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Abstract: The photoinduction process in a p-n heterogeneous structure should be in correlation with
the electronic properties of its semiconductor components. Based on that assumption, a double layer
made of polyaniline (PANi) and titanium dioxide (TiO,) on glass substrate is used to investigate
the charge photogenerated and transferred in the structure. The PANi layer is made by in situ
polymerization of aniline in HCl acidic aqueous medium, while the TiO; layer is made by thermolysis
of TiCl; dilute solution. It has been found that the PANi/TiO, double layer is a composition of a
PANi emeraldine salt layer (p-type semiconductor) covered by a TiO, rutile layer (n-type conductor),
creating a p-n heterogeneous structure. Upon exposure to the excitation light, the light sensitivity
of the PANi layer in the PANi/TiO, structure reveals a response mode distinct from those of the
neat PANi layer. The conductance of the PANi layer in the coupling structure shows two modes of
response: (1) a negative mode, i.e., a decrease in conductance in response to the excitation light of
wavelength 369, 396 and 447 nm, and (2) a positive mode, namely an increase in conductance, as with
the excitation light of wavelength 667 nm. On the other hand, the neat PANi layer simply shows a
single positive response to excitation light. Those response modes account for a modulation of the
PANi/TiO, depletion region that in turn depends upon the photoexcited electrons and holes in the
heterostructure. The diffusion of excess photogenerated electrons and holes over the heterojunction
results in an expansion or reduction of depletion width that gives rise to an increase or decrease
of the PANI layer conductance, i.e., a positive or negative response, respectively. In addition, the
negative mode in response to the excitation light of wavelength 447 nm (~2.8 eV) is assumed to be an
impact of the PANi in extending the photoinduction of the TiO, component into the vision range at
the blue region.

Keywords: TiO,; PANi; PANi/TiO, heterogeneous junction; photoinduction; photocatalysis

1. Introduction

Titanium dioxide (TiO;), an inorganic material with a high refractive index, has been
widely used in white pigments for applications in paint, paper, textile, cosmetic, ceramic
industries, etc., for a long time [1]. With respect to electronics, TiO, is an n-type semi-
conductor with a band gap ranging from 3.0 eV for rutile, 3.2 eV for anatase, to 3.3 eV
for brookite structure [2—4]. In nanoscale uses, TiO, reveals a unique photoinduced effect
involving the photogeneration of electron-hole pairs that exhibit strong reductive and
oxidative activity [5,6]. The new feature has enabled many possible applications spreading
over a wide range of fields including photocatalysis [7,8], gas sensing [9,10], splitting
hydrogen from water [5], energy storage and conversion, solar cells [11-14], environmental
cleaning, antibacterial, smart and active packing, etc. [15-17]. Later, it was discovered that
photoinduction is a common feature appearing in several nanostructured wide-bandgap
semiconductors, such as SnO,, WOj3, S5i0,, ZnO, Nb,O3, Fe; O3, CdS, etc., and polymer

Catalysts 2024, 14, 585. https:/ /doi.org/10.3390/ catal14090585

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal14090585
https://doi.org/10.3390/catal14090585
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-3752-5789
https://orcid.org/0000-0002-4088-2955
https://orcid.org/0000-0002-6732-3694
https://doi.org/10.3390/catal14090585
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal14090585?type=check_update&version=1

Catalysts 2024, 14, 585

2 of 14

semiconductors [18-20]. With the increasing environmental problems involving organic
and inorganic pollutants, wastewater, etc., the semiconductor photocatalysts have shown
to be one of the most promising means to solve the issues. Consequently, an effective
semiconductor photocatalyst has been the subject that has received a great deal of attention.
Among the semiconductor photocatalysts, TiO; still remains the most used due to its high
efficiency, low cost, stability, environmentally friendly nature and widespread availability.
However, this photocatalyst encounters some restrictions relating to the narrow photocat-
alytic region in UV light (A < 400 nm), high recombination rate of electron-hole pairs, low
absorption surface, etc. [21].

To improve the photocatalytic performance of the TiO,, many efforts have been made
to extend the photocatalytic range to visible light and reduce electron-hole recombination
including doping with metals and non-metals, surface modification, bandgap modification,
inorganic or organic adsorbates coating, etc. [22,23]. Coupling the TiO, with a narrow
bandgap semiconductor to create a heterogeneous structure has shown to be an effective
approach [24-26]. As the visible light cannot be absorbed by TiO;, it can photoexcite and
photogenerate electrons-hole pairs in the narrower-bandgap semiconductor. Because of
the strong coupling effect, the photogenerated electrons and holes can exchange between
the coupling components and then take part in the photocatalytic process [26-28]. Semicon-
ducting polymers with the diverse molecular structures and the flexible bandgap [29,30]
emerge as attractive choices in coupling with the TiO, for enhancing the charge carrier
separation and improving the visible light activity [31,32]. Among semiconducting poly-
mers, the material that has received the most attention is polyaniline (PANi) due to the
PANi/TiO;, coupling that has been shown to be a prospective photocatalyst with high
photocatalytic performance, high stability, and reasonable cost [31]. However, most studies
on PANi/TiO, photocatalyst have mainly focused on the synthesis methods and overall
photocatalytic activities; mechanistic studies of photocatalytic reactions in the structure
need to be further investigated via experiments to confirm existing concepts or to propose
other mechanism variants [32].

Polyaniline, a typical semiconducting polymer, composed of aromatic rings and
nitrogen bridges arranged in a linear mode of a series of benzenoid (reduced) and quinoid
(oxidated) units, can be depicted generally as in Scheme 1 [33,34] where x indicates the
oxidation state varies in a range [1, 0].

Benzenoid diamine Quinoid diimine

Scheme 1. General structure of polyaniline.

In base form, the PANi is clarified according to its oxidation state, namely the leu-
coemeraldine exits in a completely reduced state (x = 1), and the pernigraniline is in a fully
oxidized state(x = 0), while the emeraldine is in a semioxidated state (x = 0.5). 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 [35-37]. These aspects
facilitate many specific applications based on PANi such as electronics, sensors, actuators,
photovoltaic cells, photocatalysts, etc. [38—41]. Regarding photocatalysis, based on band
positions and band gap energies of PANi and TiO,, the mechanism of the generation of
reactive radicals under UV and visible light by a PANi/TiO, heterogeneous structure can be
depicted as in Figure 1 [31,32]. The heterostructure has shown to be efficient in both UV and
Vis due to the synergistic effect. Two reasons account for the improvement: (1) the PANi
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acts as an effective visible light sensitizer of TiO,, and (2) the heterojunction between PANi
and TiO; is a decisive factor in reducing the charge carrier recombination, modifying the
bandgap and increasing the efficiency of UV-induced reactions [28,31,32,42—45]. From the
electrochemical viewpoint, the photocatalytic mechanism in the PANi/TiO, heterogeneous
structure shown in Figure 1b can be split into four steps: (1) photogenerated electron-hole
pairs and the segregation of electron-hole to conduction band and valence band of the TiO,
and PANi—this process usually accompanies electrons and holes recombination; (2) charge
transfers between PANIi and TiO, and drift to the material surfaces; (3) the excess electrons
and holes in the material surfaces interact with O, and H,O in the environment (forming
OH™, O, and H" reactive radicals) and interact with pollutant molecules attached to
the surfaces; (4) the OH™, O, and H* radicals further interact with the other pollutant
molecules in the environment. The first two steps relate to the photoelectronic process
taking place inside, while the following steps involve the photochemical and photocatalytic
activities occurring on and outside of the material surface. In the initial steps, the charge
photogeneration and transfer in the PANi/TiO, structure are correlated directly with the
conductance of PANi and TiO; semiconductor components. Therefore, the conductance
of a component (says PANi) in the PANi/TiO; structure can be used to deduce the pho-
toinduction in the first stage and obtain an insight into the following photochemical and
photocatalytic activities. Based on that assumption, an attempt is made to investigate
the response in the conductance of the PANi layer in a PANi/TiO, heterostructure upon
exposure to excitation light. The light sensitivity of the PANi component in the double layer
is used as primary data to analyze and discuss the insights into charge photogeneration
and its transfer into the PANi/TiO, heterostructure.

(a)

Figure 1. (a) Band positions and band gap energies of PANi and exemplary n-type metal oxide
semiconductors. (b) Mechanism of generation of reactive radicals under UV and visible light by a
PANIi/TiO, heterogeneous photocatalyst [32].

2. Results and Discussion
2.1. Results

The TEM and FESEM images indicate that the morphology of the PANi freely grown
and segregated in the reaction medium consisting of fibrillary structures (Figure 2a,b). The
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mean diameter of the PAN!I fibril is estimated to be about 30-35 nm. However, the PANi
layer growth on the glass substate reveals a smooth surface consisting of uniform grains
that are identified as the cap ends of the PAN:i fibrils growth from the glass (Figure 2c).
The cross section of the PANi layer (Figure 2d) discloses a uniform compact of around
90 nm in thickness that is densely coated on the glass surface. The observed thickness and
surface morphology are a common feature of PANIi layer growth on a hydrophobic surface
such as glass [37,46,47]. The steady interface and the cross-sectional profile of the PANi
layer growth on glass substrate give a hint of strong adhesion between two substrates as
confirmed by the in situ Scanning Probe Image Processor and the quasi-static indentation
nanoscale technique [48].
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Figure 2. TEM image (a) and FESEM (b) of neat PANi morphology growth freely in reaction medium,
FESEM image of surface (c) and cross section (d) of neat PANi layer growth on glass plate.

The TEM and FESEM pictures reveal the agglomeration of the TiO, segregated in
the reaction medium and deposited on the PANi surface composed of long grains, with a
mean size of around 30—40 nm and an aspect ratio of around 0.2-0.3 (Figure 3a,b). The TiO,
agglomeration with that morphology has shown to be rutile structure growth in a strong
acidic aqueous medium due to the excess HCI released from the TiCl3 thermolysis [49].
The cross section of PANi/TiO, double layer (Figure 3d) discloses the boundaries between
substrates as well as the thickness of the PANi and TiO; layers, around 80 nm and 350 nm,
respectively. The existence of gaps at the PANi/TiO, boundary (Figure 3d) implies that the
bonding between two components is rather loose in comparison to that of the PANi/glass
(Figure 2d). The interaction between p-type PANi and titanium radicals of the n-type
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semiconductor during thermolysis is assumed to affect the agglomeration of TiO; grains
deposited on PANI surfaces.
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Figure 3. TEM image (a) and FESEM (b) of TiO; particles deposited in reaction medium, FESEM
image of surface (c) and cross section (d) of TiO, deposited on PANI layer surface.

The XRDs spectra shown in Figure 4 confirm the rutile structure of the TiO, deposited
in the reaction solution and in the PANi/TiO, double layer. Both XRD patterns consist
of all intense diffraction peaks standing for rutile; namely, the strongest peak observed at
20 of 27.37° is assigned to (110) plane refraction and the other peaks, observed at 26 of
36.12°,41.24°, 54.32°,56.50°, 62.87°, and 68.91°, stand for the refraction at (101), (111), (211),
(220), (002), and (301) planes, respectively (JCP2.2CA number 00-021-1276) [17,49]. The
appearance of a broad peak at 20 of 25.4° in the XRD pattern of the PANi/TiO, is due to
the scattering of the periodicity perpendicular to the polymer chains and characterized for
amorphous PANi growth on glass surface [50].

Both Raman spectra of the neat PANi growth in the reaction solution and in the
PANi/TiO, double layer (Figure 5) reveal the typical vibration modes of the protonated
form of polyaniline, the emeraldine [51]. The Raman shift peaking at 440 and 606 cm ™!,
respectively, observed in the spectrum of PANi/TiO,, are assigned to the Eg and Ajg
vibration modes of TiO, rutile [52]. In comparison to the Raman spectrum of TiO,, the
vibration modes of the TiO; in the PANi/TiO; slightly shift, indicating the gentle effect
of the PANI on electronic structure of the TiO,. Referring to the Raman assignment for
PAN!I [51,53-55], the broad band around 1180 cm ™! is to be the combination of C-H in-
plane bending vibrations of the benzenoid and semiquinonoid rings peaking at 1181 cm ™!



Catalysts 2024, 14, 585

6 of 14

and at 1157 cm ™!, respectively [54]. The peak at 1249 cm~! assigns to the benzenoid ring
deformations vibration while the peak at 1329-1338 cm ™! assigns to the C-N* stretching of
charge delocalization related to polaronic structures [55]. 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 the 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 deformation vibrations
of the emeraldine salt [51,55]. 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 by an increase of the semiquinonoid, benzene
ring deformation and C-N* structure. Since the semiquinonoid structure is a criterion of
the oxidation state, the C-N" structure involves the polaron lattice, and the benzene ring
deformation relates to the charge mobility in PANi chain [53,54], the Raman spectra give a
hint that the TiO; facilitates the formation of emeraldine salt in the PANi/TiO; couple, or,
in other words, enhances the PANi conductance.

(110)R

(211)R

| (101) R

Intensity [a.u]

PANIITIO,

20 30 40 50 60 70
20 [degree]

Figure 4. XRD spectra of TiO, and PANi/TiO, nanocomposites.

The UV-Vis spectra of both the neat PANi and PANi/TiO; layer (Figure 6a) also
reveal the adsorption characterization of PANi emeraldine. The PANi/TiO; shows an
absorption spectrum consisting of two clear bands at 440 nm (~2.82 eV) and 340 nm



Catalysts 2024, 14, 585

7 of 14

Intensity [a.u]

(3.66 €V), and a broad band extending over the infrared region. The spectrum is assumed
to originate from the emeraldine salt absorption bands (Figure 6b), namely the transition
7 — 7t* of the benzenoid ring at 340 nm and the transition polaron — 7* at 440 nm, while
the T — polaron transition relates to the broadening band. However, the adsorption
spectrum of the neat PANi layer is composed of three bands centered around 567 nm
(~2.20 eV), 387 nm (~3.21 eV) and 322 nm (~3.85 eV). From the transition band depicted
in Figure 6b, the band at 567 nm is assigned to transition m — ©* in emeradine base,
while the broad absorption band shouldering at 322 and 387 nm is assumed to be an
intermediate form combined of the transitions 7w — 7* of benzenoid rings from both
emeraldine forms, and polaron — 7* from emeraldine salt [35-37,56]. In addition to the
Raman conclusion, the UV-Vis spectra reconfirm the fact that the existence of TiO; in the
PANi/TiO; double layer enhances the formation of an emeraldine salt chain then raises
the conductance of the PANi layer [41,57].

1566
1598

606 (R)
430 R)

11881329
PANI/TIO,

PANI

500 1000 1500 2000

Raman shift [cm™]

Figure 5. Raman spectra of TiOp, PANi and PANi/TiO, nanocomposites.

Upon exposure to excitation light, the resistance (conductance) of the neat PANi
layer on glass and the PANi layer in the PANi/TiO, heterostructure demonstrates distinct
responses of sensitivity (R — Rg)/Rg = AR/Ryp). As shown in Figure 7a, the resistance of
the neat PANi simply monotonically decreases below the baseline (dot line) when the light
is set on and recovers when the light is set off. The light sensitivity AR/Rg is negative for
resistance, as a reverse is positive sensitivity for conductance, i.e., the conductance increases.
On the other hand, the resistance of PANi layer in the PANi/TiO, structure responds to the
excitation light in two modes: either (1) increases (positive sensitivity) when the excitation
light is in the UV-Vis and blue range, namely at wavelength 369, 396 and 447 nm, or
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(2) declines (negative sensitivity) with red light at wavelength 663 nm (Figure 7b). In
addition, the PANIi layer in the PANi/TiO; structure exhibits a light sensitivity (1.0-1.6%)
higher than those of the neat PANi (0.3-0.4%), around 3 folds in increase. The enhancement
in light sensitivity is assumed to be an impact of the coupling and charge transfer between
PANi and TiO, components.

567
B PANi emeradine base PANi emeradine salt
322 387
PANi _
= n*| Conduction Band n* | Conduction Band
& 340 L \
8
= CEETICAGEY 3400m | 440nm
s }
S PANI/TIO, = ! (3646V) |(282eV)
8 440 Polaron
< 567 nm (219 V) [ )
41500 nm (0.80 eV)
Spectra of ,
i Monochmmanc LEDs ) Valence Band ) Valence Band
300 450 600 750
Wavelength [nm]
(a) (b)
Figure 6. (a) UV-Vis spectra of PANi and PANi/TiO, double layer. (b) Absorption band of emeraldine
base (PANI-EB) and emeraldine salt (PANI-ES).
0.03 -
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(a) (b)

Figure 7. (a) Light sensitivity of the neat PANi layer and (b) of the PANIi layer in the PANi/TiO,
double structure.

2.2. Discussion

From the physics point of view, the conductance of PANIi layer, in general, relies on
the oxidation and protonation level that in turn depends on the synthesis conditions and
dopants. During the synthesis, the acidic (Cl1™) and persulfate radicals introduced into
the PANi chain acting as acceptors give rise to the formation of polaron and bipolaron
bands in p-type PANi semiconductors (Figure 6b). Chemical and physical absorptions
of chemical agents available in open environment, such as oxygen, ammonia, NOy, etc.,
further modify the electronics structure and conductance of the PANi as secondary doping.
Upon exposure to the excitation light, the increase in conductance of the PANi layer can
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be explained simply by an excess of charges arising from the photogeneration. Due to the
light intensity being weak (~2 W/m?), the heat delivered from the light sources is small;
the thermal effect on the PANi conductance has a negligible impact on the discussion.

On the other hand, the PANi/TiO; heterostructure is a couple of semiconductors,
p-type PANi (Eg ~ 2.8 eV for emeraldine salt) and n-type TiO; (Eg ~ 3.0 eV for rutile). As
two materials come in contact, the carrier density difference in both sites causes a thermal
diffusion of opposite charges across the interface forming a depletion region. In the energy
diagram, the conduction band of TiO, is descended, while the valance band of PANi rises
until a thermal equilibrium is established as the Fermi levels are aligned (Figure 8a,b).
Upon exposure to the excitation light, the appearance of photogenerated electrons and
holes in the structure breaks the equilibrium and then relocates the Fermi levels (Figure 8c).
The imbalance of excess holes in the PANi site and excess electrons in the TiO; site leads to
a fresh charge diffusion until a new thermal equilibrium settles. As a result, the depletion
width is widened causing an increase in the PANi layer resistance, or a decrease in the PANi
conductance (negative response mode). If the excitation light is out of the photosensitive
range of TiO,, no photogenerated electrons appear in the TiO, layer, but there are holes
in the PANI site. With no thermal diffusion of electrons from the TiO, into the PANI site,
the depletion width in the PANi layer is compressed resulting in an increase in the PANi
layer conductance (positive response mode). The negative or positive response mode
of the PANi layer can then be used as an indicator to track the charge photogeneration
and transfer between TiO, and PANi semiconductor components. As demonstrated, the
UV excitation lights of wavelength 369 and 396 nm can photoexcite both materials and
add more excess opposite charges into the TiO, and PAN] sites. Consequently, a fresh
charge diffusion is reassumed, the PANi depletion width is widened and then the PANi
layer conductance is reduced, showing a negative mode in light sensitivity. The red light
with a wavelength of 663 nm is from the photosensitive region of TiO,, upon which no
electrons are photogenerated in TiO, but holes in PANi are; consequently, the depletion
is reduced, leading to an increase in the conductance of the PANi layer (positive mode).
The band bending in the PANi/TiO, depletion region extending from 2.8 eV (PANi) to
3.0 eV (TiO,) overlaps with a spectrum of blue light of wavelength 447 nm (~2.8 eV). The
feature is considered to impact the PANi coupling in expanding the photoinduction of TiO,
components into the vision range, namely the blue region.

— e Irradiation e - FE

e
e & . - I, )
E ."-'l .II-I '.e‘e e

ete
[— — cB

A N
PANi-S\h:'-,I h* PANiI-S i h+~-._ e | me
TiO2 - R T = TiO2- R

(b) (c)

Figure 8. Mechanism of charge exchange in PANi/TiO, double layer, in separate state (a); at
equilibrium state, (b); at photoexcitation state (c).
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3. Materials and Methods
3.1. Materials

The starting material used to synthesize PANi was aniline (ANi, CsHsNH,) with purity
of 99.5% from Merck & Co., Inc., Rahway, NJ, USA; this was the monomer. The initiator for
the oxidative polymerization of ANi was ammonium persulfate (NHy4)25,0g, APS) of 98%
purity from Kanto Chemical Co., Tokyo, Japan. The precursor used to synthesize TiO, was
titanium trichloride solution (TiCl3) from Sigma-Aldrich Co., Burlington, MA, USA. All the
materials were used as received.

3.2. Methods

Chemical methods were used to grow and deposit the PANi and TiO, layer separately
on the glass substrate. Firstly, the PANi layer was made by in situ polymerization using the
following routine [46]:

A glass plate was immersed in an aqueous solution containing 0.1 M of ANi and
0.1 M of HCI. The temperature of the solution was kept at the melting point of ice (around
0 °C). Then, a molar equivalent of 0.1 M APS used as an oxidant was added dropwise
into the solution to ignite the oxidation of ANi monomers. The polymerization started
and the solution color gradually changed to blue, dark blue and dark green, indicating the
formation of PANi. Simultaneously, a thin layer of PANi was grown on the glass surface.
After 1 h, the glass plate with the PANi layer was pulled out of the reaction medium and
then rinsed in 0.1 HCl solution and dried in a desiccator.

Secondly, a layer of TiO, was deposited directly onto the PANi layer surface by the
thermolysis of a titanium percussor as per the usual routine [49]:

The glass plate with the PANi layer was dipped into a solution of 40 mM TiCl; and
heated up to 80 °C, the decomposition critical point of the titanium precursor. The TiCls
solution then gradually changed from transparent to a milky-like color as the result of
TiO, formation and segregation in the medium. Simultaneously, a thin layer of TiO, was
deposited on the PANi surface. After 2 h, the glass plate was pulled out, washed repeatedly
with distilled water, rinsed in 1.0 M HCl solution and dried in a desiccator.

The morphology and cross section of the PANi and PANi/TiO; double layer were
characterized using TEM and FESEM (Hitachi-54800, Farmington Hills, MI, USA), the
structure of TiO, deposited in the solution and the PANi/TiO, were determined by XRD
the technique (D8 Advance Bruker diffractometer (Billerica, MA, USA), CuK radiation
with A = 0.154 nm), while the chemical and electronic structure was analyzed by Raman
spectroscopy (Carry, Arlington, TX, USA), excited by a 514 nm laser and UV-Vis absorbance
spectroscopy (Visco V 750). The modification in resistance (R) of the PANi layer in response
to the light irradiation was recorded by a scheme shown in Figure 9. The resistance
data of the PANi layer were measured by a programmable Keithley 2000 multimeter
(Solon, OH, USA) connected to a computer. The light sensitivity was calculated as a
ratio of (R — Rg)/Rgp = AR/Rg where Ry and R, respectively, were the initial and measured
resistance of the PANi layer. The excitation light was, in rectangular form, consecutively
switched on and off for durations of 600 s and of 720 s, respectively. The light sources were
monochromatic UV, and blue and red LEDs whose spectra were in Gaussian distribution
form, with wavelength peaking at 369 nm (HW = 14 nm), 396 nm (HW = 16 nm), 447 nm
(HW =20 nm), and 663 nm (HW = 20 nm), as shown in Figure 10. The distance between
the LED sources and PANi/TiO; sample was adjusted to obtain light intensity around
2.0 W/m~2 to reduce thermal effect on the layer conductance.
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Figure 9. Scheme used to determine the change in resistance of PANi/TiO, double layer.
369 nm 447 nm
396 nm 663 nm
3000 - 1 \ W )
=
2,
=
C=ﬂ 1500 -
2
=
0 -
300 450 600 750

Wavelength [nm]

Figure 10. Spectrum of monochromatic LEDs used to excite the PANi/TiO, double layer.
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4. Conclusions

The p-n heterogeneous structure of PANi (a p-type organic semiconductor) and TiO,
(a n-type inorganic semiconductor) has revealed the coupling effects on the charge photo-
generated, transferred, and photoinduced. The existence of TiO; components is shown to
facilitate the formation of emeraldine salt and then modify the electronic structure of the
PAN:i structure. As a result of coupling, upon exposure to excitation light, the PANi layer
in the PANi/TiO; double structure shows two distinct response modes in light sensitivity:
(1) negative mode, i.e., a decrease in conductance, which is observed with the excitation
light of wavelength 369, 396 and 447 nm, and a (2) positive mode, namely an increase in
conductance, such as occurs in response to the excitation light of wavelength 667 nm. The
response of the neat PANi layer, on the other hand, shows only a simple positive mode
over all the excitation lights. The response modes of the PANi in the PANi/TiO; can be
explained by the modulation of the depletion region caused by the photogenerated charges
transfer over the p-n heterogeneous structure. The monochromatic lights of wavelength
369 and 396 nm in UV region can photoexcite both components in PANi/TiO; structures,
thereupon reassuming a fresh thermal diffusion of excess opposite charges over the struc-
ture, resulting in an expansion of the depletion width. The expansion of the depletion leads
to an increase in the PANI layer resistance or a decrease in its conductance (negative mode).
The excitation light of wavelength 667 nm is out from the photosensitive region of TiO,,
but in the PANi region, upon which no excess electrons are photogenerated in TiO,, but
there are holes in PANi. As a result, there is no thermal diffusion of electrons from the TiO,
into the PAN! site; the depletion width is reduced leading to an increase in the PANi layer
conductance (positive mode). The negative mode in response to the excitation of 447 nm is
identified by an appearance of the photogenerated electrons in the TiO, layer. The feature
is responsible for the role of the band bending over the p-n PANi/TiO; heterogeneous
structure and is assumed to be an impact of the PANi in extending the photoinduction of
the TiO, component into the vision region.
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