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ABSTRACT: Composites of conductive polymers (CP) and metal oxides (MO) have
attracted continued interest in the past decade for diverse application fields because the
synergistic effects of CP and MO enable the realization of unusual electronic, electrochemical,
catalytic, and mechanical properties of the composites. Herein, we present a novel method for
the sequential infiltration synthesis of composite films of polyaniline (PANI) and indium 0]
oxide (InO,) with high electrical conductivities (4—9 S/cm). The synthesized composite -
films were composed of two phases of graded concentration: InO, with oxygen vacancies and
PANT with partially protonated molecular units. The PANI-InO,, composite films displayed
enhanced electrochemical activity with a pair of well-defined redox peaks. The open OO ©=©
interfacial regions between the InO,, and PANI phases may provide efficient pathways for ion ; b

diftusion and active sites for improved charge transfer.
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B INTRODUCTION of the chemical composition, can be controlled by varying the
SIS conditions, such as the growth temperature, precursor
exposure time, and precursor purge time.'® Therefore, SIS is
expected to be useful for preparing CP-MO composites with
the content and distribution of MO carefully controlled.

However, only a few studies have reported SIS using
conductive polymers. Earlier studies included the doping of
polyaniline (PANI) using metal precursors of Lewis acidic
nature without the use of coreactants and the formation of
PANI—oxide composites such as PANI-ZnO,"® and PANI—
TiO,."” One of the main goals of the previous works was to
increase the electrical conductivities of the doped PANI or
PANI—oxide composite films to levels comparable to those of
PANI doped with HCI via conventional solution processes.*’
While PANI—oxide composite films prepared via different
methods have been reported to present improved mechanical,
thermal, and electrochemical properties,”~’ composite films
prepared via SIS have rarely been explored.”

Herein, we present SIS as a facile synthetic route for
preparing PANI-InO,, composite films. The films exhibited an
enhanced electrical conductivity of 4—9 S/cm after annealing
in a reducing atmosphere. Characterization via X-ray photo-
electron spectroscopy revealed a graded concentration of InO,,
in the PANI matrix, with greater oxygen vacancy concentration

Composites of conductive polymers (CP) and metal oxides
(MO) are useful in a variety of fields, including sensors," drug
delivery,” catalysts,” and supercapacitors,’ owing to their
unique and versatile properties such as tunable electrical
conductivity, stretchability, and electrochemical activity.’~’
The various properties of the composite materials depend on
the types of synthetic methods and specific experimental
conditions that determine the chemical composition and its
distribution, doping, and oxidation states of the composites.
Therefore, the development of new techniques for the
synthesis of CP-MO composites has gained considerable
attention. Previously, wet chemical methods for the prepara-
tion of CP in different forms such as thin films, foams, gels, and
fibers have been well established.*”'" It is anticipated that
combining vapor-based processes to incorporate inorganic
components or modify doping in the CP of predefined forms
can provide new opportunities to realize CP-MO composites
with desired structures and properties.

Sequential infiltration synthesis (SIS) is one of the
subcategories of atomic layer deposition (ALD), and it has
recently emerged as a promising way to prepare organic—
inorganic composite films with excellent control over their
morphologies. ~'* The following are the major SIS growth
mechanisms: (1) precursor infiltration into the polymer
matrix; (2) reversible/irreversible reaction of the precursor
with specific functional groups of the polymer; and (3)
chemical reactions between precursors and coreactant
precursors within the polymer matrix."*~"” Various composi- < O
tional and structural factors of the composite films, such as the
ratio of organic-to-inorganic components and the distribution
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in the PANI-rich regions. The combination of UV—vis
spectroscopy, Raman spectroscopy, and Fourier transform
infrared (FTIR) spectroscopy showed that the molecular
structures of PANI with quinonoid segments were partly
converted to benzenoid segments along with the formation of
protonated imine/amine. The PANI-InO, composite films
presented a well-defined redox peak with improved charge
storage capabilities compared with single-phase PANI and
single-phase InO,, films under neutral aqueous conditions. The
enhanced electrochemical properties were attributed to the
possible chemical interactions between PANI and InO, at their
interfaces.

B EXPERIMENTAL SECTION

Sample Preparation. SIS was performed using a cross-
flow ALD reactor that contained a 4 wafer. PANI and N-
Methyl-2-pyrrolidone (NMP) were purchased from Sigma-
Aldrich (99%). The 3 wt % PANI-NMP solution was
prepared by stirring it for 24 h at room temperature. PANI
thin films were prepared on Si or FTO-coated glass substrates
by spin coating at a spin speed of 2000 rpm. The Si and FTO/
glass substrates had 500 nm thick SiO, layers and 600 nm thick
FTO layers, respectively. The InO, SIS cycle consists of
trimethylindium (TMIn) and H,O half-cycles. The TMIn
(H,0) half-cycle was composed of a 1 s dose, 120 s exposure,
and 120 s purge. During the exposure step, the gate valve
between the main chamber and pump was closed, and a
constant flow of Ar was provided. The SIS-prepared samples
were annealed at 280 °C for 1 h in a tube furnace with a
temperature ramp-up rate of 7 °C/min. The annealing was
performed either in air or in the forming gas (3% H, in N,).

Sample Characterization. The PANI-InO, thin films
were gently scratched using a tweezer to create a step, and the
step height was measured using a surface profiler (D-500, KLA
tencor). An InO, thin film grown on a bare Si substrate
without a polymer layer was wet-etched by partially dipping
the samples in 1.35 M oxalic acid at 65 °C for ~20 min. The
sheet resistances of the samples were measured using a four-
point probe measurement system (CMT-SR2000N, AIT),
which was later converted into conductivity by considering the
measured film thickness. Scanning electron microscope (SEM)
imaging was performed on the samples, whose surfaces were
coated with Pt for sputtering for 60 s, using Clara and Tescan
with an electron-beam energy of 10 keV and an electron-beam
current of 100 pA. X-ray photoelectron spectroscopy (XPS)
was performed using an XPS photoelectron spectrometer (K-
a*, Thermo Scientific) with an X-ray source of microfocused
monochromatic Al Ka (1487 eV) and a spot size of 100 ym.
The BE of the HRXPS was calibrated using a C 1s spectra with
an adventitious C peak at 284.8 eV. The Raman spectrometer,
LabRAM HR-800 (Horiba Jobin Yvon), was used for Raman
spectroscopy measurements under the following conditions:
514 nm excitation laser, 1800 grating, 0.1% neutral density
filter, S s acquisition time, and 5 spectral accumulations.
Attenuated total reflectance—Fourier transform infrared
(ATR-FTIR) spectra were collected using an FTIR spec-
trometer (a-P, Bruker) equipped with a DTGS detector with a
spectral resolution of 4 cm™". For the cyclic voltammetry (CV)
experiments, an electrochemical analyzer (CHI602E, CH
Instruments) was used with a three-electrode setup consisting
of a Pt mesh counter electrode, Ag/AgClI reference electrode,
and the working electrode of the sample being measured.
Bufter solutions with different pH values were used as aqueous
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electrolytes. For electrochemically active surface area (ECSA)
measurements, CVs at various scan rates were recorded in a
potential range of +100 mV with respect to the open circuit
potential using a 0.1 M NaCl aqueous solution as the
electrolyte. Galvanostatic charge—discharge (GCD) curve
and electrochemical impedance spectroscopy (EIS) tests
were performed using a pH 7 phosphate buffer saline solution
under the three-electrode system described above. For GCD,
EIS, and two-electrode tests, an electrochemical analyzer
(Vertex, IVIUM Technologies) was used. The selected
potential and current ranges were from —0.4 to +0.8 V, and
from +20 pA (for charging) to —20 uA (for discharging),
respectively. The EIS experiments were performed under an
applied voltage of 0.1 V with a frequency range of 0.01 Hz to 1
MHz.

Results and Discussion. Figure la shows the sample
preparation process, which includes spin coating, SIS, and
annealing. We mainly dealt with two types of substrates: a
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Figure 1. (a) Schematic of the sample preparation procedure,
including spin coating of polyaniline, InO, SIS, and annealing. (b)
Electrical conductivities of the H,—N, annealed PANI-InO, and
InO, samples as a function of SIS cycle number. The error bars were
obtained from the measurement of four samples in each condition.
(c) SEM images of the annealed PANI-InO, and InO, samples
grown with 50 SIS cycles.
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PANI-coated Si substrate and a bare Si substrate, using which
InO, SIS was performed for different cycles (20, S0, 100, and
200 cycles). A major growth mechanism of the InO, samples is
ALD-like because the PANI layer was absent on the Si
substrate for the samples. The SIS samples were annealed at
280 °C for 1 h in a reducing atmosphere using a forming gas of
3% H, in N, gas. The thickness of the samples decreased by
only ~2 nm after annealing owing to the densification of the
composite film with a negligible decomposition of the PANI
component. When the PANI-InO, samples were annealed in
air, their thicknesses were significantly reduced, indicating the
limited thermal stability of PANI in air. We used a four-point
probe system to measure the electrical conductivity of the
annealed samples.

Due to the impact of the film thickness on the surface
scattering of charge carriers, the electrical conductivities of the
InO, samples increased as the SIS cycle number increased
(Figure 1b).”* In contrast, PANI-InO, samples prepared with
50, 100, and 200 cycles exhibited conductivities of 4—9 S/cm
without a clear trend with cycle numbers. This is because InO,,
was present mostly as a composite structure with PANI rather
than as thin films on top of the PANI film. The electrical
conductivities of the PANI-InO, samples after 20 cycles, as-
grown PANI-InO, samples, and annealed PANI samples were
below the measurable conductivity of the four-point probe
equipment (~0.025 S/cm). The InO, network in the 20-cycle
PANI-InO, samples may be less connected, leading to their
nonmeasurable conductivities.”> The poor conductivities of the
as-grown samples were also understandable because the as-
spun PANI was in the emeraldine base form of electrically
insulating nature. InO, deposited by ALD or SIS at similar
temperatures also displayed improved electrical conductivities
after the annealing process.””*" Oxygen vacancies, which are
induced by H,—N, annealing, are well known to contribute to
the electrical conductivities of InO,, films by increasing electron
concentrations.””*® In this work, the H,—N, annealed PANI—
InO, and InO, samples with 50 SIS cycles were selected as the
main subjects of study to understand the compositional
distribution, local chemical environments, and electrochemical
properties of the “mixed” region of PANI and InO,
components while possible contributions of pure InO, phases
to them were minimized. The surface morphologies of the
annealed PANI-InO, and InO, samples are similar, as shown
in Figure lc. These were also similar to the morphologies of
the as-grown samples of each type, proving the thermal
stability of the samples under the selected annealing conditions
(Figure S2). The rough morphology is consistent with that of
other InO, films grown at a growth temperature of 150 °C by
thermal ALD.”’

Figure 2a shows the distribution of the chemical
composition of the PANI-InO, sample along the film
direction. The depth profiles revealed that the InO, phase
was present down to the bottom of the PANI film, although
the In concentration gradually decreased along the film
thickness. The distribution of the metal oxide in the polymer
matrix in SIS is closely related to the infiltration kinetics of the
precursors and the reactivity between the precursors and
specific functional groups of the polymer.'® As PANI does not
contain precursor-reactive functional groups such as C=0, as
in poly(methyl methacrylate), the spatial distribution of InO,
in PANI is likely dominated by the temporal presence of TMIn
molecules in the free volumes of PANI The average mole
fraction of In relative to O (i.e, [In]/([In] + [O])) in the
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Figure 2. (a) XPS depth profile of the annealed PANI-InO, sample.
The data is shown up to the 15th etch level (EL), which corresponds
to the interface between the PANI-InO, film and the SiO, layer. (b)
N Is and (c) O 1s HRXPS of the same sample collected at different
etch levels, as noted in the figure.

entire film region is ~41%, indicating the substoichiometric
nature of the oxide (InO,, x ~ 1.44).

Variations in the local chemical environments were
investigated as a function of etch levels from N 1s (Figure
2b) and O 1s HRXPS (Figure 2c). The N 1s HRXPS spectra at
different etch levels were deconvoluted into two to three peaks
with the following assignments: (1) quinonoid imine (=N-—)
at ~398.5 eV, (2) benzenoid amine (—NH—) at ~399.5 eV;
and (3) protonated amine and imine (—NH,*—, =NH"-) at
~400 to ~402 eV.*®* Overall, the benzenoid amine
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component was more dominant than the quinonoid imine
component, suggesting a partial conversion of the quinonoid
structure into the benzenoid structure. At certain etch levels, a
small shoulder was observed at a higher BE, which was
identified as a protonated imine or protonated amine group.
The In—N bonding, which is expected to appear at a much
lower BE (~396.4 eV),’ was absent in the HRXPS data
collected at all etch levels, implying that the InO, and PANI
phases were not completely homogenized but were present as
two separate phases. Although the molecular structures of the
PANI phase identified by HRXPS herein are consistent with
those identified by other spectroscopic methods (vide infra),
one needs to understand that the chemical states of different
elements may be altered by Ar® ion sputtering during XPS
depth profiling. Optimization of XPS conditions, such as ion
beam energy and etch time, to minimize artifacts of ion beam
damage may allow access to more accurate and quantitative
information on the chemical states of PANI-InO,. More
recently, Ar cluster etching has been proven to cause no
substantial damage to different polymers.”’ The most
dominating component in O 1s HRXPS (Figure 2c) was an
In—O peak at ~530.5 eV, with shoulders at higher BEs
assigned as In—Vg (~531.5 €V) and In—OH (~532.5 €V)
components. The presence of oxygen vacancies (Vg) is
consistent with the substoichiometric nature of the oxide, as
mentioned above. Similarly, composites of Ta,O3—SnO,—
PANI were reported to contain oxygen vacancies of high
concentration along with N cation radicals, which are ascribed
to the formation of the hybrid structures.”> The proportion of
the higher BE components is larger in the region closer to the
Si substrate, which is consistent with the gradual blue shift of
the In 3d peaks (Figure S4).

We then analyzed the effects of InO, SIS and H,—N,
annealing on the average molecular structures of the PANI
phase via combined UV—vis spectroscopy, Raman spectrosco-
py, and FTIR spectroscopy. Figure 3a shows the UV—vis
absorbance spectra of the as-spun PANI, as-grown PANI—
InO,, H,—N, annealed PANI, and H,—N, annealed PANI—
InO,. The pristine PANI film displayed two characteristic
absorptions: (1) 7—7 * transition of the benzenoid ring at 320
nm and (2) n—z* transition between the benzenoid and
quinonoid rings at 614 nm.*** The spectral changes in the as-
grown PANI-InO, and H,—N, annealed PANI samples were
similar in that the absorption by the benzenoid-to-quinonoid
transition was suppressed. The annealed PANI-InO, sample
displayed a further decrease in the transition at ~614 nm. The
absence of the 614 nm transition may indicate protonation of
the quinonoid ring via either acid doping or oxidative
doping."” However, in all of the samples, polaronic transition
in the NIR range at wavelengths longer than ~800 nm was also
absent, implying a supportive role of the PANI phase in
enhancing the electrical conductivities of the composite film.
The band gap of InO,, (~3.6 eV) was less obvious in the H,—
N, annealed PANI—-InO,, after 50 cycles, but it was clearly seen
in the sample after 200 SIS cycles (Figure S7).

The Raman spectra of the same set of samples are shown in
Figure 3b. Table 1 summarizes the assignments of the Raman
vibrational bands identified in the pristine PANI sample. The
effects of InO,, SIS and H,—N, annealing were similar in that
the intensities of the Raman bands were reduced because both
processes perturbed the ordering of PANI chains. In the H,—
N, annealed PANI sample, the intensities of the bands at 1485
and 1164 cm™" decreased more significantly compared to other
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Figure 3. Comparisons of (a) UV—vis absorbance spectra, (b) Raman
spectra, and (c) ATR-FTIR transmittance spectra for four different
samples: as-spun PANI film, as-grown PANI-InO, film, annealed
PANI, and annealed PANI-InO, film. The dashed lines in panel (b)
mark the location of Raman bands observed in the as-spun PANI film,
which were also summarized in Table 1. (d) Proposed structures of
the interfaces between PANI and InO, phases.
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Table 1. Major Raman Bands Identified in the Pristine
PANI Samplelg’zo’36

wavenumber assignment
1602 C=C stretching vibration of a quinonoid ring
1557 N—H bending
1485 C=N stretching vibrations in a quinonoid ring
1420 C—C stretching vibrations in a quinonoid ring
1215 C—N stretching in a benzenoid ring
1164 C—H deformation vibration of a quinonoid ring

bands, indicating the partial conversion of the quinonoid ring
to the benzenoid ring, which is consistent with the UV—vis
spectroscopy measurements. Interestingly, both annealed
PANTI and annealed PANI-InO, samples displayed a Raman
band at ~1353 cm™’, suggesting the presence of radical cations
(C—N**), consistent with the presence of protonated seg-
ments, as confirmed by the N 1s HRXPS.””** The Raman
band at 1420 cm™ in the pristine PANI sample gradually
shifted to a lower wavenumber with increased intensities after
InO, SIS and annealing. A similar trend was observed in an
earlier study on PANI dofed with SnCl, and MoCls; however,
the origin was unknown. 0

We also analyzed ATR-FTIR transmittance spectra collected
from the same set of samples (Figure 3c). All samples
displayed four major IR modes: (1) stretching of the
quinonoid ring at 1597 cm™’, (2) stretching of the benzenoid
ring at 1512 ecm™, (3) C—N of secondary aromatic amine at
1309 cm™, and (4) out-of-plane C—H deformation of the 1,4-
disubstituted aromatic ring at 833 ecm™1*° H,—N, annealing
resulted in a prominent enhancement of the stretching of the
benzenoid ring relative to that of the quinonoid ring with red
shifts of the C—N mode to 1298 cm™"' and the C—H mode to
821 cm™}, all of which are clear indications of the transition
from the benzenoid to the quinonoid ring structure. Similarly,
the PANI-InO,, and annealed PANI-InO, samples displayed
a relative enhancement of the benzenoid ring stretching at
~1512 cm™" compared to the quinonoid stretching at ~1599
cm™
The combined characterization results of XPS, Raman
spectra, and ATR-FTIR spectra showed the following: (1) the
PANI phase has an enhanced benzenoid segment along with
partial protonation, (2) the InO, phase contained not only
lattice oxygen but also oxygen vacancies and —OH
components, and (3) the In—N bonding was absent. Figure
3d shows the possible bonding and interaction at the interfaces
between the PANI and InO, phases based on the above
observations. First, hydrogen bonding between the H atoms in
the benzenoid units and —OH in the InO, components may be
present. Similarly, hydrogen bonding between the H atoms in
the benzenoid units and the —OH components was observed
in the PANI-CeO, ; composites.”” Second, there could be
Coulomb repulsion between the positively charged NH species
in the protonated amine/imine segments and positively
charged oxygen vacancies (V{'). Similarly, stronger PANI—
oxide interactions were observed in PANI—-CeO,_5 com};osites
with a lower concentration of oxygen vacancies.”’ The
presence of weak interactions (hydrogen bonding) and
repulsion between the PANI and InO, phases, rather than
the formation of strong bonds, can be related to the
electrochemical properties of the composite samples, as
described below.
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Cyclic voltammograms (CVs) were collected from the three
samples after H,—N, annealing, PANI, PANI-InO,, and InO,,
films, in an aqueous solution of pH 7 at a scan rate of S mV/s
(Figure 4a). The thicknesses of the three samples were as
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Figure 4. (a) CV curves of PANI-InO,, PANI, and InO, samples
collected at a scan rate of S mV/s in a pH 7 electrolyte. All samples
were annealed before the CV measurements. (b) Retention of area-
specific capacitance for the same set of samples used in panel (a).

follows: 32 nm for PANI, 45 nm for PANI-InO,, and 15 nm
for InO,. The CV of the PANI-InO, sample displayed a well-
defined pair of redox peaks with enhanced current densities
compared to those of the InO, and PANI thin films. The origin
of the redox peaks of the PANI-InO, sample is the conversion
between the emeraldine and pernigraniline states, indicating
the pseudocapacitive nature of the composite film. A gradual
change in the potential of the redox peaks with respect to the
electrolyte pH also implies that the redox reaction is
accompanied by doping and de-doping of H* in PANI (Figure
S8). For PANI in an acidic solution, there are commonly two
pairs of redox peaks related to the conversion between the fully
reduced leucoemeraldine state and the partially oxidized
emeraldine state, and between the emeraldine state and the
fully oxidized pernigraniline state. Protons are involved in the
conversion reaction of emeraldine and pernigraniline. A
gradual change in the potential of the redox peaks with
respect to the change in pH of the electrolyte solution (Figure
S8) implies that the origin of the redox peaks is from the
conversion of the emeraldine and pernigraniline states,
indicating the pseudocapacitive nature of the composite film.
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The area-specific capacitance of the three samples was
calculated using the following equation:

/ 1dv

Csc S e——
2v-AU-A

In this equation, /I dV is the integrated area of the CV, v is
the scan rate, AU is the potential window, and A is the
geometric area of the working electrode.” For this calculation,
a nominal surface area of 1.2 cm?® was assumed for all three
samples. The calculated capacitance of PANI-InO, (1.96 mF/
cm?) was 3.5 times greater than that of PANI (0.55 mF/cm?*)
and 28 times greater than that of InO, (0.07 mF/cm?). Also,
we carried out a two-electrode test using the same material as
the positive and the negative electrodes. In the two-electrode
test, the PANI-InO, samples displayed the highest capaci-
tance among the three samples (Figure S9). The InO, SIS
process induces surface roughening of the as-spun PANI film,
which may contribute to an increase in the electrochemically
active surface area of the composite film. The ECSA of the
PANI-InO, sample was approximately 2.5 times greater than
that of PANI, which was approximately 10 times greater than
that of InO, (Figure S10). The trend in the calculated nominal
capacitance among the three samples followed the same trend
as the ECSA. Therefore, the enhanced capacitance of the
PANI-InO, sample compared with that of the PANI sample
may include the possible effects of surface roughening by SIS.
Even with this caveat, the appearance of well-defined redox
peaks in the PANI-InO, sample is a clear indication of
improved electrochemical activity due to the synergistic effects
between PANI and InO,. Similar synergistic effects have been
reported for capacitive applications in various kinds of
composite materials such as composites of carbonaceous
materials and metal oxides,>”*° and those of metal—organic
frameworks and conductive polymers,”' which presented
improved charge-transfer kinetics and improved electrical
conductivity.

The PANI-InO, sample presented a nonlinear GCD curve
with a potential plateau, indicating the battery-like nature of
the sample (Figure S11). The GCD curve of the InO, sample
had a triangular shape with similar charging and discharging
times, consistent with the electrical double-layer capacitive
(EDLC) nature, as observed in the CV of the sample (Figure
4). The PANI sample showed a slight deviation from the
EDLC type, which could be due to the surface redox reaction
corresponding to the different oxidation states of PANI. In the
EIS test, all three samples displayed a small semicircle at higher
frequencies and a straight line at lower frequencies (Figure
S12). PANI-InO, displayed a semicircle with a smaller
diameter among the samples, implying improved charge-
transfer properties between the electrode surface and the
electrolyte. The much lower capacitance of the as-grown
PANI-InO, sample (Figure S13) also proves the critical role
of electrically conductive InO,. Interfaces of PANI-InO,
containing oxygen vacancies may provide void sites in which
ion diffusion and charge transfer are enhanced.*”** The highly
enhanced electrochemical performance in a neutral condition
is a distinctive feature in comparison to previous PANI-MO
composites, which require acidic solutions for high electro-
chemical performances.””**~*® This result also implies that the
fabricated PANI-InO, composites might also be used in
application fields other than pseudocapacitors, such as
electrochemical sensors with a wide pH range.” Recently, the
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partially protonated structure of PANI, which is similar to that
of our PANI-InO, sample, was proposed as a promising
cathode for aqueous zinc batteries by endowing more active
sites.”

Figure 4b shows the retention test results of area-specific
capacitance with respect to 1000 cycles for the same potential
range at a scan rate of 100 mV/s. After the retention test, the
PANI-InO, sample still displayed the largest capacitance
(Figure S14) among the samples, although its retention
property was between those of InO, and PANI. The gradual
changes in the capacitance of the PANI-InO, sample may be
related to further protonation in the PANI phase, as evidenced
by the changes in the N 1s HRXPS and sample color after the
retention test (Figure S15). Optimization of the InO,, content
in the PANI phase and the concentration of the oxygen
vacancies may provide a viable way to improve the retention
properties of composite structures.’” Future studies of interest
will be the application of SIS into CP in different forms for a
higher surface area because the structures with high surface
areas will further amplify the synergistic effects of the PANI—
InO, composites.

B CONCLUSIONS

In summary, we have reported the SIS of PANI-InO, hybrid
thin films and explored their potential for use in electro-
chemical energy storage. The annealed PANI-InO, hybrid
thin films with 50—200 SIS cycles exhibited electrical
conductivities of 4—9 S/cm. The hybrid thin films displayed
a graded concentration of InO, along the direction of the film
thickness, with a higher concentration of oxygen vacancies in
the PANI-rich region. The combined characterization of the
composite films via UV—vis spectroscopy, Raman spectrosco-
py, and FTIR spectroscopy revealed that the quinonoid
structure in PANI was partially converted to a benzenoid
structure along with partial protonation. The composite film
displayed higher pseudocapacitive capabilities with a pair of
distinctive redox peaks compared to single-phase InO, films
and single-phase PANI films, which are probably related to the
interfaces of PANI-InO, containing oxygen vacancies and
protonated amine/imine units that can enable enhanced ion
diffusion and charge transfer.
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