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ARTICLE INFO ABSTRACT

Keywords: A heterostructure consisting of a PANi and a TiO3 layer was chemically deposited consecutively

TiOz. on a glass substrate to investigate the effect of photoinduction in the structure on the conductance

giﬁf - of the PANi component. It has been found that in response to the excitation light, the conductance
1/Ti0z eterostructure of the PANi component in the PANi/TiO, heterostructure exhibits a distinct mode to be different

Photoelectrochemical . . . :

Photocatalysis from that of a single pristine PANi layer. The features account for the effects of photoelectronic

and electrochemical processes that associate with the photoinduction in the PANi/TiO, hetero-
structure. The photoelectronic effect involves the appearance of the excess charges photo-
generated inside the heterostructure on the depletion region. Due to the thermal diffusion of
excess charges across the heterojunction, the width of the depletion is altered, leading to a
modification in the conductance of the structure components, including the PANi. The electro-
chemical effect, on the other hand, relates to the appearance of the reactive oxygen species of
037, OH*” and H" that are created outside the heterostructure surface due to the photoinduction.
Acting as strong oxidants, the species play the role of extra acceptor-like dopants and donor
dedoping agents that modify the oxidation state and then the hole density of the p-type semi-
conductor PANi. The initial modification causes a sudden drop in PANi conductance at the start.
As the exposure is further prolonged, the oxidation degree of the PANi component is further
altered; the initial PANi emeraldine salt is gradually inverted to the emeraldine base, resulting in
a conversion of its conductance. The combination of two modifications is explained for the mixing
responses in the conductance of the PANi component and the U-turn shape of its baseline.

1. Introduction

It is well known that photocatalysis involves the photoinduced effect occurring in nanostructured semiconductors upon exposure to
sunlight [1,2]. The photoinduction process gives rise to highly reactive oxygen species that exhibit the ability to sterilise microbial
cells, bacteria, or decompose, degrade, or mineralize a variety of pollutants, such as organic molecules, toxic and harmful gases, and
heavy metal ions (see Fig. 1a). With the growing environmental problems, semiconductor photocatalysis is emerging as one of the most
efficient and sustainable means to solve the issues [3-8]. Out of the potential semiconductor photocatalysts, titanium dioxide (TiO3), a
typical wide bandgap semiconductor of n-type, has been the most exploited due to its high efficiency, low cost, stability, safety and
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availability. However, the TiO, photocatalyst confronts restrictions owing to the narrow photocatalytic region in UV light (A < 400
nm), high charge recombination rate, low absorption surface, etc., that can hinder its practical application [9].

Many efforts have been proposed to improve the photocatalytic performance of the TiO,, including doping, surface modification,
bandgap modification, inorganic or organic adsorbate coating, etc., [10-12]. Among the proposals, the heterogeneous structure
created by coupling the TiO, with a suitable bandgap semiconductor has shown to be the most effective approach [13-17]. In the
heterostructure, the visible light cannot be absorbed by the TiO, but by the narrower bandgap counterpart, resulting in pairs of
electron-hole. Due to the coupling, the photogenerated electrons and holes can transfer from the narrow bandgap semiconductor to the
TiO4 and then participate in the photocatalytic process. Concerning the cost and processing, non-metal modification of TiOy photo-
catalyst is the most attractive; for that reason, the semiconducting polymer arises as an effective component in realising efficient TiO2
heterogeneous photocatalysts [18-20].

Among the semiconducting polymer group, polyaniline (PANi) is one of the most explored materials due to its easy synthesis, low
cost, high stability, high degree of processability, tunable conducting and optical properties, etc. [21,22]. Depending on the oxidation
and protonation level, the PANi behaves as a p-type semiconductor with bandgap spreading in a wide range, namely 3-4 eV for
leucoemeraldine and emeradine base, 1.5-2.2 eV for pernigraniline, and 2.7 eV for emeraldine salt [23-25]. These aspects facilitate
many specific applications, such as electronics, sensors, actuators, photovoltaic cells, photocatalysts, etc., [26-29].

Regarding photocatalysis, the PANi/TiO heterostructure has been shown to be efficient in both UV and Vis due to the synergistic
effect of both components [20,30-33]. The improvement accounts for the effective visible light sensitisation of TiO, by the PANi and
the PANi/TiO, heterojunction that is considered to be a critical factor in reducing the charge recombination and increasing the
photocatalytic efficiency. However, most works made on PANi/TiO, heterostructures have focused mainly on the synthesis methods
and photocatalytic features; the photocatalysis process in the structure needs to be further investigated via experiments to verify
existing concepts or to suggest other variants. From the physicochemical viewpoint, the photoinduction process in the PANi/TiO4
heterogeneous structure, as exemplarily shown in Fig. 1b, can split into two stages: (1) photoelectronic involves the electron-hole pairs
photogeneration, segregation, and migration to the component surfaces, this process usually accompanies the charge recombination
and charge transfer between PANi and TiO, components; (2) electrochemical relates to the redox reactions between the reductive
electrons, oxidative holes, and the O, H2O molecules adhered to the heterostructure surfaces, forming reactive oxygen species of 05,
OH*™ and H' as well as numbers of secondary reactive radicals in following sequence redox reactions. The formation of those reactive
oxygen species relies on the content of Oz, H>0 in the medium and, for environmental remediation, plays a critical role in degrading or
mineralising a variety of pollutant molecules in the surrounding medium. The charge photogenerated and transferred processes in the
first stage alter the charge density and the electronic configuration of the heterostructure constituents, namely the PANi and TiO5
components [34]. The reactive radicals, on the other hand, have revealed the electrochemical oxygen reduction reaction to the
semiconducting polymer PEDOT as a means of outer-sphere electron transfer and the addition of molecular oxygen reduction products
to oxidised and reduced forms [35,36]. In the same manner, the reactive radicals generated outside the PANi/TiO5 heterostructure in
turn are expected to affect the oxidation state of the PANi component. Due to the susceptibility of PANi to physical and chemical
interaction, the effects of the photoinduction process in the PANi/TiO5 heterostructure then will be reflected in the PANi conductance.
Based on that assumption, a double structure consisting of a PANi layer and a TiO2 layer was made on the glass substrate to verify the
response of PANi layer conductance as the structure was exposed to the excitation lights. The air, where the experiment was carried
out, was considered to be an inert medium for the conductance measurement but to consist of Oz and H»0 for the photoinduction
taking place. The excitation lights were monochromatic LEDs whose wavelengths were in the range of UV, blue, and red regions. Upon
exposure to the excitation light, the modification of PANi conductance was used to analyse and deduce the effects of the photoin-
duction in the PANi/TiO; heterostructure.
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Fig. 1. a) Mechanism of the redox photogenerated charges in a TiO, semiconductor nanoparticle. b) Mechanism of the generation of reactive
oxygen radicals under UV and visible light by a PANi/TiO, heterogeneous photocatalyst.
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2. Materials and methods

Chemical synthesis methods were used to make the PANi/TiO; heterostructure by growing a PANi and depositing a TiO thin layer
separately on a glass substrate as shown in Fig. 2a. The PANi thin layer was grown by in-situ oxidative polymerisation following the
common routine [37,38], where the starting precursor was aniline (99.5 %, Merck & Co., Inc.) and the oxidant was ammonium
persulfate (APS, Kanto Chemical Co. Inc.), respectively.

The next TiO, thin layer was made in sequence on the PANi layer by thermal hydrolysis of titanium trichloride (TiCls, Sigma-
Aldrich) using a similar procedure [39]. The PANi-coated glass plate was immersed into a solution of 40 mM TiCls and then was
heated up to a temperature of 80 °C to ignite the hydrolysis of the titanium precursor. During the decomposition of TiCls, a thin layer of
TiO4 was deposited over the PANi surface, forming a PANi/TiO5 heterostructure on the glass substrate. After 2 h, the glass was pulled
out, washed, and rinsed in 1.0 M HCI solution, and dried in a desiccator.

The structure, surface morphology, and cross-section of the PANi thin layer and the PANi/TiO5 heterostructure were characterised
using XRD (Panalytical) and FESEM (Hitachi-S4800) while the chemical and electronic structures were analysed by Raman spec-
troscopy (Carry) and UV-Vis absorbance spectroscopy (Visco V 750).

The experiment scheme set up to verify the light response of the PANi layer in the PANi/TiO5 heterostructure was shown in Fig. 2b.
The PANiI layer resistance was measured by a Keithley 2000 connected to a computer, and then the light sensitivity was calculated as
the ratio of AR/Rg, where Ry is the initial resistance of the layer and AR = R - Ry. The test was carried out in the air at room tem-
perature. All the light sources and sample were confined in a closed chamber to reduce the influence of surrounding environment on
the test results.

To determine the wavelength dependence, excitation lights with wavelengths around 369.0 nm, 396.0 nm, 447.0 nm and 663.0 nm
respectively, from monochromatic LEDs whose spectra are shown in Fig. 3, were used. After each testing, the sample was reactivated in
1.0 M HCl solution to fully recover its conductance and put in the test chamber for the next measurements. The distance between the
LED sources and PANi/TiO, was adjusted to get the light intensity around 2.0 W/m 2 to reduce thermal effect on layer conductance.
The excitation light was modulated in a rectangular pulse form by setting the light on in 600 s and off in 720 s consecutively.

3. Results and discussion
3.1. Result

The surface morphology and cross-section of PANi and PANi/TiO structures are shown by SEM images in Fig. 4. The pictures in
Fig. 4a and c indicate that the PANi layer is uniformly coated on the glass substrate with a smooth surface and a thickness around 90
nm. The even continuity in the PANi/glass interface indicates a strong bond between PANi and the hydrophobic surface of glass [36,
37] as confirmed by the nanomechanical characterisation [40]. The images in Fig. 4b and d reveal the TiO, agglomerations consisting
of long grains with a mean diameter around 30-40 nm and an aspect ratio around 0.3-0.5 randomly distributed over the PANi surface.
The appearance of air gaps, craters, and cavities at the PANi/TiO3 boundary implies that the binding between the TiO3 grains and the
PANi is rather weak (Fig. 4d). The interaction between the p-type semiconductor of PANi and the n-type semiconductor of titanium
radicals during the nucleation and growth may affect the morphology of TiO, grains deposited on the PANi surface.

The XRD pattern made of the TiO5 deposited on the PANi layer (Fig. 5) consists of diffraction peaks standing for the rutile structure;
namely, the main peak observed at 26 of 27.63° is assigned to (110) plane refraction, while the other peaks, observed at 26 of 36.18°,
41.34°, 54.42°, 56.38°, 62.72°, and 68.88°, stand for the refraction at (101), (111), (211), (220), (002), and (301) planes, respectively
(JCP2.2CA number 00-021-1276) [34,39]. The predominance of the ruttile structure in the resulting TiO- is accounted for by the effect
of the strong HCl acidic aqueous medium during the hydrolysis of Ti precursor [39].
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Fig. 2. a) Scheme of growing PANi and depositing TiO, thin layer separately on glass substrate. b) Experiment set up to measure the resistance of
the PANi layer in the PANi/TiO, heterostructure in response to excitation light.
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Fig. 3. Spectra of monochromatic LEDs used as photoexcitation sources in the experiment.
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Fig. 4. a) FESEM images of PANi surface; b) PANi/TiO, structure surface; ¢) PANi cross-section; and d) PANi/TiO, structure cross-section.

Raman spectra of the TiO,, PANi, and PANi/TiO; structure on glass are shown in Fig. 6. The Raman spectrum of TiO; segregated on
the reactive medium (Fig. 6a) reveals two main Raman shifts peaking at 610 cm ™! and 441 cm™! standing for Ajg and Eg vibration
modes of rutile (R) while a small peak at 151 cm ! is assumed to be a combination of the Bjg vibration mode from rutile and the Eg
mode from a small trace of anatase (A) [41]. Coupling with PANi, the A and E, vibration modes of rutile (R) shift to 606 and 439
cm_l, respectively, while the 151 cm~! band standing for Bjg (R) and Eg (A) mode reduces and shifts to 137 cm! (see Fig. 6b and d).
The reduction and shift of vibration modes of TiO, indicate the effect of PANi on the electronic structure of TiO,. On the other hand, the
Raman spectrum of PANi/TiO; in Fig. 6d also exhibits the modification in vibration modes standing for PANi because of coupling with
TiO,. Referring to the Raman assignment for PANi [42-45], the broad band around 1180 cm™! is assumed to be the combination of
C-H in-plane bending vibrations of the benzenoid and semiquinonoid rings peaking at 1181 cm ™! and at 1157 cm ™}, respectively [44].
The peak at 1249 cm ™! is associated with the benzenoid ring deformations vibration, while the peak at 1329-1338 cm ™! is assigned to
the C-N" stretching of charge delocalisation related to polaronic structures [45]. The peak at about 1506 cm ™! is assigned to the N-H
deformation vibrations associated with the semiquinonoid structures. For quinonoid rings, the C=N stretching vibration likely stands
at around 1480 cm ™! while the C=C stretching is assigned to 1598-1620 cm ™! range. For the Raman shift in a range below 1000 cm ™},
the peak at 811 cm ™! is assigned to the benzene-ring deformations, and the peak observed at 578 cm ™! can be connected to the amine
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Fig. 5. XRD spectrum of TiO, deposited on the PANi surface in the PANi/TiO, heterostructure.
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Fig. 6. Raman spectra of PANi and PANi/TiO structure: a) TiO, deposited in the hydrolysis medium; b) TiO, particle on PANi surface; ¢) PANi
layer on glass; d) PANi/TiO, structure.

deformation vibrations of the emeraldine salt [42. 45]. Out-of-plane deformations of the rings relate to the peaks at 522 and 418 cm ™.
The most striking point observed in the PANi/TiO spectrum is the shift in the position and the increase in the intensity of the 1180,
1249 and 1338 cm ! vibration modes that are accounted for an increase in the semiquinonoid, benzene ring deformation, and C-N*
structure. Since the semiquinonoid structure is considered as a criterion of the oxidation state, the G-N structure involves the polaron
lattice, and the benzene ring deformation increases the charge mobility in PANi chain [43,44], the Raman spectra indirectly indicate
the role of TiO, in enhancement of the emeraldine salt in the PANi/TiO structure.

The absorptance UV-Vis spectra of the TiO, deposited in the reactive solution, the PANi layer growth on the glass substrate, and the
PANi/TiO structure are shown in Fig. 7a, and as a reference the spectra of monochromatic LEDs used as excitation sources are
enclosed. The TiO; reveals a spectrum with the absorption edge around 430 nm (2.88 eV). On the other hand, the spectrum of PANi/
TiO4 consists of two bands centred at 438 nm (~2.83 eV) and 335 nm (3.70 eV) and a very broad band extending over the infrared
region. These bands are assigned to the polaron — n*, 1 — n* and ©= — polaron transitions, standing for the absorption bands of
emeraldine salt that is exemplarily shown in Fig. 7b [23-25,46]. The PANi layer, however, shows a spectrum composed of adsorption
bands centred around 563 nm (~2.20 eV), 395 nm (~3.14 eV) and 318 nm (~3.90 eV). The absorption band at 563 nm is assigned to
the transition © — ©* from emeraldine base, the left bands at 395 nm and 318 nm are assumed to be a combination of absorption bands
originated from the transitions 1 — ©* of the benzenoid ring of both emeraldine base and emeraldine salt and polaron — n* from
emeraldine salt (Fig. 7b). The UV spectra also reconfirm the effect of TiO5 in the enhancement of the emeraldine salt and then the PANi
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Fig. 7. a) UV-Vis spectra of PANi and PANi/TiO, heterogeneous structure. b) Absorption band of emeraldine base (PANI-EB) and emeraldine salt
(PANI-ES).

component conductance in the PANi/TiO; heterogeneous structure [29,47].

With respect to the light response, both the pristine PANi and the PANi component layer in the PANi/TiO5 heterostructure are
sensitive to the excitation light but in distinctive modes. The resistance of the pristine PANi layer decreases when the excitation light is
on and recovers when the light is off, i.e., the light sensitivity AR/Ry is negative (Fig. 8a). The light sensitivity for all excitation lights is
almost independent of the excitation light wavelength (~excitation photon energy). Over the irradiated time, the resistance baseline
(dotted) tends to descend with long wavelength and rises with short wavelength excitation light. On the contrary, the resistance of the
PANi component layer in the PANi/TiO, heterostructure shows a mixing response to excitation light over irradiated time. At the
starting irradiation, the light response of the PANi component layer also shows a negative mode and depends on the excitation light
wavelength; the shorter the light wavelength, the higher the light sensitivity in accompaniment with a rapid reduction of the resistance
baseline as shown in Fig. 8b. However, in the following, the light sensitivity of the PANi component fast declines in magnitude and
converts from negative to positive mode at the point marked by CP (Conversion Point). Accordingly, the baseline also shows a fast
reversion and makes a U-turn. On the other hand, the light response of the PANi component layer to the excitation light of wavelength
663 nm reveals a mode similar to that of the pristine PANi layer, namely showing an identical negative sensitivity over irradiation time
and no U-turn in the resistance baseline.

3.2. Discussion

From the physics point of view, the conductance of the PANi layer relies on the density of delocalised electrons arising from the ©
bond structure (PANi chain) that in turn, is susceptible to the physical and chemical interactions. During the synthesis, the Cl™ ions and
persulfate radicals acting as acceptor-like dopants incorporated into the n bond structure give rise to polaron or bipolaron bands within
the PANi bandgap and convert the materials to be p-type semiconductors. Due to the susceptibility of the = structure, the electronic
state of the PANi can be further modified by physical and chemical interactions as exposed to the adjacent environment. As an
example, the physical adsorption of oxidative or reductive gases available in open air has been shown to affect the PANi conductance
and enabled the development of a variety of gas sensors. In the same manner, upon exposure to the excitation light, the decrease in
resistance (or increase in conductance) of the pristine PANi layer, as in Fig. 8a, then can be explained simply by an addition of electrons
and holes resulting from photoexcitation, a physical interaction. The overlap between the absorption band of the pristine PANi layer
(Fig. 7) and the spectra of excitation lights (Fig. 3) can account for the light response of the pristine PANi layer.

In the PANi/TiO; heterostructure, the PANi component layer shows a mixed light response that can be explained as a combination
of both effects of the photoelectronic and the electrochemical processes that occur inside and outside of the PANi/TiO, heterojunction.
From the viewpoint of physics, under normal conditions, the band structures of the p-type semiconductor PANi, n-type semiconductor
TiO and the p-n PANi/TiO2 heterogeneous structure are shown as in Fig. 9a and b. In the p-n PANi/TiO heterostructure, the difference
in charge densities from both sites leads to a thermal charge diffusion over the interface, setting up a depletion region there. Upon
exposure to the excitation light, the appearance of the excess electrons and holes photogenerated in both PANi and TiOs sites will alter
the depletion width, and then modify the conductance of the PANi component layer (Fig. 9¢) [34]. Regarding the electrochemical
effect, the excess oxidative electrons accumulated on TiO, surface react with the O3 in the open air, creating O3~ while the excess
reductive hole accumulated on the PANi surface reacts with adjacent HyO molecules from moisture, forming hydroxyl radical OH*~
and hydrogen radical H'. From the viewpoint of electrochemistry, the reactive oxygen species can perform an electrochemical oxygen
reduction reaction on the semiconductor PANi in a similar way to the semiconducting polymer PEDOT [35,36]. A scheme of the
oxidation and reduction generally taking place in PANI emeraldine is shown in Fig. 10 as a reference. Acting as strong oxidants, the
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reactive oxygen species can react with the PANi by means of the outer sphere electron transfer that behaves as acceptor-like dopants in
the p-type PANi semiconductor. On the other hand, the reactive oxygen species can eliminate some donor-like dopants such as
reductive agents physically adsorbed on the PANi surface. An increase in acceptor-like dopants in accompaniment with a de-doping of
donor-like dopants at the irradiation start leads to an abrupt increase in hole density that accounts for the sudden drop in resistance of
the PANi component layer. As the electrochemical process is going on, the oxidation degree of the PANi component layer is expected to
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Fig. 10. The inversion between PANi emeraldine base and emeraldine salt due to the oxidation and reduction process.
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increase; the initial PANi emeraldine salt gradually inverts to the PANi emeraldine base, resulting in a reduction in its conductance. As
a result, a slowdown in the light sensitivity and a U-turn in the resistance baseline are observed. The light response of the PANi
component reveals the fact that the electrochemical effect is dominated at the start of light irradiation but gradually declines, resulting
in a conversion from the positive to negative mode. The conversion point CP is assumed to be the balance between the photoelectronic
and electrochemical effects. The response observed with the excitation light of wavelength 447 nm indicates the presence of reactive
oxygen species, indicating a fact that the photoinduction in the PANi/TiO, heterostructure is expanded to the blue light region. With
the excitation light of wavelength 663 nm, no electrons are photogenerated in the TiO, component, but the holes in the PANi
component, no reactive radicals appear, and the light response of the PANi component layer is simply identical to that of the pristine
PAN:i layer.

4. Conclusions

The experiment has shown a correlation between the conductance of the PANi component and the photoinduction features of the
PANi/TiO; heterogeneous structure in open air. In terms of light sensitivity, the response of the PANi component is accounted for by
the modifications of both the photoelectronic and the electrochemical processes that associate with the photoinduction taking place
inside and outside over the PANi/TiO, heterojunction. The photoelectronic modification involves the excess electrons and holes
photogenerated in the TiO5 and PANi sides that can modify the depletion region of the heterostructure. As a consequence of the
following thermal diffusion of the excess charges across the heterojunction, the width of the depletion are altered, leading to a change
in the conductance of the structure components, including PANi. On the other hand, the electrochemical modification relates to the
effect of the reactive oxygen species of 03, OH*~ and H' that are created over the PANi/TiO, heterojunction. Acting as secondary
acceptor-like dopants and donor-like de-dopants, the reactive radicals boost the extraction of electrons from PANi chain and fast raise
the hole density of the p-type semiconductor PAN] at the irradiation start. However, as the irradiation is going on, the excess reactive
oxygen species alter the oxidation degree of the PANi then gradually invert the initial PANi emeraldine salt to the emeraldine base,
resulting in a reduction of the PANi layer conductance. The combination of two modifications is explained for the mixing response of
the PANi conductance and the U-turn shape of its baseline. The appearance of reactive oxygen species over the PANi/TiO, upon
exposure to the excitation light in open air could be used as an effective means to sterilise bacteria or clean up some airborne
pollutants.
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