
water solutions in presence of GR-PANI nanocomposite by their exposure to the sunlight for
40, 140 and 100 mins, respectively. Comparative degradation profiles shown in Figs. 9(a)—
(c) reveal that the photocatalytic proficiency of GR can be significantly improved by its
coupling with PANI. The pH of MO, MB and RhB solutions containing GR-PANI
nanocomposite was found to be 7.8, 6.5 and 7.2, respectively after completion of the
photolysis. Possible photodegradation reactions of dyes over the surface of the GR-PANI
nanocomposite under the sunlight exposure can be expressed as:

PANT 2%, PANI (e~)+PANI (b ")
PANI (h*)+H,0 — *OH
PANI (e )+GR — PANI4+GR ()
GR(e7)+02 — GR+02*~
*OH+°0OH — H504
Ho05+05°*" — "OH+*OH+05
Dye+°*OH — H,0+4CO5+Non toxic products
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For better understanding of the photocatalytic activity of the GR-PANI nanocomposite, the
kinetics of the degradation process of MO, MB and RhB dyes was analyzed using
Langmuir-Hinshelwood (L-H) model, which can be expressed as [45,46],

dC_ = KaC

Cdt " 1+ KaC @

where (—dC/dt) and C are the degradation rate and concentration of dyes, respectively, t is
the reaction or exposure time, k; is the rate constant for the reaction, and Kj is the adsorption
coefficient of the reactant. The initial concentration of dyes used in the reported experiments
was sufficiently low (Cy = 10 mg/L), so that the K,C term became negligible and the
equation (1) could be described with the first-order kinetics. Then, the equation (1) could be
modified using the initial conditions of the photocatalytic procedure, viz., t =0, C = Cy as:

ln[CO/C]:ka,pp -t 2

where Cy is the initial concentration of dye, kapp is an apparent rate constant of the reaction
and t is the time of the sunlight.

Based on the equation (2), the L-H plots could be constructed for the photodegradation
process in the systems, which provided a linear relationship between the dye concentration
and irradiation time (Figs. S3-S5). The linearity of the L-H plots revealed that the
photodegradation of MO, MB and RhB followed a pseudo-first-order reaction kinetics.
Consequently, the apparent rate constants (kapp) evaluated for PANI, GR and GR-PANI
nanocomposite are presented in Table 1. For the GR-PANI nanocomposite, the Kapp values
calculated for MO, MB and RhB have been found to be 0.0259, 0.0717 and 0.0352 min~1,
respectively. Overall, a substantial photocatalytic activity enhancement was found in the
GR-PANI nanocomposite compared to pristine PANI and GR. The excellent photocatalytic
activity observed for GR-PANI nanocomposites has been accounted to a heterojunction
formed by strongly interacting GR and PANI phases. This strong conjugation between the
components radically enhances the rate of photodegradation for the pollutants adsorbed on
the surface of the GR-PANI nanocomposite.

When considering the degradation process in MO, MB and RhB dyes, a considerable
catalytic activity of the catalyst was found in case of MO in comparison to other dye
molecules. MO is an anionic dye and, hence, there is a strong electrostatic attraction
between negatively charged MO molecules and positively charged moieties of the PANI.
This electrostatic interaction is acting as a driving force promoting adsorption of the
molecules at the surface of the GR-PANI nanocomposite [10,47]. In contrast, an
electrostatic repulsion between the cationic dyes (MB and RhB) and positively charged sites
of the PANI can be expected, which restricts the adsorption of these dye molecules on the
catalyst surface. Intense characteristic colors of the MO, MB and RhB dyes originate from
their conjugated structures constituted with aromatic, carbonyl, and azo groups. Hence,
degradation of these dyes occurs through a successful breakage of their conjugation system
in a presence of the GR-PANI nanocomposite.
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It is known that the GR behaves as an electron acceptor and transporter owing to its two-
dimensional m-conjugation structure [48,49]. In the GR-PANI nanocomposite photoexcited
electrons can be transferred from the LUMO level of PANI to the conductive band of the
GR. In this way the GR serves as an acceptor of the photoexcited electrons from PANI and
the charge carriers can be rapidly transferred to the two dimensional planar structure of GR.
Thus transferred electrons can participate in the redox reaction or can be accumulated within
the C—C network of GR without need of any additional electron acceptor [50]. In this
fashion, the recombination of photogenerated electrons and holes is effectively suppressed
leaving more charge carriers to form reactive species, which promotes the degradation of
dyes [13,51]. Based on the above consideration, we can suggest possible mechanism for the
synergistic effect between the GR and PANI phases in the GR-PANI nanocomposite leading
to efficient degradation of pollutants under the sunlight exposure (Fig. 10).

As we know, while evaluating the practical application of a photocatalyst and developing
the heterogeneous photocatalyst for wastewater treatment, its stability and recycling options
are also important. In general, the separation and recovery of suspended photocatalysts is
difficult, while the synthesized GR-PANI nanocomposite could be successfully recovered
after photolysis via a simple centrifugation process. Before its reuse, each time GR-PANI
nanocomposite was washed twice with DI water and dried under vacuum. The recycled GR-
PANI nanocomposite was able to completely degrade the MO dye during five cycles of test.
To identify the stability of the GR-PANI nanocomposite after using it in the photolysis for
five cycles, its XRD pattern was recorded and compared with the one obtained before the
photolysis (Fig. S6). No significant changes in the XRD pattern have been revealed.
Therefore, one can conclude that the structure of the nanocomposite is stable and does not
alter during the process of the photolysis. In general, presence of GR in the GR-PANI
nanocomposite facilitates the absorption of visible light intensity, significantly enhances the
number of surface active sites, and improves its chemical stability.

In order to identify the ability of the nanocomposite to absorb infrared radiation and convert
it into thermal energy aqueous dispersions of the GR-PANI nanocomposite were exposed to
NIR laser source at 808 and 980 nm for 10 and 7 minute, respectively. Temperature
variation in the dispersions was monitored for several concentrations (1, 2 and 4 mg/mL) as
a function of the illumination time. Further, the PTE response for the GR-PANI
nanocomposite was compared with that of GR and PANI. Fig. 11(a) demonstrates
temperature variation profiles for 4 mg/mL dispersions of GR, PANI and GR-PANI under
808 nm light exposure. The GR sample showed temperature rise from 23.6 to 53.6 °C, while
this change for the PANI sample was a bit smaller (from 24.1 to 48.8 °C) after 10 minutes of
an exposure. Under identical conditions, the GR-PANI nanocomposite exhibited
temperature rise from 21.5 to 56.2 degrees. Variation of the temperature for a reference DI
water sample was significantly lower (from 23.5 to 32.4 °C). Therefore, the absolute
temperature rise constituted 30.0, 24.7 and 34.7 °C for GR, PANI and GR-PANI
dispersions, respectively, while in pure water it was only 8.9 °C under the same conditions.
Similar behavior was observed at lower concentrations of the nanoparticles in water viz., 1
and 2 mg/mL (Figs. S7 and S8).
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In addition, the PTE behavior of GR, PANI and GR-PANI nanocomposites was evaluated
by exposing them to 980 nm laser radiation for 7 minutes (Fig. 11b). At the same
concentration of 4 mg/mL, the GR dispersion demonstrated temperature rise from 21.6 to
70.1°C, while it was from 23.0 to 67.0 degrees and from 23.1 to 75.3 degrees, for the PANI
and GR-PANI dispersions, respectively. Hence, the maximal temperature rise of 52.2 °C
was observed for the GR-PANI nanocomposite followed by 48.5 and 44.0 degrees
temperature variation in GR and PANI dispersions, respectively. Under the same conditions
only 14.8°C elevation of the pure water temperature was recorded. Similar behavior was
observed at lower nanoparticle concentrations in the system (1 and 2 mg/mL) (Figs. S9 and
S10).

The reported here PTE results demonstrate a perfect anchoring between the GR and PANI
phases, which enables notable enhancement in the photothermal efficiency in the GR-PANI
nanocomposite. Interestingly, more prominent PTE effect has been observed under the 980
nm laser radiation in comparison to a higher energy 808 nm laser beam (Fig. S11). These
results indicated that the GR-PANI nanocomposite could absorb and convert NIR light to a
substantial amount of heat energy in a concentration dependent manner (Figs. S12 and S13).
To explore photostability of the GR-PANI nanocomposite, we measured its absorption
spectrum before and after the exposure to 980 nm laser. No significant changes in the
spectra were observed (Fig. S14) indicating an excellent photostabiltiy of the material.

In order to understand the underlying mechanism of the observed catalytic activity and of
the PTE phenomenon in the system, we have tested in plane of the film electrical
conductivity of the nanocomposites using a two-electrode scheme [52]. The I-V curves
recorded for GR, PANI and GR-PANI nanocomposite are shown in Fig. S15. A linear (GR)
and quasi-linear (PANI and GR-PANI nanocomposite) current response to the applied
voltage has been observed. As estimated from the 1-V curves, PANI has a relatively low DC
conductivity of 6x107> S cm™2, which is similar to the value reported in the literature
[27,53]. GR exhibits much higher conductivity value of 2x1073 S cm~1. This value is
however lower than reported in literature for GR [54] and pristine graphite [55], which
might be due to a particulate nature of GR and high contact resistance between nanoparticles
in solution cast films used for electrical measurements. GR-PANI nanocomposites are
characterized with the electrical conductivity of 1x10™ S cm™1, which lies in between the
values of PANI and GR. The measured conductivity for GR-PANI nanocomposite
demonstrates that the conductivity of PANI has been increased about 2 times by its
conjugation with the GR nanosheets. It can be speculated that the enhanced electrical
conductivity of the PANI shell is a result of either chemical doping with processing reagents
or electrical doping due the vicinity of the GR-PANI interface.

4. Conclusions

In summary, a novel acid-less method has been developed for the preparation of PANI
nanotubes and their uniform deposition over the surface of GR nanosheets. This procedure
enables in-situ reduction of GO to GR in addition to a synchronized polymerization of the
aniline. The introduction of a PANI shell on the surface of GR nanosheets resulted in the
GR-PANI nanocomposite, which is a promising solar energy driven photocatalyst for
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degradation of industrially versatile harmful dyes, such as MO, MB and RhB. The
synergistic effect between PANI nanotubes and GR nanosheets results in a suppression of
the photogenerated electron-hole pairs recombination and enables more efficient
photocatalytic action. Combination of the PANI nanotubes with GR nanosheets facilitates
the absorption of solar light intensity in a broader range, dramatically increases the number
of surface active sites, and improves chemical stability of the GR-PANI nanocomposites.
Overall, the reported GR-PANI nanocomposite is an efficient reusable photocatalyst suitable
for the removal of harmful pollutants from industrially generated waste water. Moreover, the
developed GR-PANI nanocomposite has a strong absorption ability and can produce a
substantial amount of heat under NIR laser irradiation, which makes it a promising
candidate for some medical applications like photothermal therapy and photoacoustic
imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

Novel acid-less approach for preparation of GR-PANI nanocomposite.

GR-PANI nanocomposite is an efficient sunlight driven photocatalyst.

GR-PANI nanocomposite has removed the harmful dyes completely.
It is a recyclable photocatalyst and able to use for multiple times.

GR-PANI nanocomposite is an excellent candidate of PTE.
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Fig. 1.
Schematic illustration of preparation of GR-PANI nanocomposite.
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Fig. 2.

ATR-IR spectra of (a) GO, (b) PANI and (c) GR-PANI nanocomposite.
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Fig. 3.
FESEM images of (a and b) GO, (c and d) PANI and (e and f) GR-PANI nanocomposite.

Appl Catal B. Author manuscript; available in PMC 2017 June 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Neelgund et al.

Page 21

Intensity (a.u.)

(a)

10 20 30 40 50 60 70
20 (degree)

Fig. 4.
XRD patterns of (a) graphite, (b) GO, (c) PANI and (d) GR-PANI nanocomposite.
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Fig. 5.
TGA profiles of (a) GO, (b) PANI and (¢c) GR-PANI nanocomposite.
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Raman spectra of GR, PANI and GR-PANI nanocomposite.
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Fig. 7.
UV-vis absorption spectra of (a) GO, (b) PANI and (c) GR-PANI nanocomposite.
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Reduction in the optical absorption of (a) methyl orange, (b) methylene blue and (c)
rhodamine B over the surface of GR-PANI nanocomposite at a different time of the

exposure to sunlight.
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Photocatalytic degradation of (a) methyl orange, (b) methylene blue and (c) rhodamine B

over the surface of PANI, GR and GR-PANI nanocomposite.
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Fig. 10.
The proposed mechanism for photocatalytic degradation of pollutants over the surface of

GR-PANI nanocomposite under illumination with the sunlight.
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Fig. 11(b)

Temperature variation of aqueous dispersions (4 mg/mL) as a function of irradiation time
with (a) 808 nm and (b) 980 nm NIR lasers.

Appl Catal B. Author manuscript; available in PMC 2017 June 15.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Neelgund et al.

Table 1

Apparent rate constants calculated by Langmuir-Hinshelwood (L-H) plots.

Apparent rate constant, Kapp (minh

Methylene blue  Methyl orange  Rhodamine-B

GR-PANI nanocomposite  0.0259 0.0717 0.0352
GR 0.0051 0.0107 0.0064
PANI 0.0033 0.0072 0.0041
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