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Abstract: Conducting polyaniline (PANI) nanotubes
with strong broadband optical absorption have been
synthesized using single-crystalline MnO: nanotubes
as a solid-state oxidant that can oxidize aniline to
induce polymerization in acidic solutions. The smooth
surfaces and high crystalline integrity of the MnOz
nanotubes provide the appropriate reactive solid/liquid
interface and templating effect to enable the
transformation of the MnO: nanotubes into PANI
nanotubes. Such templated chemical transformation
can be extended to silica-coated MnO:> nanotubes,
allowing the synthesis of silica-coated PANI MnO, Polyaniline
nanotubes, which are challenging to be synthesized

through direct coating silica on PANI nanotubes due to the low wettability between PANI and silica. The versatile
chemistry of the outer silica shells opens the possibility of modifying the as-synthesized PANI nanotubes, which
usually inconveniently graft other interesting motifs.
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1. Introduction

Polyaniline (PANI), a widely studied conducting polymer, has shown great promise in many fields, such as
sensing, energy storage, and medicine, owing to its favorable physical properties, tunable electrical conductivity,
ease of processing, and stability [1-5]. While polymerization of aniline monomer is a simple process initiated in
the presence of an appropriate oxidant [6,7], shape-controlled synthesis of PANI nanostructures is still challenging.
For example, the widely adopted approach is using ammonium persulfate (APS), a soluble oxidant salt with a
redox potential of 2.01 V (vs. SHE or standard hydrogen electrode), to enable the polymerization of aniline (with
a redox potential of 1.10 V) [8]. Persulfate ions oxidize aniline monomer rapidly in solution, leading to difficulty
in controlling the morphology of PANI. Emerging strategies for controlling the shape of PANI nanostructures
include confined polymerization in micelles [9,10], self-assembly micro/nanotubes [11], and polymerization on
inert nanoparticle surfaces followed by post-processing [12]. Alternatively, a solid-state oxidant that relies on the
exposed surface to react with aniline could provide controllability over reaction kinetics to enable a controlled
growth of PANI nanostructures. When the solid-state oxidant is a nanostructure with a desirable shape, it oxidizes
aniline to initiate a polymerization reaction, forming a PANI nanoparticle with a shape determined by the oxidant
nanostructure. The solid-state oxidant nanostructure provides the important solid-liquid interface to restrict the
reaction kinetics and confine the polymerization adjacent to the nanostructure surface, in which the oxidant
nanostructure behaves as a reactive transient template. For instance, nanostructures of manganese oxides [13—19]
and cerium dioxides (ceria) [20] have been reported to react with aniline and guide polymerization of aniline,
forming PANI nanostructures with inheritance of the geometries of the oxide nanostructures. Reproducing the
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reported recipes showed that some oxide nanostructures (e.g., MnO2 nanorods and nanotubes) gave successful
production of PANI nanostructures with controlled shapes, but some oxide nanostructures (e.g., ceria nanoparticles,
MnO: flowers, MnOz spheres) failed to produce the well-shaped PANI nanostructures. Such inconsistent
reproducibility motivated us to investigate the critical parameters of the oxide nanostructures to determine the
success of producing well-shaped PANI nanostructures.

In this work, we compare the use of CeO> nanoparticles, desert rose-like 6-MnQO: flowers, and single-
crystalline 0-MnO:2 nanotubes in reaction with aniline and analyze whether the geometries of the oxide
nanostructures are preserved in the resulting PANI nanostructures. Conducting PANI nanotubes are successfully
synthesized by using the a-MnO: nanotubes as the reactive template to oxidize aniline and facilitate polymerization
reaction in a controlled manner, without the appearance of randomly formed PANI. The standard reduction
potential of MnO2/Mn?* pair is 1.23 V, which is high enough to oxidize aniline under appropriate conditions, for
example, a high acidity of the reaction solution that allows the solid MnOz is reduced to soluble Mn?* ions.
Reducing MnO> nanotubes to soluble ions is essential to continuously expose reactive MnOx surfaces to oxidize
aniline and drive polymerization reaction. In addition, the single crystallinity of the MnO: nanotubes prevents
them from being shattered during the redox reaction, facilitating the formation of PANI nanotubes due to the
templating effect. In contrast, the polycrystalline 6-MnO: flowers made of intertwined thin nanoflakes and
polycrystalline MnCO3;@MnO:> spherical particles with rough surfaces react with aniline to form entangled PANI
nanofibers without inheriting the MnO2 geometries. The stark difference indicates that high crystallinity and
smooth surfaces of the reactive template oxide nanostructures are crucial to forming integral PANI nanostructures
with the preservation of oxide geometries. The evolution of PANI nanotubes has been examined to understand the
shape preservation of the single-crystalline MnO2 nanotubes during the templated redox reaction.

2. Materials and Methods

2.1. Synthesis of MnO: Nanotubes

Single-crystalline MnO:2 nanotubes were synthesized through a hydrothermal method. In a typical synthesis,
112.5 mg of KMnOs4 (Acros Organics, ACS Reagent, 99%+, Fair Lawn, NJ, USA) was dissolved in 10 mL of DI
H:0. To this solution was added 0.250 mL of concentrated HCI (Fisher Chemical, ACS Plus Reagent, 37% w/w,
Fair Lawn, NJ, USA) under magnetic stirring, and the solution was allowed to stir for 30 min. The solution was
transferred to a Teflon-lined stainless steel hydrothermal reactor, which was then placed in an oven set at 120 °C
for 12 h. The reactor was allowed to cool completely to room temperature before opening. The solid product was
washed three times with DI H20 and one time with ethanol (Pharmco, 190 proof, Brookfield, CT, USA) before
drying in an oven set at 60 °C overnight.

2.2. Synthesis of PANI Nanotubes

In a synthesis, 15 mg of the as-prepared MnO: nanotubes were dispersed in 5 mL of DI H20. To this
dispersion was added 0.2 mL of 0.6 M H>SO4 (Fisher Chemical, Certified ACS Plus, 95% w/w, Fair Lawn, NJ,
USA). The dispersion was ultrasonicated for 30 min. A separate solution containing 18 mL of aniline (Acros
Organics, ACS Reagent, 99%, Fair Lawn, NJ, USA) in 1 mL of DI H.O was prepared. Following the 30-min
ultrasonication period, the aniline solution was added to the dispersion of MnOz nanotubes to trigger the redox and
polymerization reactions. The reaction was performed at room temperature and ambient air atmosphere. The PANI
product was washed three times with DI H20 before being dispersed in 5 mL of ethanol for storage.

2.3. Synthesis of PANI@silica Nanotubes

The as-synthesized MnOz nanotubes were first coated with silica with an appropriate thickness through a sol-
gel process. For example, 15 mg of MnO: nanotubes were dispersed in a solution containing 2.5 mL DI H20 and
0.5 mL NH4OH with the assistance of ultrasonication. While magnetic stirring, to the MnO: dispersion 12 mL of
0.03 M cetyltrimethylammonium bromide (CTAB) (CHEM-IMPEX INT’L INC., 99.52%, Wood Dale, IL, USA)
solution in H2O/ethanol (v/v = 2:1) was added dropwise and the magnetical stirring continued for additional 30
min. A solution containing the appropriate amount of tetraethyl orthosilicate (TEOS) (Acros Organics, 98%, Fair
Lawn, NJ, USA) in 0.5 mL of pure ethanol was then added dropwise to the dispersion, followed with continuous
stirring at room temperature overnight. The solution was centrifuged and washed with DI H>O and ethanol to
remove excess CTAB. The MnOx@silica nanotubes were dried in an oven set at 60 °C before use. Transforming
the MnO:z nanotubes to PANI nanotubes inside the silica coating followed the same procedure described above.
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2.4. XRD Characterization

The XRD characterization was performed using a Bruker D8 Advance diffractometer (Billerica, MA, USA).
The as-synthesized MnO2 product powder was loaded to a sample holder made of Poly(Methyl Mathacrylate)
(PMMA). The X-ray beam was generated using Cu K. emission with wavelength of 1.5418 A. The total power of
the instrument was set at 1600 W. The measurement was recorded at a rate of 1 s per increment of 0.0204°.

2.5. TEM Characterization

The transmission electron microscopy (TEM) images were recorded using a JEOL JEM-1400 electron
microscope equipped with a LaBs filament (Tokyo, Japan). For sample preparation, the PANI dispersion in ethanol
was diluted by a factor of 4 with additional ethanol before a 20-uL aliquot was drop cast on a Formvar/carbon
200 mesh copper TEM grid (Ted Pella Inc. Redding, CA, USA). The solvent vaporized in a fume hood to dry the
sample. All images were collected at an accelerating voltage of 120 kV with the beam current between
85-100 pA.

2.6. SEM/EDS Characterization

The scanning electron microscopy (SEM) images were recorded using a FEI Quanta 450FEG electron
microscope (Hillsboro, OR, USA), which was equipped with an Oxford Instruents X-Max~ 50 detector for energy
dispersive x-ray spectroscopy (EDS) characterization (High Wycombe, UK). For sample preparation, the PANI
dispersion in ethanol was directly used and a 20-uL aliquot was drop-cast on a silicon chip. The solvent vaporized
in a fume hood to dry the sample. All images were collected at an accelerating voltage of 10 kV. All EDS
characterization and analysis was conducted using the AZtec software (Oxford Instruments, High Wycombe, UK).

2.7. UV-Visible Absorption/Extinction Spectroscopy

The UV-visible optical absorption/extinction spectroscopy was studied using a Thermo Scientific Evolution
220 UV-Visible spectrophotometer (Madison, WI, USA). For the study of reaction evolution, a 0.1-mL aliquot of
the reaction solution was sampled at a specific time and dispersed in 1 mL of DI H2O. The quartz cuvette was
rinsed twice with DI H2O between samples. The spectral scans were conducted at a rate of 3000 nm/min with an
integration time of 30 milliseconds and a scan interval of 1.5 nm.

3. Results and Discussion

When a MnO2 nanotube is immersed in acidic aniline solution, aniline molecules are in direct contact with
the outer side surfaces and end surfaces of the nanotube to react and initiate polymerization to form a thin PANI
layer on these surfaces (step i, Figure 1). Because of the small diameter of the nanotube, the diffusion of aniline
into the tube cavity is significantly restricted, making it difficult to form a PANI layer against the inner surfaces
of the MnOz nanotube. The thin PANI layer is still permeable to aniline monomer, allowing the continuous redox
reaction between aniline and MnOz to grow the PANI layer. The outer side surfaces of the single-crystalline a-
MnO:z nanotube are smooth and terminated by the low-index {100} facets, while its end surfaces are rough (or
curved) and terminated by the higher-index facets [21]. The crystallographic differences between the side and end
surfaces lead to different reactivity: the end surfaces are more reactive than the outer side surfaces. As a result, the
continuous reaction will consume MnO> along the longitudinal direction faster than the transverse direction. Such
anisotropic reactivity results in a PANI nanotube with a shortened MnO: nanotube in the middle (step ii,
Figure 1). The end portions of the PANI nanotube (with complete consumption of MnOz) become thicker to reach
the thickness determined by the reaction stoichiometry. Meanwhile, the PANI layer outside the remaining MnO»
also slightly thickens even though the reaction along the transverse direction is slow. The further reaction will
ultimately consume the MnOz nanotube to form a pure PANI nanotube with uniform thickness (step iii, Figure 1).
The redox reaction and polymerization occurring against the MnO: surfaces ensures the resulting PANI to adopt
the tubular morphology of the MnO:z nanotube.
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Figure 1. Schematic illustration of the major steps involved in the evolution of single-crystalline a-MnO: nanotube
during the reaction with aniline, which results in a PANI nanotube.

PANI exists in three oxidation states: fully reduced leucoemeraldine, fully oxidized pernigraniline, and
partially oxidized emeraldine phase. The former two forms exhibit negligible electric conductivity, while the latter
emeraldine phase is highly conductive and represents the most studied PANI phase [7]. The conductivity and
optical properties of PANI can be modulated by the concentration of doped protons along the polymer backbone,
allowing delocalization of the trapped electron states. Therefore, strong acidity (or low pH) of reaction solutions
is necessary to synthesize highly conductive PANI nanostructures. The polymerization reaction using APS yields
H2SO4 as a byproduct, providing sufficient proton dopant to produce conductive PANI. In contrast, the
polymerization reaction with MnO2 consumes protons (Figure S1, ESI), preventing the formation of the conductive
emeraldine phase. A high concentration of acid must be added to the reaction solution to maintain a sufficiently
acidic condition for producing conductive PANI when using MnO: as a solid-state oxidant.

Single-crystalline a-MnO2 nanotubes were synthesized using a hydrothermal method reported elsewhere [22].
The X-ray diffraction (XRD) pattern exhibits only a group of peaks consistent with the a-phase of MnO>
(Figure S2). The electron microscopy images show their tubular geometry with smooth surfaces and square cross-
sections. Each nanotube is straight with a uniform lateral dimension of 105 nm on average (Figure S3). In a typical
reaction with aniline, 15 mg of the synthesized MnO> nanotubes were dispersed in 5 mL of deionized (DI) H20
under ultrasonication. The pH of the aqueous dispersion was adjusted using 0.5 M H2SO4 aqueous solution to a
value of 1.5 (or any value below 1.5, condition optimization in Table S1, ESI). A mixture of 0.013 mL of aniline
and 1 mL of DI H20 was then added to the acidified dispersion of MnO2 nanotubes under vigorous magnetic
stirring. The mixing promoted the redox reaction between aniline and the MnO: nanotubes, producing aniline
radicals followed by polymerization into PANI. The dispersion was under constant stirring at room temperature
to complete the reaction. Centrifuging the dispersion collects the PANI product, which was washed three times
with DI H20 and then dispersed in ethanol for further use.

The morphological and compositional evolution of the MnO> nanotubes during reaction with aniline in the
acidic solution was studied by sampling the reaction solution at different times. The solid nanostructures in each
aliquot were immediately collected through centrifugation and washing with DI H>O. Figure 2 compares the TEM
images of the typical individual nanotubes sampled at different reaction times. Each a-MnO> nanotube exhibits
smooth side surfaces, open ends with curved end surfaces, and slightly tapered walls at the ends (Figure 2a). The
line-scan energy-dispersive X-ray spectroscopy (EDS) across the nanotube shows a typical bell-curve profile of
Mn with the presence of C that is common due to environment contamination (Figure 3a). The larger surface
curvatures of the end surfaces are responsible for the higher reactivity than the side surfaces. The initial reaction
of the MnO:z nanotubes with aniline (i.e., for 1 min) formed a thin layer of PANI covering both the outer side
surfaces and the end surfaces of the MnOz nanotubes (Figure 2b). The line scan EDS across the nanotube for both
Mn and C exhibit the same profile with an increase of C signal relative to Mn (Figure 3b), confirming the
occurrence of redox reaction that consumes MnQO> and produces PANI. The PANI on the end surfaces is much
thicker than on the side surfaces, which could be partially attributed to the different reactivity of the MnO: surfaces
at different locations. In addition, the diffusion of aniline to the MnO. surfaces influences the redox reaction
kinetics at the solid/liquid interface. The diffusion cross section for the end MnO: surfaces, which is close to a
three-dimensional (3D) point diffusion model, is much larger than that for the side MnO- surfaces, which is
equivalent to a two-dimension (2D) planar diffusion model (dashed curve vs. dashed line, Figure 2b). The
difference in diffusion also contribute to the fast reaction on the end surfaces of the MnO: nanotubes, leading to
the anisotropic shrink of the MnO: nanotubes along their longitudinal direction. Continuous reaction for 5 min
shortens the MnO: nanotubes, forming composite nanotubes with multiple segments—pure PANI for the end
sections and PANI/MnO: for the central section (Figure 2¢). The compositional difference at different segments
is evaluated with the line-scan EDS analysis (Figure 3c). The line-scan EDS profiles for both C and Mn at the
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central section are similar, confirming the incomplete consumption of MnO.. The C intensity relative to Mn
increases compared to the sample formed at 1 min, indicating that the redox reaction on the side surfaces of the
MnO:z nanotubes (i.e., along the transverse direction) still occurs, although the reaction rate is slower than that
along the longitudinal direction. Another possibility of the redox reaction could be similar to the formation of
hollow metal nanoparticles through the galvanic replacement reaction of silver nanoparticles with chloroauric
acid [23]. Aniline molecules give out electrons on the outer surface, being oxidized to polymerize and thicken the
PANI shells. The electrons migrate across the conductive PANI layer to inject into the MnOz nanotubes, reducing
MnO: into soluble Mn?" ions. In contrast, the line-scan EDS profiles at the end section show the absence of Mn,
indicating that MnO: is completely consumed, and this section is composed of pure PANI. The apparent diameter
of the end section is ~75% of that of the central section, implying the mechanical flexibility of the PANI nanotube.
Without the support of the rigid MnO: nanotube, the PANI nanotube tends to shrink, possibly due to capillary
force during drying. Reaction for a longer time (e.g., 10 min) completely consumes MnOz, producing pure PANI
nanotubes (Figures 2d and S4). The long PANI nanotubes in electron microscopy images exhibit bent geometries
(Figure S5), different from the straight geometry of the MnOz nanotubes, confirming the mechanical flexibility of
PANI.

Figure 2. Typical TEM images of representative a-MnO2 nanotube (a) and (b—d) after reaction with aniline for
different times: (b) 1 min, (¢) 5 min, and (d) 10 min. The dotted curve and line in (b) indicate the diffusion cross-
sections of aniline toward the end and side surface, respectively. The red arrows indicate the diffusion direction of

aniline.
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Figure 3. Line-scan EDS profiles of Mn and C along individual nanotubes before (a) and after (b,c) the a-MnO2
nanotubes react with aniline for different times: (b) 1min. and (¢) 10 min. The insets are the nanotubes that have
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been studied. The arrows highlight the positions for EDS analysis and line-scan directions. The grey boxes highlight
the edges of the studied nanotubes, which determine their lateral dimensions.

The Fourier transform infrared (FTIR) spectrum of the as-synthesized nanotubes exhibits characteristic peaks
of PANI (Figure S6). The two peaks located at 1583 cm™! and 1498 cm™! are attributed to quinonoid and benzenoid
ring stretching respectively [24]. The weak peak at 1384 cm™! appears as a result of C-N stretching of alternating
quinonoid-benzenoid-quinonoid rings within the PANI structure [25]. The peak at 1315 cm™' represents the C-N
vibrational mode of secondary aromatic amines [26] while the peak at 1267 cm ™! is attributed to the polaron lattice
C-N stretching mode [27]. The broad peak at 1142 cm! is associated with positively charged -NH" stretching
modes within the polymer arising from the high degree of polymer backbone protonation while the peak at 699
cm! represents -NH wagging in secondary amines. The peak at 824 cm™! corresponds to the out of plane C-H
stretching modes of para-disubstituted benzene rings arising from the end to end monomer coupling during the
polymerization reaction [25].

The color evolution of the solution during the conversion of MnO: nanotubes to PANI nanotubes allows
using ultraviolet (UV)-visible absorption spectroscopy to follow the redox/polymerization reactions on MnO:
surfaces. The emeraldine PANI phase has three characteristic absorption bands in the UV-visible spectral range.
According to the previous studies on emeraldine PANI films [28], the absorption band around 4 eV (or 310 nm)
originates from the m-n* transition, owing to the excitation of benzenoid rings within the polymer chain. This
transition is present in both aniline monomer and PANI of all phases. The emeraldine base has an absorption band
at ~2.1 eV (or 590 nm) due to the localized benzenoid HOMO (highest occupied molecular orbital) to quinoid
LUMO (lowest unoccupied molecular orbital) excitation. Protonation of the emeraldine base leads to the formation
of bipolarons, in which the two N atoms connecting to the quinoid rings are protonated with positive charges. Such
localized protonation could elevate the quinoid LUMO position and blueshift the absorption band. The internal
redox reaction of bipolarons transforms quinoids into benzenoid rings, forming polarons. The following polaron
separation spreads the polarons to form a polaronic lattice with alternated cations (—/NH —) along the polymer
chains. The polymer chain with high-density polarons possesses a polaron band that is half occupied with electrons.
Excitation of electrons from the fully occupied lower-energy band to the polaron band becomes possible, shifting
the HOMO-LOMO absorption peak to the red around 1.5 eV (or 825 nm). The polaron band transition usually
gives an intense and broad absorption peak. Further protonation increases the density of polarons to exhibit polaron
bications that are neighboring polarons. Such breaking of the polaron lattice makes the emeraldine PANI more
metallic, extending its absorption further to the near-infrared region [28,29].

Figure 4 plots the time-dependent UV-visible extinction spectra of an acidic dispersion of MnO2 nanotubes
before and after the reaction with aniline for different times. The extinction spectrum of the MnO:2 nanotubes
shows a shallow and broad peak at 610 nm (black curve, Figure 4a). The significant baseline offset is attributed to
the strong scattering of the MnO2 nanotubes due to their longitudinal dimensions comparable to or larger than the
light wavelength. The dispersion of the MnO2 nanotubes is opaque (inset, Figure S3), confirming the strong
scattering of the nanotubes. Once the reaction with aniline starts, a strong absorption peak at 530 nm and a weak
shoulder peak at 700 nm emerge simultaneously (see the spectrum at 15 s), indicating the formation of protonated
emeraldine PANI dominated by bipolarons. The absorption peak of MnO: is too weak to display and be embedded
in the strong absorption of PANI. The absorption of resulting Mn?" cations is also very weak compared to PANI
(Figure S7). Therefore, the peaks observed in the extinction spectra are dominated by the absorption of emeraldine
PANI. As the reaction continues, the peak at the shorter wavelength slightly increases and redshifts. The peak at
the longer wavelength significantly increases in intensity, but its position remains unchanged. The evolution of
these two absorption peaks indicates that thicker PANI favors the formation of polaron lattice at longer reaction
times. For example, the PANI nanotubes formed at 10 min after complete consumption of MnO: essentially exhibit
one peak at 700 nm (yellow curve, Figure 4a), indicating the freshly produced PANI nanotubes are composed of
polymer chains primarily with polaron lattices. This extinction spectrum still shows a large offset baseline without
the MnO: nanotubes, indicating that the resulting PANI nanotubes have strong scattering. The strong scattering
makes the dispersion of PANI nanotubes opaque (inset, Figure S5). In contrast, the PANI dispersion synthesized
using APS exhibits an extinction spectrum with a smaller offset (Figure S8), indicating that the lateral dimensions
of the PANI nanostructures are smaller compared to the PANI nanotubes. The PANI product is dominated by
wavy and entangled nanofibers with thin diameters, which could be easily swollen with solvent to minimize the
difference in dielectric constant between the PANI nanofibers and solvent. Both the small lateral dimensions and
swelling of the PANI nanofibers lower their optical scattering. The PANI synthesized from reaction with
polycrystalline MnO: shells with rough surfaces [19] gives a transparent solution even though the spherical MnO»
shells have sizes over 2 pm (Figure S9). The lack of strong light scattering implies that the resulting PANI cannot
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inherit the geometry and dimension from the polycrystalline MnO: shells but form fragments. The differences in
PANI products formed from the reactions with the single-crystalline MnO2 nanotubes and the polycrystalline
MnO: shells confirm the importance of single crystallinity, which prevents the reactive MnO: from falling apart
during reaction with aniline, and smooth surface, which provides the solid/liquid interface favoring the localized
polymerization and growth of PANI against the MnO: surface, in synthesizing PANI nanotubes that can inherit
the geometry and dimensions of the MnO2 nanotubes.
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Figure 4. Time-dependent UV-Visible extinction spectra of the dispersion of MnO2 nanotubes before (black curve)
and after reaction with aniline for different times: (a) 15 s—10 min and (b) 20 min—60 min. Note: The first spectrum
(red curve) in (a) was recorded at 15 s (i.e., 0.25 min), the second spectrum (green curve) was recorded at 1 min,

and the following spectra were collected at an interval of 1 min. The units of the legends in (a) are the same as min.

Since the absorption peaks at 530 nm and 700 nm originated from the emeraldine PANI, it is feasible to use
their intensity to roughly estimate the extent of polymerization, which is approximately proportional to the
absorbance [30]. The integrated area by using the line connecting the peak valley around 400 nm and the data
point at the longest wavelength (i.e., 980 nm) as the baseline is used to evaluate the polymerization kinetics during
the reaction of aniline with the MnOz nanotubes (Figure S10). The integrated area exhibits a linear dependence on
the reaction time at the middle stage of the reaction (i.e., 2—7 min), indicating that the polymerization follows a
quai-zeroth reaction order and is independent of concentrations of both aniline and MnO: nanotubes. Such
concentration independence indicates that the exposed MnO: surfaces (i.e., the end surfaces with an almost
constant value) primarily determine the reaction kinetics when the diffusion of aniline does not limit the reaction.
The polymerization becomes slower at the late stage (Figure S10), where the concentration of aniline is so low
that diffusion starts limiting the reaction. After the complete redox and polymerization reaction, incubating the
PANI nanotubes in the acidic reaction solution leads to a slight decrease in peak intensity at 700 nm and an overall
broadband increase in the near-infrared region (Figure 4b). The soaking allows deep protonation of the polaron
lattices (alternated polaron distribution along polymer chains) to polymer chains with high-density polarons (i.e.,
forming neighboring polaron bications), making PANI more metallic (or conductive) to extend its optical
absorption to even longer wavelength, i.e., near-infrared region [31].

The transformation of transient template MnO2 nanotubes to PANI nanotubes through an interfacial redox
reaction provides a possibility to form PANI nanotubes coated with an inorganic layer, which is difficult to deposit
on PANI directly. For example, the conventional sol-gel process cannot grow a silica coating on PANI
nanostructures through controlled hydrolysis of tetracthyl orthosilicate (TEOS) in the presence of the PANI
nanostructures in a solution due to the chemical non-wettability between silica and PANI. In contrast, it is
convenient to grow a silica layer on MnOz nanotubes, forming MnOzx@silica core-shell nanotubes, through the
sol-gel process [32]. When the silica coating is thin enough (<20 nm), the intrinsic porosity of the thin silica layer
still allows the diffusion of aniline molecules to react with MnOz nanotubes and outward diffusion of Mn?" ions,
resulting in the transformation of the MnO2 nanotubes into PANI ones inside the silica shells (Figure 5). The FTIR
spectrum of the resulting composite nanotubes exhibits the same characteristic peaks of the PANI nanotubes shown
in Figure 2d, confirming the conversion of MnO:z to PANI (Figure S6). The formation of PANI nanotubes inside
the silica shells indicates the diffusion of aniline monomer accross the silica layer. The EDS linescan profiles of
Si (corresponding to silica shell) and C (corresponding to PANI tube) of a single composite tube (Figure S11)
show that the signal of Si is wider than the signal of C, highlight the PANI@silica core-shell structure. The lack
of Mn signal and strong C signal indicate the complete reaction of MnO2 with aniline monomers to yielding soluble
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Mn?" ions and PANI core tubes. Due to the versatile chemistry of silica, the presence of silica layer outside the
PANI nanotubes enables the feasibility to modify or graft interesting components onto the composite nanotubes,
adding appropriate properties/functionalities to the PANI nanotubes.

Figure 5. Typical TEM image of representative PANI@silica nanotubes.

4. Conclusion

Single-crystalline a-phase MnO2 nanotubes have been used as a new class of solid-state oxidant to oxidize
aniline and promote polymerization of emeraldine PANI in the appropriate acidic solutions. The MnO: nanotubes
with smooth surfaces also serve as transient templates to confine the polymerization against the MnO: surfaces,
forming pure PANI nanotubes with dimensions determined by the MnO: nanotubes and reaction stoichiometry.
The reduction of MnO: into soluble Mn?" ions is also crucial for hollow PANI nanostructures, which inherit the
geometry of MnO» nanostructures. The reaction of aniline with CeO: nanoparticles failed to produce hollow PANI
shells because Ce20;3 (i.e., the product of reduced CeQz) is not soluble. After the initial reaction, the presence of
thin Ce203 coating on CeO: prevents the contact between aniline and CeO», thus ceasing the continuous redox
reaction. This work shed light on using highly crystalline reactive oxide nanostructures as transient templates to
synthesize shape-controlled conducting polymer nanostructures through oxidation-induced polymerization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/578/s1, Figure S1. Change of solution pH value as aniline added to the dispersion
of MnO: nanostructures at 30, 90, 180, 270 s. The jump of pH value indicates the consumption of protons as aniline being
oxidized by MnOsz. Figure S2. XRD pattern of the synthesized MnO: nanotubes. Figure S3. (a) Scanning electron microscopy
(SEM) image of the synthesized MnO: nanotubes. The nanotubes standing out-of-substrate show the square cross sections and
hollow interiors. The inset is a photo of an aqueous dispersion of the MnO2 nanotubes. (b) Statistic histogram of the lateral
dimensions of individual MnOz nanotubes. Figure S4. Line-scan EDS profiles across a PANI nanotube (formed from 10-minute
reaction as shown in Figure 2d) at different locations. The near-zero signals of Mn regardless of position confirm the complete
consumption of MnO2 throughout the entire nanotube. The gray boxes highlight the boundaries of the nanotube along the scan
traces. Figure S5. Transmission electron microscopy (TEM) image of the synthesized PANI nanotubes. The bended curves
along their longitudinal directions indicate their mechanical flexibility. Figure S6. FTIR spectrum of the as-synthesized PANI
nanotubes as shown in Figure 2d and PANI@silica nanotubes as shown in Figure 5. Figure S7. Absorption spectrum of the
supernatant after complete reaction of the MnO:z nanotubes. The absorbance beyond 500 nm, where optical absorption of the
emeraldine PANI locates, is lower than 0.01, which is less than 2% of the peak absorption of the PANI nanotube dispersion.
Therefore, it is reasonable to ignore the influence of resulting Mn?* on the extinction spectra during the reaction. Figure S8. (a)
TEM image of PANI synthesized using APS. The inset is the photo of the PANI dispersion. (b) Extinction spectrum of the
PANI dispersion. The concentration of aniline units is same as that used in the synthesis of PANI nanotubes. Figure S9. (a)
SEM image of MnOz spherical shells with rough surfaces. (b) TEM image of PANI synthesized from reaction with the MnO2
shells. The inset is the photo of the PANI dispersion. (c) Extinction spectrum of the PANI dispersion. The concentration of
aniline units is same as that used in the synthesis of PANI nanotubes. Figure S10. Time-dependent integrated area of the
absorption beyond the valley points in Figure 4a. The integration was processed using the line connecting the valley point
around 400 nm and the data point at the longest wavelength (i.e., 980 nm) in each spectrum. Figure S11. Line-scan EDS profiles
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of a synthesized PANI@silica core-shell nanotube. The inset represents the SEM image of the PANI@silica nanotube, with an
arrow highlighting the scan position and direction. The grey box represents the outer boundary of the nanotube along the scan
traces. Table S1: Reactivity of MnO: nanotubes and the resulting PANI phase at different pH of reaction solution.
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