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Highlights

e Simple strategy for synthesis novel carbonized PANI/TiO, hanocomposites

e Carbonization of PANI boost photocatalytic efficiency of PANI/TiO, nanocomposites
e Carbonaceous layer as an excellent electron acceptor reduces e /h* recombination

e Nanocomposite containing 38% of rutile crystalline phase showed maximum efficacy

Abstract

A simple bottom-up method for the preparation of novel and very efficient photocatalytic
nanocomposite system based on carbonized form of polyaniline (PANI) and colloidal TiO>
nanocrystals has been developed. The carbonized PANI/TiO, nanocomposites were synthesized
in a two-step procedure. Firstly, non-carbonized PANI/TiO2 nanocomposites were synthesized by
the chemical oxidative polymerization of aniline (ANI) with ammonium peroxydisulfate, in the
presence of colloidal TiO2 nanoparticles (TiO2 NPs) (d ~ 4.5 nm). Initial [TiO2])/[ANI] mole ratios
were 20, 50, and 80. In the second step, following the polymerization process, the carbonization
of PANI/TiO2 nanocomposites was performed by thermal treatment in an inert atmosphere at 650
°C. The morphological and structural properties of the carbonized nanocomposites were studied
using transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray
powder diffraction (XRD) and Raman spectroscopy. The accomplishment of complete
carbonization of PANI in PANI/TiO2 nanocomposites was confirmed by Raman spectroscopy.



The appearance of anatase and rutile crystal forms in TiO2> NPs upon carbonization, with mass
ratio depending on the initial molar ratio of ANI and TiO> NPs was revealed by XRD
measurements, TEM, SEM and Raman spectroscopy. The photocatalytic activities of carbonized
PANI/TiO2 nanocomposites were evaluated following the photocatalytic degradation processes of
Rhodamine B and Methylene blue. Carbonized PANI/TiO2> nanocomposites showed higher
photocatalytic efficacy compared to bare TiO, NPs and non-carbonized PANI/TIO:
nanocomposites. The porosity and surface structure of carbonized PANI/TiO2 nanocomposites, as
well as crystalline structure of TiO, affect photocatalytic activity of nanocomposites.
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1. Introduction

Nanoparticulate anatase titanium dioxide (TiOz2) has proven as an efficient UV light-harvesting
materials for photocatalytic removal of organic pollutants and to a lesser extent for photocatalytic
water splitting [1]. The widespread use of TiO2 nanocrystals of various crystalline structures and
shapes in photoinduced processes is mainly based on its simple synthesis, low cost, and ability to
resist photocorrosion. However, the fact that TiO> utilizes only ~ 5% of the solar light led to
development of many new strategies for tuning optical response of TiOz in visible region with aim
to increase its photoactivity [2]. On the other hand, similar importance was given to the
photoinduced charge mobility/separation, which must be also improved in anticipation of an
increase of the overall photoefficiency of TiO [2]. One of many reported approaches that can meet
both demands, visible light absorption and non-hindered charge separation in TiOz, is the synthesis
of nanocomposite systems based on electronically coupled conductive polymers (e.g., PANI,
polythiophene, polypyrrole, and their derivatives) and TiO2 [3,4,5]. Namely, moderate to high
mobility of charge carriers in extended m-conjugated electron systems, such as conductive
polymers which are electronically coupled to TiO2, allows for better separation of photoinduced
charges in TiO2 nanocrystals. In general, hybrid functional materials consisting of conductive
polymers and various nanoparticles exhibit some unique properties that usually may not be
observed in the individual components [6-13]. Recently, we reported the simple synthesis of
photocatalytically active PANI/TiO> nanocomposite material, which was tested in
photodegradation reactions of the model compounds Methylene blue and Rhodamine B, and
showed higher photocatalytic efficacy compared to bare TiO2 nanocrystals [14].



Besides the previously mentioned roles of N-containing conductive polymers (PANI or
polypyrrole) in photoinduced charge-transfer processes, they can be also used to produce new N-
containing 1-D nanostructured carbon materials by the carbonization process at high temperature
(500-1050 °C) and in an inert atmosphere [14-22]. Nanocomposites of such N-containing
carbonaceous materials and various inorganic components (metals, oxides) offer additional
possibilities/improvements in various applications [23-25]. The development of carbon-
nanostructure based titania nanocomposites opens the possibility to design the photocatalysts with
tailored properties [26]. For example, N-doped graphene in the photocatalytic metal-oxide based
nanocomposite materials serves as a charge acceptor, due to its two-dimensional n-conjugation
structure [27,28]. Also, N-doping minimizes the defects in graphene structures, such as vacancies
and disrupted in-plane conjugation sites, resulting in more effective charge transfer and
consequently better charge separation in metal oxides [29]. Nanocomposites based on SnO> and
ZnO coated nitrogen-containing carbon nanotubes showed increased photocatalytic activity
toward model molecules, due to suppressed recombination of photogenerated charges in metal
oxides, which is caused by effective transfer of conduction-band electrons to carbon nanotubes
[30,31].

Conventional photoactive nanocomposites based on carbonaceous materials and TiO2
nanocrystals usually were synthesized by demanding methods using expensive equipment or at
high temperature. Generally, in these nanocomposites the nanostructure is not well defined which
induces an unsatisfactory degree of dispersibility and additionally interaction of carbonaceous part
and TiO2 NPs is weak which prevents efficient functionalization of TiO2 nanocrystals [32]. In this
study, photocatalytic performances of carbonized PANI/TiO2 nanocomposites along with their
structural and morphological properties were, to the best of our knowledge, reported for the first
time. Our approach significantly facilitates the synthesis of the very efficient photocatalytic
nanocomposite materials based on carbon structures and TiO2 nanocrystals. In order to explore the
influence of carbonization of PANI on the photocatalytic efficiency of the nanocomposites and
compare it with photoactivities of non-carbonized PANI/TiO2 nanocomposites and bare TiO>
nanocrystals, we have followed degradation processes of model molecules (Methylene blue and
Rhodamine B). Structural (molecular and crystalline) properties were studied by Raman
spectroscopy and X-ray powder diffraction (XRD) in order to test the influence of carbonization

process and amount of PANI on crystalline structure of TiO2 NPs which is of great importance for



the overall photocatalytic activity of nanocomposites. The optical properties were studied by UV-
Vis reflectance spectroscopy while the morphological properties of synthesized carbonized
PANI/TiO2 nanocomposites were studied by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). A significant improvement of photocatalytic activity of
carbonized PANI/TiO2 nanocomposites compared to non-carbonized nanocomposites studied in
our previous work [14] was observed.

2. Experimental

2.1. Materials

All chemicals (Aldrich, Fluka) were reagent-grade and used as-received except aniline (ANI),
(Centrohem, Serbia, p.a. > 99.5%) which was distilled under reduced pressure and stored at room
temperature, under Ar, prior to use. Ammonium peroxydisulfate (APS) (analytical grade,
Centrohem, Serbia) was used as received. Milli-Q deionized water was used as a solvent.

2.2.  Synthesis of colloidal TiO2 NPs

The colloidal dispersion of TiO2 NPs was prepared in a manner analogous to the procedure
proposed by Rajh et al. [33]. The TiCls, cooled to -20°C, was added drop-wise to cooled water (at
4°C) under vigorous stirring and then kept at this temperature for 30 min. The initial pH of the
solution was between 0 and 1 depending on the TiCls concentration. The slow growth of particles
was attained by applying dialysis (three days) against water (changed daily) at 4°C until the pH of
the solution reached 3. The Spectra/Por Dialysis Membrane, MWCO: 3500 (Spectrum
Laboratories, Inc., Rancho Dominguez, CA) was used for the dialysis of the colloidal dispersion.
The concentration of TiO> dispersion was determined from the concentration of the peroxide
complex obtained after dissolving the TiO2 NPs in concentrated H2SO4 [34].

2.3.  Synthesis of carbonized PANI/TiO2 nanocomposites

The carbonized PANI/TiO2 nanocomposites were synthesized in a two-step procedure. The
first step included the synthesis of PANI/TiO. nanocomposites by chemical oxidative
polymerization of aniline by oxidant (APS) in the presence of colloidal TiO2 NPs [14], at room
temperature. The initial [TiO2]/[ANI] mole ratios of synthesized PANI/TiO, nanocomposites were
20, 50 and 80 and the samples are designated in further text as TP-20, TP-50 and TP-80,
respectively. The initial [APS]/[ANI] mole ratio was 1.25. The aqueous solution of APS (0.025 —
0.1 M, 10 ml) and aniline (0.02 — 0.1 mM, 10 ml) was simultaneously poured into the colloidal

TiO2 solution (0.2 M, 80 ml). The amounts of reagents used for the synthesis of TP nanocomposites



are included in Table 1. Due to the relatively low concentration of ANI, the reactions of
polymerization were slow and, for that reason, the reaction mixtures were stirred for 3 days. In
order to remove residual monomer, oxidant, and low-molecular weight fractions, which are formed
during the polymerization process, the post-synthetic dialysis of TP nanocomposites against Milli-
Q deionized water was applied. After dialysis, the nanocomposite samples were dried in a vacuum
oven at 60°C until a constant mass was reached. In the second step, the carbonization of powder
samples of TP nanocomposites in an argon atmosphere was performed by ramping temperature up
from room temperature to 650°C, holding at this temperature for 15 min, and cooling to room
temperature. The 30 min before and during the heating and cooling processes, the samples were
saturated in an argon atmosphere. The obtained materials are code-named by their initial
[TiO2])/[ANI] mole ratio as follows: TPC-20, TPC-50 and TPC-80, respectively.

2.4.  Characterization

Raman spectra of all nanocomposite samples were recorded after excitation by a HeNe gas
laser (at an excitation wavelength of 633 nm) and collected on a Thermo Scientific DXR Raman
microscope, equipped with a research optical microscope and a CCD detector. The laser beam was
focused on the sample placed on an X-Y motorized sample stage using an objective magnification
of 50x. The scattered light was analyzed by the spectrograph with a 600 lines-per-mm grating.
Laser power at the sample was 0.5 mW.

The X-ray powder diffraction patterns (XRD) of nanocomposite samples were obtained by a
Philips PW 1050 powder diffractometer with Ni filtered Cu K, radiation (A=1.5418 A). The
diffraction intensity was measured by the scanning technique (a step size of 0.05° and a counting
time of 50 s per step).

The TiO2 NPs size and the thickness of carbonized PANI layer were determined by
transmission electron microscopy (TEM). TEM images were obtained on a JEOL JEM-2100 LaBs
TEM operated at 200 KeV.

Diffusion reflectance UV-Vis spectra were recorded by UV-2600 Shimadzu
spectrophotometer (Shimadzu Corporation, Tokyo, Japan) equipped with an integrated sphere
(ISR-2600 Plus (for UV-2600)).

The LECO Elemental Analyzer CHNS-628 Model was used for the elemental analysis (N and

C content) of carbonized PANI/TiO2 nanocomposite samples.



Measurements of textural properties (specific surface area, pore size and pore volume) of
nanocomposites were carried out using an automatic sorption apparatus (Sorptomatic 1990
Thermo Finningen). The nitrogen adsorption was performed at -196 °C, with a relative pressure
interval between 0.05 and 0.98. Before each measurement the sample was degassed at 200 °C
under vacuum for period of 4 - 10 h to avoid significant changes in vacuum stability. The adsorbed
amount of nitrogen was measured by volume at standard temperature and pressure. The specific
surface areas (Sger) were calculated by the BET method [35-37], from nitrogen adsorption -
desorption isotherms, using data up to p/po = 0.3. The pore size distribution has been computed
from the desorption branch of the isotherms [37].

The elemental analysis of the surface of carbonized PANI/TiO2 nanocomposites and mapping
of Ti was carried out by a JEOL-6610LV scanning electron microscope, with EDS detector
(model: X-Max Large Area Analytical Silicon Drift connected with INCA Energy 350
Microanalysis System).

The thermogravimetric analysis (TGA) was carried out using TGA701 Thermogravimetry
Analyzer with oxygen purging gas, at a flow rate of 20 ml min~! and at a heating rate of 10 ‘Cmin 2.

2.5.  Photocatalytic activity measurements

The photocatalytic activities of synthesized samples were examined by following degradation
processes of test dye molecules: Rhodamine B (RB) and Methylene blue (MB). The 50 ml of 1 x
10~° molL ! dye aqueous solutions (pH=5.77 for MB, pH=5.34 for RB) were mixed with 1 gL
of the TPC photocatalyst or bare colloidal TiO2 nanoparticles. Prepared dispersions were
continuously stirred and illuminated in air by a lamp that simulated solar irradiation (Osram
Vitalux lamp, 300 W, white light: UVB (280-315 nm) radiated power was 3.0 W; UVA (315-400
nm) radiated power was 13.6 W; the rest were visible light and IR). Optical power was measured
using an R-752 Universal Radiometer, read out with sensor (model PH-30 DIGIRAD) was found
to be ~30 mWcm™ at a distance of 30 cm from experimental dispersion. Before illumination,
dispersions were stirred 30 min in the dark, enabling adsorption-desorption equilibrium. At the
beginning, dispersion sampling (1 mL) is carried out every 5 min during the first half hour of
illumination and thereafter every 30 min until the end of the photodegradation process. The
photocatalyst was separated from the dispersion by centrifugation (12,000 rpm, 20 min). Changes
in the absorbance of dye molecules (RB or MB) in supernatant were measured on Evolution 600

spectrophotometer - Thermo Scientific at A = 554 nm and A = 664 nm for RB and MB, respectively.



3. Results and discussion
3.1. Structural, optical and morphological properties of carbonized
PANI/TiO2 nanocomposites

In order to study the influence of high temperature during the carbonization process on
molecular structure of PANI component, to confirm the presence of TiO2, NPs in TPC
nanocomposites, and to reveal the possible changes in the crystalline structure of TiO2 NPs, Raman
spectroscopy was applied. Raman spectra of carbonized TPC-50 nanocomposite and precursor
non-carbonized TP-50 nanocomposite, for comparison, are shown in Fig. 1.

In the Raman spectrum of TP-50 nanocomposite sample, Fig. 1a, bands characteristic for
emeraldine salt form of PANI are observed at: 1598, 1513, 1345 and 1172 cm[14,38]. The band
at 1598 cm™* can be assigned to the C=C stretching vibrations of the quinonoid rings, and/or C~C
stretching vibrations of the semiquinonoid rings (~ denotes the bond intermediate between the
single and double bond). The band at 1513 cm™* was attributed to the N—H bending vibration of
protonated amine while the band at 1345 cm™ was ascribed to the C~N"* stretching vibration of
polaronic structures [38]. Less intensive band at 1172 cm™ was assigned to the C-H bending in-
plane vibration of semiquinonoid rings in polaronic structures [38]. The bands observed at 1569,
1410 and 617 cm™ in the Raman spectrum of sample TP-50 can be associated with the presence
of substituted phenazine structural units, known to be crucial for the formation of PANI
nanostructures [38-42].

The shoulder at 1633 cm™ corresponds to the C~C stretching vibrations of benzenoid units,
but also there is a possibility for the contribution of substituted phenazine units [38,40]. The
presence of anatase TiO2 NPs in TP-50 nanocomposite sample was confirmed by appearance of
characteristic bands at 155, 421 and 617 cm™ [14,43]. The strong band at 155 cm™* was assigned
to the Eq phonon mode, while the bands at 421 and 617 cm™ are assigned as Big and Eq modes of
the anatase phase, respectively [43-45].

Recently, we pointed out the significance of the existence of phenazine-containing oligoaniline
nucleates for interaction of PANI chains and TiO2 NPs through free-electron coupling on nitrogen
atoms [46]. The protonated oligoaniline nucleates represented the initiation center for further
polymerization process in the presence of positively charged colloidal TiO2 NPs (Ti-OH;") at pH
3 [47]. Graphical illustration for these interactions is given on Fig. 1c.



The Raman spectrum of carbonized nanocomposite sample, TPC-50, is shown in Fig. 1b. The
complex structure of the spectrum, characteristic for nanocomposite before carbonization (TP-50),
completely disappeared. These changes in spectral features indicated significant structural changes
in PANI molecules caused by high-temperature treatment. In the Raman spectrum of sample TPC-
50, two broad bands, at 1584 cm™ and at 1351 cm®, were observed. Band at 1584 cm™, also known
as graphitic, G band, is a consequence of the stretching vibrations of any pair of sp? atoms in both
aromatic rings and chains. The G band is assigned to the Ezq phonon of sp? bond of carbon atoms
[15-22,48,49]. On the other hand, disorder-induced D band at 1351 cm™ was assigned to the
breathing vibrations of sp? sites only in six-fold aromatic rings, not in chains [48,49] and A1y mode
[50]. It is well known that perfectly ordered single-crystal graphite shows only the G band in
Raman spectrum [15-22,49,51]. Degree of disorder of two-dimensional sp? structured
carbonaceous materials could be obtained from the intensity ratio of the D (Ip) and G bands (lg).
Generally, an Ip/lg ratio can be increased in two cases: when the amount of “disorganized carbon”
increases, or when the size of graphite crystallite decreases (followed with a break of the long-size
periodicity) [49,51]. In our case, Ip/lg ratio for TPC-50 was found to be ~2.2, pinpointing the
significant disorder as a possible consequence of the nitrogen and oxygen atoms incorporation in
the carbon sp? network structure and reduced crystallite size [52]. Imperfections in molecular
structure of carbonaceous materials can cause significant changes in their electronic structure, band
gap, work function, optical properties, and conductivity [15]. These changes further have an
influence on photoinduced charge transfer in TPC nanocomposites, i.e., their photocatalytic
activity.

It is known that the carbonization of PANI, in general, causes the appearance of three different
types of N atom-containing functional groups in the resulting structure: pyridine-like (denoted as
N-6), pyrrole-like (N-5) and graphitic (quaternary) N (N-Q), Fig. 1d (marked in red), similar to
nitrogen-doped 1-D carbonaceous nanostructures (e.g. carbon nanotubes, graphene...) [15-22,53].
Also, during the carbonization process, the oxygen containing species (carboxyl group, ketone,
quinone, phenol, pyrene ether, and pyridine oxide) could be created on the surface of carbonized
PANI, Fig. 1d, [15-22,53,54] opening the possibility for more efficient interaction with TiO, NPs
[55-57]. Moreover, Li and coworkers find a possibility for Ti-O-N and Ti—O-C interactions
between TiO2 NPs and N and O atoms in carbonized structures [58].



Taking all these facts into account (changes in Raman spectra (Fig 1b), surface structure of
TiO2 NPs and functionalities of carbonized PANI) the possible interactions between TiO2 NPs and
carbonized PANI in nanocomposites might be presented as in Fig 1d.

During the carbonization of PANI at 650 °C, some changes in the crystalline structures of TiO>
NPs also could be expected [59] and are, indeed, observed. Namely, in the Raman spectrum of
TPC-50 nanocomposite sample, the appearance of the bands at 147 cm™ (Eq phonon mode) and
382 cm (B1g mode) confirmed the presence of anatase crystalline phase [44,46]. Also, the new
bands that appeared at 613, 447, 245 and 147 cm™ can be assigned to Aig, Eg, second-order (two-
phonon) scattering and B1g modes of rutile crystalline phase, respectively, formed by temperature
induced phase transformation in TiO2 component of the nanocomposite [44,45,60,61]. The band
at 147 cmtis formed by mixed contributions of rutile Big mode and anatase Eq mode.

In order to elucidate the changes in crystalline structure of bare TiO> NPs under the same
conditions as in the process of carbonization, the Raman spectrum of bare TiO2 NPs calcined at
650 °C in an inert atmosphere, is measured, Fig. 1b. Strong bands characteristic of the rutile
crystalline phase are easy to observe at wavenumbers 611, 447 and 240cm™?, while there is no
noticeable presence of the most characteristic bands of anatase at 155 and 630 cm™* [43]. This
result revealed the influence of carbonization process and PANI layer on the surface of TiO2 NPs
on the crystalline structure of TiO2, as the Raman spectrum of TPC-50 sample already implied.

Optical properties of TPC nanocomposites and bare TiO2 NPs calcined at 650°C in an inert
atmosphere were studied by UV-Vis spectroscopy in reflectance mode, Fig. 2. Absorption buildup
at 415 nm observed in the reflectance spectrum of calcined bare TiO2 NPs corresponds to band
gap energy of ~3 eV and points to the appearance of rutile crystalline structure. Increase of
absorbance in the visible part of the spectra of TPC nanocomposites is in accordance with the
increase of initial [TiO2]/[ANI] mole ratio. It is known that introduction of the carbon phase into
the TiO2 matrix led to an increase in absorbance in visible spectral region, which is proportional
to carbon content in composite [62]. It was reported that the increase of absorbance could be the
result of an increment of surface electric charge of the metal oxide, due to introduction of the
carbonaceous form in the composite [63,64], or formation of an electronic interaction between the
carbon and metal oxide phases [62,65-67]. The bands which appeared around A=350 nm in
reflectance spectra of TPC nanocomposites are probably related to  electron transition in oxygen-

containing carbonaceous structures, i.e., n — ©* transition of the C=O bond [68]. The observed

10



shifting of their positions could be related to different concentrations of N in TPC nanocomposite
samples [69].

Conventional bright field TEM images of nanocomposite sample TPC-80 at different
magnifications and corresponding selected-area electron diffraction (SAED) pattern are shown in
Fig. 3. The overall increase of dimensions of TiO2 NPs (d ~ 20 nm) after thermal treatment of
nanocomposites at 650°C, in comparison to dimensions of precursor colloidal TiO2 NPs (d ~ 4.5
nm) was observed, Fig. 3a [33-47]. Spotty ring SAED pattern, Fig. 3b, indicated presence of
anatase and rutile crystalline structures in polynanocrystalline TPC-80 sample. Also, uniformly
deposited layer (marked by red lines) of carbonized PANI with a thickness of 0.6-0.7 nm, on the
surface of TiO2 NP is clearly seen in TEM image obtained using higher magnification, Fig. 3c
(marked by arrows). Quantitative analysis of TEM image using fast-Fourier-transform (FFT)
operations, Fig. 3d, revealed lattice spacing value of 0.35 nm characteristic for [101] direction of
anatase TiOz [70].

Unlike the single- and multi-wall carbon nanotubes [15], the carbonaceous layer on the surface
of TiO2> NPs does not possess a high level of structural perfection, which is confirmed by the
obtained Ip/lg ratio of ~2.2. For more detailed examination of the impact of carbonization process
on the crystalline structure of TiO> NPs, TPC nanocomposites were synthesized with three
different initial [TiO2]/[ANI] mole ratios (20, 50 and 80) and XRD measurements were carried
out.

The XRD patterns of precursor colloidal TiO, NPs, calcined bare TiO2, NPs and TPC
nanocomposites are shown in Fig. 4. XRD pattern of colloidal TiO2 NPs confirmed the existence
of homogeneous anatase crystalline phase without peaks that could indicate the presence of a rutile
polymorph of TiO. [43]. Relative broadening of diffraction peaks of colloidal TiO2 NPs, as a
consequence of their dimensions (d ~ 4.5 nm), was observed. On the other hand, in the XRD
pattern of bare TiO> NPs calcined at 650 °C only the peaks characteristic for rutile crystalline
structure of TiO are observed.

According to the XRD patterns, Fig. 4, all TPC nanocomposites had been confirmed to be
primarily a mixture of anatase and rutile crystalline structures. Diffraction peaks located at 26 =
25.4°, 37.8°, 48.0°, 54.5°, 62.2° are characteristic for the (101), (004), (200), (105) and (204) planes
of the anatase phase (JCPDS 21-1272). While, the peaks located at 27.5° 36.1° 54.4° are
characteristic for the (110), (101), (211) planes of the rutile phase (JCPDS 21-1276). Rutile
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crystalline phase appeared in all TPC nanocomposites, independently of the amount of carbonized
PANI. This finding is in agreement with Raman spectroscopy measurements shown in Fig.1 which
implied that carbonization process significantly affecting the primary crystalline structure of TiO>
NPs. The absence of diffraction peaks characteristic for carbonized PANI structures in XRD
patterns of synthesized nanocomposites indicated their low content, which is otherwise expected,
due to low initial ANI/TiO2 mole ratio. Also, the formation of TiN compound in nanocomposite
samples as a result of heating to 650°C was not observed.

The crystalline compositions of TiO2 NPs in TPC-20, TPC-50 and TPC-80 nanocomposites
and bare TiO2 NPs calcined at 650 °C are listed in Table 2. Taking into account that the reaction
conditions during the carbonization process were the same for all synthesized samples, the main
reason for various anatase to rutile ratios obtained in nanocomposites could be found in different
initial TiO2/ANI mole ratios. Such differences probably led toward different thicknesses of
carbonized PANI layer on the surfaces of TiO> nanoparticles, which finally affect heat flow and
the crystalline structure of TiO,. Namely, the lowest percentage of rutile detected in the sample
TPC-20 corresponds to the highest amount of ANI in the initial reaction mixture and the highest
percentage of nitrogen in the sample after carbonization (0.306 % of nitrogen, 1.821 % of carbon,
obtained by elemental analysis). On the other hand, the elemental analysis revealed the lowest
concentration of nitrogen (0.096 %) and carbon (0.970 %) in the sample TPC-50, pointing to the
possibly lowest amount of formed carbonized PANI which can be consistent with the observed
highest percentage of rutile phase (Table 2). In the sample TPC-80 the concentrations of nitrogen
and carbon were 0.218 % and 1.459 %, respectively.

Previous conclusions concerning the influence of carbonized PANI layer on crystalline
structures of TiO2 NPs are in accordance with XRD results on the existence of only rutile
crystalline structure (99 %) in bare TiO2 NPs thermally treated under the same conditions (650 °C,
an inert atmosphere) as the TPC samples (Table 2). Also one should not forget the potential
influence of morphology and molecular structure of PANI in nanocomposites before
carbonization, on the anatase/rutile ratio.

The morphological changes of TPC nanocomposite samples were followed by SEM. SEM
micrographs and corresponding EDS spectra of the TPC samples are presented in Fig. 5. SEM
micrographs reveal that the degree of agglomeration decreases in direction from the sample TP-

20 to the sample TP-80. Elemental mapping of Ti on the surface of TPC samples performed in
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EDS mode confirmed homogeneous distribution of Ti on each tested place. Homogeneous
distribution of Ti implies homogeneous distribution of TiO2 NPs in surface layer of TPC
nanocomposites. Nearly the same weight percentage of Ti in all composites observed in EDS (Fig.
5) is in agreement with the same initial concentration of TiO2 NPs used in the synthesis of each
sample.

TGA (Fig. S1) revealed that the amounts of TiO2 NPs in TPC nanocomposites vary in the range
96 - 98.5 w%, which are in accordance with EDS measurements. Consequently, the content of
carbonized PANI in TPC nanocomposites was in the range 1.5 - 4 w%.

3.2.  Adsorption capacity and photocatalytic activity of TPC nanocomposites

The photocatalytic activities of TPC nanocomposites with different initial TiO2/aniline mole
ratio (TPC-20, TPC-50 and TPC-80) were tested in degradation processes of model molecules MB
and RB in oxygen atmosphere and under white light illumination. In our previous work we have
shown that non-carbonized PANI/TiO2 nanocomposites with TiO2/aniline mole ratio in range from
50 to 150 removed only 20-57% of MB within 6 h of white-light illumination, while the
degradation efficiency of RB was in the range 48-96% for the same period (Fig. S2). It was
expected that carbonization of PANI/TiO2 nanocomposites will improve photoinduced charge
separation, which consequently will lead toward generally a more efficient photocatalytic system.

The TPC nanocomposites contain different adsorption sites for MB and RB molecules, whose
nature and number define the adsorption potential of each of them. In order to analyze the
adsorption process of MB and RB on the surface of TPC-20, TPC-50 and TPC-80 nanocomposites,
adsorption isotherms after 30 min equilibration in the dark were determined (Fig. 6).

Both, MB and RB adsorption isotherms followed the Langmuir model, i.e., the amounts of the
adsorbed dyes increased regardless of which TPC nanocomposites was used [71]. The Langmuir
isotherm constants were obtained for both dyes by the method of the least-squares fitting applied
to the plot (graphic) based on equation:

1/Qe=1/Qmax + 1/KobsQmaxCe
where Qe (Mg/g) is the amount of MB (or RB) adsorbed per unit mass of carbonized PANI/TiO>
nanocomposites, Qmax (Mg/g) is the maximum adsorbed quantity of MB (or RB) i.e. maximum
adsorption capacity, Ce is the concentration of unadsorbed MB (or RB) in solution at the adsorption
equilibrium, Kops is the adsorption constant in the dark related to the affinity of the binding sites
(L/mg).
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The determined values for adsorption constants (Kobs) of MB and RB and maximum adsorption
capacities (Qmax) of nanocomposites are listed in Table 3.

The maximum quantity of MB was adsorbed on nanocomposite sample TPC-50 (Qmax=2.533
mg/g) despite the fact that values for pores volume (0.095 cm?/g, Fig. S3) and specific surface area
(SeeT=18 m?/g, Fig. S3) were the smallest of all tested nanocomposites. Also, the value of
adsorption constant in the dark was the highest for the sample TPC-50 (Kobs=0.721 L/mg) followed
by samples TPC-80 (Kobs=0.675 L/mg) and TPC-20 (Kops=0.135 L/mg). These measurements
revealed that the adsorption capacity is not correlated with the variation in surface area of TPC
nanocomposites taking into account that Sger values, of samples TPC-20 and TPC-80 were 35
m?/g and 21 m?/g, respectively.

The adsorption efficiencies of RB on TPC nanocomposites were generally lower compared
with MB. The determined values for adsorption constants (Kqbs) 0f RB and maximum adsorption
capacities (Qmax) of nanocomposites are listed in Table 3.

The Qmax values for adsorption properties of RB were in range of 0.573-0.998 mg/g (Table 3).
The maximum quantity of RB was adsorbed on the sample TPC-80 (Qmax=0.998 mg/g). In the case
of RB, the adsorption constant was the highest for the sample TPC-50 (Kqps=1.556 L/mg).

The study of the adsorption properties for both dyes pointed to the existence of a different
affinity of binding sites in TPC nanocomoposite samples, and the adsorption efficiency definitely
was not consistent with their surface area and pore volumes.

Fig. 7 shows the decrease in MB (Fig. 7a) and RB (Fig. 7b) concentrations versus illumination
time in the presence of TPC-20, TPC-50 and TPC-80 nanocomposite samples, determined by UV-
Vis spectroscopy. The bare (colloidal) TiO2 NPs, used as reference sample in this study, under the
same experimental conditions removed 2% of MB and 3% of RB from the solution after 60 min
and 90 min of white light illumination, respectively. The bare TiO2 NPs calcined at 650 °C, in an
inert atmosphere, showed greater photocatalytic activities than the colloidal TiO2 NPs, as expected
[59]. They removed 35 % of MB and 22 % of RB for the same time interval. The photolysis of
MB and RB molecules was negligible, less than 1% after 6 h of irradiation [14].

The sample TPC-80, characterized by the lowest adsorption capacity (Qmax=1.360 mg/qg),
exhibited maximum photocatalytic efficacy and already after 60 min the degradation of MB was
finished, Fig. 7a. The sample TPC-50 removed 89 % of MB after 60 min of illumination. It should
be mentioned that the sample TPC-50 showed significantly higher photocatalytic efficiency in
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degradation of MB compared to non-carbonized PANI/TiO, nanocomposite (Fig. S2)
characterized with the same initial ratio of TiO2 and aniline (50:1). In the presence of non-
carbonized PANI/TiO2 nanocomposite after 6 h of illumination only 57 % of MB was removed
from the solution (Fig. S2). Finally, the sample TPC-20 with highest specific surface area (Sget=35
m?/g) has shown the lowest photocatalytic efficacy in degradation process of MB, Fig. 7a, which
is probably associated with the smallest pore size (~ 4 nm) in this sample compared to other
samples.

The similar photocatalytic efficiencies of the TPC nanocomoposites in the process of
degradation of RB were observed, Fig. 7b. Namely, after 90 min, 80-96% of RB degraded. We
mention here that carbonization of PANI in PANI/TiO2 nanocomposites induced, again, a
significant increase of the photocatalytic efficiency, as in the case of MB degradation. In our
previous work [14], a PANI/TiO2> nanocomposite sample, which was the precursor for the
synthesis of carbonized (TPC-50) sample in this study, degraded only 48% of RB after 6 h of
illumination (Fig. S2) but after carbonization, 92% of RB degraded after 90 min. A slightly greater
activity during degradation process of RB demonstrated sample TPC-80 (95%, after 90 min of
illumination). The possible reason for similar photocatalytic efficiencies of TPC-50 and TPC-80
samples in RB degradation processes could be found in their comparable pore volumes (0.095 and
0.131 cm®/g, Fig. S3) which are almost two times larger compared to pore volume of TPC-20
sample (0.053 cm3/g, Fig. S3). Larger pore volumes allow easier access of RB molecules to the
surface of TPC photocatalyst, taking into account their dimension and steric hindrance, which
leads to greater efficiency of photocatalytic processes. On the other hand, for successful
degradation of MB, the influence of pore size was less important compared with the influence of
interactions between dye and photocatalyst. Namely, nitrogen in thiazine group of MB could
ensure efficient hydrogen bonding interaction of NeeeH—N type with H atom from  —NH groups
(e.g. from pyrrole type group) in TPC nanocomposites, particularly in the sample with highest
percentage of nitrogen such as TPC-80 (0.3056 %), which could also lead to greater overall
photocatalytic efficiency. The observed dominant photocatalytic activities of the sample TPC-80
in degradation processes of both dyes, MB and RB, are in accordance with results of SEM

characterization, Fig. 5, which indicated the lowest level of agglomeration in this sample.

15



Kinetic plots of degradation of MB and RB, Fig. 8a and b, where obtained using kinetic model
which assumed that the low concentration of dye used in experiment i.e. KonsCe<<1, which further
allowed the use of classical first order equation:

-dC/dt=KappKobsCe
where kapp is rate constant, Kobs adsorption constant and Ce concentration.

Significantly slower degradations of MB and RB in the presence of bare TiO, compared to
their degradation rates in the presence of studied TPC nanocomposites is easy to see in Figs. 8a
and 8b.

Also, a linear relationship is apparent between degradation rate constants (kapp) of MB
calculated from the first-order kinetics in the presence of TPC nanocomposite samples and initial
TiOo/aniline mole ratios. The reaction rate constants of MB removal via photocatalytic degradation
increased from kapp = 0.018 min for nanocomposite sample TPC-20 t0 Kapp = 0.078 min for
sample TPC-80 (Table 3). The reaction rate constants of RB removal increased from 0.017 min!
for sample TPC-20 to 0.033 min™* for sample TPC-80 (Table 3).

For the explanation of significantly improved photocatalytic activities of carbonized TPC
nanocomposite samples compared to photocatalytic activities of precursor TP nanocomposites,
changes in crystalline structures of TiO2 during carbonization process, and the increased charge
separation in the carbonized structure, should be particularly taken into account.

It is well known that efficient charge separation in mixed-phase titania nanocrystals is the main
reason for their high photocatalytic activity. In mixed-phase TiO2, charges photoinduced by visible
light on rutile phase are stabilized through electron transfer to lower energy anatase lattice trapping
sites [72]. On that way, catalytic “hot spots” at the rutile-anatase interface created which led toward
overall increase of titania photocatalytic activity.

In addition, more efficient photoinduced charge separation in TPC nanocomposites, which led
toward their better photocatalytic activity compared to non-carbonized PANI/TIO;
nanocomposites and bare precursor anatase TiO2 nanoparticles, can also be explained by the
existence of nitrogen in such carbonized nanostructures (Scheme 1). Namely, some previous
studies have indicated that nitrogen doping of carbonized systems affects their electronic structures
which is reflected in great enhancement of conductivity as a consequence of the recovery of the
sp? graphene network possibly disrupted by the presence of defects (disrupted conjugation sites,

vacancies, etc.) [73].
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Generally, graphene-like carbonaceous materials in contact with metal-oxide semiconductors
are known as excellent electron acceptors and transporters, which could improve their overall
photocatalytic performances by reducing the recombination of the photogenerated electron-hole
pairs. The existence of nitrogen in carbonaceous structure increases the electronic density of states
near the Fermi level, thus creating conditions for efficient electron transfer from TiO2 nanocrystals
[74] and prolonging the lifetime of holes, which eventually can lead to a more efficient
photocatalytic process. The presence of nitrogen in carbonized structure such as TPC
nanocomposites provides additional anchor sites for TiO2 nanoparticles establishing close
interfacial contact between carbonized PANI and TiO2, and further stabilizing the nanocomposite
system [75,76].

For photodegradation of both MB and RB in the presence of TPC nanocomposites, the rate
constants (kapp) Were the greatest for the sample TPC-80. The reason for highest rate constants
could be find in fact that sample TPC-80 contains 38 % of the rutile phase. This amount of rutile
is very close to its reported content in mixed phase TiO2, which shows an excellent photocatalytic
activity in the degradation processes of test molecules [77,78]. For comparison, it should be
mentioned that the reaction rate constants (kapp) Of the MB and RB photodegradations in the
presence of the precursor colloidal anatase TiO2 nanocrystals (d~4.5nm) were two order of
magnitude lower, Kappeve) = 2.1x10™ min™ and kapprs) = 7.3x10* min, while in the presence of
calcined TiO, NPs were almost order of magnitude lower, kappovs) = 6.5x10° min™.and 2.7x1073
min’,

The possibility of multiple use of the photocatalyst is highly desirable. Fig. 9 shows removal
efficiency of MB and RB dyes in the presence of the same amount of TPC nanocomposites during
three photodegradation cycles. In other words, the same samples were used in fresh batch of dye
solution and illuminated three times. Samples TPC-20 and TPC-50 showed significantly lower
removal efficiency after the second and third cycles for both dyes in selected time intervals (60
min for MB and 90 min for RB). On the other hand, the photocatalytic removal degree of MB in
the presence of TPC-80 nanocomposite is retained at remarkably high level after three cycles of
illumination indicating its chemical and photo stability. Slight decrease in the removal efficiency

of RB in the presence of same nanocomposite sample after second and third cycles is observed.
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4. Conclusions
PANI/TiO2 nanocomposites, synthesized at three different initial [TiO2])/[ANI] molar ratios

(20, 50 and 80) were carbonized at 650 °C to obtain nanocomposites of carbonized PANI and TiOx.
These novel nanocomposites were further characterized by several techniques and explored as
photocatalysts. Raman spectroscopy measurements of carbonized PANI/TiO2 nanocomposites
pointed to significant temperature-induced changes in molecular structure of PANI, by the
appearances of G and D bands, assigned to stretching and breathing vibrations of sp? sites. Also,
Raman spectroscopy and XRD revealed the presence of the anatase phase and newly-formed rutile
phases in all carbonized PANI/TiO2 nanocomposites, while in the bare TiO2 NPs, thermally treated
under the same experimental conditions, only rutile phase (99 %) is detected. This finding suggests
that the carbonization process and PANI layer on the surface of the TiO> NPs have a great effect
on their crystalline structure. The initial [TiO2]/[ANI] mole ratio has a significant impact on the
anatase to rutile crystalline ratio in carbonized PANI/TiO2 composites. Carbonized PANI layer
was observed on the surface of TiO2 nanocrystals. The carbonization process induced a significant
increase of the photocatalytic efficiencies of nanocomposites. The sample TPC-50 already after
60 min degraded almost 90% of MB, showing considerably higher efficiency compared to non-
carbonized PANI/TiO2 (6 h was needed for degradation of 57% MB) and bare colloidal TiO>
nanoparticles. Similar improvement in photocatalytic behavior of carbonized PANI/TIO:
nanocomposites is detected using the model molecule RB: sample TPC-50 degraded 92% of RB
after 90 min, while the non-carbonized precursor composite sample was able to degrade less than
50% for 6 h. It has been shown that the increase of the initial [TiO2]/[ANI] molar ratio (sample
TPC-80) induced a maximum efficiency in the degradation process of MB within one hour. The
obtained results revealed that the carbonized PANI/TiO2 nanocomposites have a great potential
for application in photocatalytic degradation of organic pollutants. Also, there is large space for
enhancement of their photocatalytic activity through changes in synthetic conditions (pH, type of
acid dopant, etc.) of non-carbonized precursors and optimization of carbonization process that
would lead to a better dispersion of nanocomposites i.e. lower degree of agglomeration. For the
future work we plan to test efficiency of these nanocomposites in the degradation processes of
other types of synthetic dyes (Acid, Direct and Reactive) taking into account enormous problem

of non-degraded textile dyes in effluents and consequently in watercourses.
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Figure captions

Fig. 1. Raman spectra of TP-50 nanocomposite (a), TPC-50 nanocomposite (b) and bare TiO2 NPs
calcined at 650°C (b); Schematic presentations of possible interactions between TiO, NPs and

PANI before carbonization (c) and after carbonization (d)

Fig. 2. Reflectance spectra of TPC nanocomposite samples and bare TiO2 NPs calcined at 650°C
Fig. 3. TEM image of TPC-80 nanocomposite sample (a), the corresponding SAED pattern (b),
TEM image at higher magnification of representative anatase TiO2 NP (c) and the corresponding

FFT pattern (d)

Fig. 4. XRD patterns of colloidal TiO> NPs before and after calcination at 650°C, and
nanocomposite samples TPC-20, TPC-50, and TPC-80

Fig. 5. SEM images of TPC nanocomposite samples and corresponding elemental mapping of Ti

(second row, bright spots).

Fig. 6. Adsorption isotherms of Methylene blue and Rhodamine B after 30 min equilibration in
the dark

Fig. 7. Changes of relative concentrations of Methylene blue (a) and Rhodamine B (b) during the

photodegradation in the presence of TPC nanocomposites and bare TiO2 NPs calcined at 650°C
Fig. 8. Kinetic plots of degradation of Methylene blue (a) and Rhodamine B (b)

Fig. 9. Methlylene blue and Rhodamine B removal efficiencies in the presence of TPC
nanocomposites (10 mg/mL) after three cycles of illumination (60 min of illumination for MB and

90 min of illumination for RB, initial dye concentrations: 1x10~° molL™).

Scheme 1. Photoinduced charge separation in TPC nanocomposites
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Tables

Table 1. Amounts of reagents used for the syntheses of TP nanocomposites

Sample TPC-20 TPC-50 TPC-80
Reagent content

0.2 M TiO2 (ml) 80 80 80
Aniline (pL) 73.04 29.2 18.3
APS (9) 0.2282 0.0913 0.0571

Table 2. The crystalline compositions of bare TiO2> NPs and TiO2 NPs in TPC nanocomposites

Sample TiO;coll TiO, (650 °C) | TPC-20 TPC-50 TPC-80
TiO2/ANI molar |- - 20 50 80

ratio

Anatase (%) 100 1 90 34 62
Rutile (%) 0 99 10 66 38

Table 3. Adsorption properties of MB and RB in the dark and kinetic data of their photocatalytic

degradations in the presence of TPC nanocomposites

Methylene blue (MB) [Rhodamine B (RB)

Samp|e 1/Qmax Qmax(mg/g) Kobs kapp 1/Qmax Qmax(mg/g) Kobs kapp

TPC-20 0.572 1.748 0.135 0.018 1.201 0.833 0.788 0.017
TPC-50 0.395 2.533 0.721 0.035 1.744 0.573 1.556 0.030
TPC-80 0.735 1.3601 0.675 0.078 1.002 0.998 0.696 0.033
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