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Abstract

Assembling doped metal oxide nanocrystals (NCs) into one-dimensional (1D) structures can enhance the optical and elec-
trochemical properties of thin films. However, achieving this assembly without damaging the NCs’ properties has been chal-
lenging. Here, we present facile method to assemble near-infrared (NIR) absorbing plasmonic indium tin oxide (ITO) NCs
into 1D nanotubes (NTs) using track-etched polycarbonate (PC) membranes as templates. By infiltrating freestanding PC
membranes with 3% doped ITO NCs, attaching them to an adhesive layer, and then annealing, we produce robust ITO NTs
on substrates. Fabricated ITO NTs, featuring mesopores and macropores, exhibit rapid NIR modulation under electrochemi-
cal potential while maintaining static visible opacity, making them useful for privacy protection and thermal management.
Incorporating NbO, into these ITO NT films demonstrates rapid switching and electrochemically stable visible and NIR

dual-band electrochromic modulation, highlighting the significance of structuring NCs.
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Introduction

Doped metal oxide NCs exhibit excellent electronic prop-
erties and localized surface plasmon resonance (LSPR)
absorption in the visible and infrared ranges, both originated
from high charge carrier concentrations (10'8-10?! cm™3)
[1-4]. These properties can be dynamically adjusted through
electrochemical charging and discharging, making them
suitable for electrochromic applications [5-8]. Since both
electrochemical and optical properties are influenced by
thin film morphology, it is highly important to arrange them
into desired structures [9, 10]. In NC electrochromic fields,
the advanced functionalities such as transmittance control
and fast electrochemical charging/discharging are achieved
through assembling NCs [11-13].
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Despite the significance of assembling NCs, aligning iso-
tropic NCs in a specific direction poses challenges because
isotropic NCs do not prefer oriented attachment. The assem-
bly of NCs-polymer relies on chemical interaction between
NCs and polymer moieties, demonstrating an efficient way to
generate mesoporous structures from the structure-directing
template agents [14—16]. However, 1D structuring through
polymer—NCs interaction is particularly challenging due to
the need of careful control of polymers, solvent, and NCs
[17-19].

One of approach in directing NCs into the anisotropic
structure involves arranging colloidal NCs using capillary
force within spatial confinement [20]. Depending on the void
shape, the morphology of the assembled NCs can mimic
that of the void shape. Dong et al. demonstrated the success-
ful assembly of Fe,O; NCs into nanorods through capillary
force using anodic aluminum oxide (AAO) membranes with
1D pores [21]. However, the method of inorganic template
removal, which essentially relies on chemical etching such
as strong KOH, is not suitable for chemically unstable mate-
rials like WO; and ITO NCs. These materials are crucial for
electrochromic applications due to their absorption prop-
erties that match well with the solar spectrum. Therefore,
alternative methods that do not degrade properties of the
NCs are necessary.
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Main benefit of employing PC membranes as templates is
their easy removal via thermal annealing or simple organic
solvent dissolution, a method that cannot be applied to inor-
ganic AAO membranes. This characteristic is especially
advantageous for chemically unstable materials like WO,
and ITO NCs, which are prone to damage from chemical
etching. Earlier studies have investigated the incorporation
of sol—gel-derived TiO,, hydrothermal-grown ZnO, conduct-
ing polymers into the pores of PC membranes, aiming at
applications in solar cells, actuator, and piezoelectric fields
[22-25]. Nevertheless, there has been no investigation into
assembling NCs into 1D structures using PC membranes and
testing their electrochromic performance.

In this study, we first report assembly of shape isotropic
ITO NCs into anisotropic 1D NTs using PC membranes
as templates. NTs adhered to substrates via adhesion layer
exhibit hollow structures that enhance electrolytes ion diffu-
sion. The resulting films demonstrate NIR modulation when
subjected to an electrochemical potential, with static opacity
in the visible range. This holds promise for applications in
privacy protection and thermal management. Moreover, the
exterior void spaces of NTs and the hollow interior of the
tubes play a crucial role in enabling dual-band electrochro-
mic modulation with fast switching speeds when NbO, is
integrated. This underscores the importance of assembling
NCs into 1D nanotubular structures for electrochemical
applications.

Experimental Detail
Materials

ITO substrates (80 €/0) were purchased from Omniscience.
Track-etched PC membranes (pore diameter =200 nm, thick-
ness ~ 10 um) were obtained from Whatman Co. Niobium
ethoxide (Nb,(OEt)s, 99.9%) was purchased from Alfa
Aesar. Indium (III) acetate (99.99%), tin (IV) acetate, oleic
acid, oleyl alcohol, dimethylformamide (DMF, >99.8%),
hexane (>95%), ethanol (>99.5%), acetone (>99.5%),
nitrosyl tetrafluoroborate (NOBF,), tetramethylammonium
hydroxide (NMe,OH«5H,0, 97%), poly(vinyl chloride)
(PVC, M, =62,000 g/mol), poly(oxyethylene methacrylate)
(POEM, M, =500 g/mol), 1,1,4,7,10,10-hexamethyltrieth-
ylene tetramine (HMTETA, 99%), copper chloride (CuCl,
99%), N-methyl pyrrolidone (NMP, 99.5%), chloroplat-
inic acid solution (H,PtCly), lithium perchlorate (LiCIO,,
99.99%) were purchased from Sigma-Aldrich. All solvents
and chemicals were used as received.
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ITO NC Synthesis

The ITO NCs were synthesized following a previously
reported slow growth procedure [26]. Metal precursors of
tin (IV) acetate and indium (III) acetate were dissolved in
oleic acid and degassed under vacuum at 120 °C for 1 h.
Desired doping concentrations were obtained by modifying
the stoichiometric molar ratios of the precursors. Precur-
sor solutions were then slowly injected (0.2 mL/min) into a
reaction flask containing 12 mL of oleyl alcohol at 290 °C
in inert condition. After the injection, the flask was cooled
to room temperature, and the NCs were precipitated with
ethanol, centrifuged at 8500 rpm for 5 min and then precipi-
tate was dispersed in hexanes. The washing procedure was
repeated two more times.

Ligand Stripping of ITO NCs

To remove the ligands from the NC surfaces, NOBF, salts
were used [27]. Purified ITO NCs dispersed in hexane were
combined with DMF to form a biphasic mixture, with the
non-polar phase on top. NOBF, was then added to this mix-
ture in a 1:1 weight ratio with the ITO NCs, and the mixture
was stirred for 1 h. Once the stripping reaction was success-
fully completed, the NCs were transferred to the polar DMF
phase. The stripped NCs were then purified by centrifuga-
tion using DMF and toluene as the solvent/anti-solvent pair.

Synthesis of PVC-g-POEM Graft Copolymer

Poly(vinyl chloride)-g-poly(oxyethylene methacrylate)
(PVC-g-POEM) graft copolymers were synthesized by atom
transfer radical polymerization (ATRP) [28]. 6 g of PVC was
dissolved in 50 mL of NMP by stirring at room temperature
until PVC was fully dissolved. After this procedure, 27 g
of POEM, 0.1 g of CuCl, and 0.24 mL of HMTETA were
added to the solution. The green mixture was stirred until a
homogeneous solution was obtained and then purged with
nitrogen for 1 h. The reaction was carried out at 90 °C for
24 h. After polymerization, the solution was precipitated
with methanol three times. PVC-g-POEM graft copolymer
was obtained and dried in a vacuum oven overnight at 50 °C.

Preparation of ITO NTs Film

PC membranes underwent pretreatment process where
they were immersed in hexane for 20 min, dried, and then
re-immersed for 20 min in ITO NCs solution dispersed in
hexane at a concentration of 75 mg/mL. The attachment of
PC membrane to the ITO-coated glasses was achieved by
introducing a nanocomposite adhesive layer composed of
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PVC-g-POEM and ligand-stripped 0.1%-doped ITO NCs.
The solution for the adhesive layer was prepared as follows:
first, 0.11 g of PVC-g-POEM was dissolved in 3 mL of
DMF, followed by the addition of 1.5 mL of ligand-stripped
ITO solution (80 mg/mL). This solution was spin-coated
onto the ITO substrates at 1500 rpm for 30 s. Before the
adhesive layer dried completely, PC membrane infiltrated
with NCs was attached to it. The samples were then annealed
at 500 °C for 2 h to remove the templates.

Preparation of ITO NTs/NbO, Composite Film

Niobium polyoxometalate (Nb-POM) clusters were synthe-
sized by following a previous report [29]. A solution was
prepared by dissolving 140 mg of N b;; POM in 1 mL of
ethanol/deionized water mixture (1:1 volume ratio). The
POM concentration was delicately adjusted to prevent form-
ing an overlayer on the surface of the NTs film. 50 pL of the
solution was drop-casted onto the fabricated ITO NTs film,
which was then ramped to 4000 rpm, and spun for 1 min.
Subsequently, the film was annealed in air at 400 °C for
30 min to condensate the POMs.

Preparation of ITO NC Densely Packed Film

To fabricate the same form of ITO NTs film, adhesion layer
was spin-coated on the ITO-coated glasses. The film was
then annealed at 500 °C for 2 h to remove the polymer tem-
plates. After annealing, ITO solution (120 mg/mL) was
spin-coated with 1500 rpm for 1 min. To achieve similar
thickness to ITO NTs film, the film was treated with formic
acid and then spin-coated with the ITO solution in the same
manner as before. This process was repeated to achieve the
similar thickness of the ITO NTs film.

FTIR Measurement

The transmittance spectra of PVC-g-POEM were recorded
on a Nicolet iS50 FTIR spectrometer. Each solution was
dropped on a double side polished Si wafer and dried.

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) Measurements

SEM and TEM images were measured by a Hitachi SU8S010
and a JEOL JEM-2010, respectively. Samples for SEM
measurement were prepared on silicon wafers. TEM meas-
urement samples were prepared by drying a drop of solution
on the copper TEM grids with lacey carbon support films
(300 mesh, Sigma-Aldrich).

UV-Visible-NIR Spectra Measurement

The absorbance spectra of ITO NCs with varying tin
doping concentrations, dispersed in tetrachloroethyl-
ene, were recorded using a JASCO V-770 UV-VisNIR
spectrophotometer.

In Situ Spectroelectrochemical Measurement

A home-built in situ spectroelectrochemical cell was
installed in an argon glovebox. Visible and NIR transmis-
sion spectra of ITO thin films were obtained in situ using
Oceanview 2.0 software. The samples deposited on ITO
substrates were positioned as the working electrode in a
two-electrode system. A Li foil was used as the counter and
reference electrode. 0.1 M LiClO, in propylene carbonate
(PC) was used as the electrolyte. Chronoamperometry (CA)
was conducted to measure film’s optical property in the vis-
ible and NIR region. Cyclic voltammetry (CV) is used to
measure cycling stability between 1.5 and 4 V (vs Li/Lit)
with the sweep rates (40 mV/sec for ITO NTs, ITO NTs/
NbO, composite film).

Results and Discussion

First, PC membranes with pore diameter of 200 nm were
selected to fabricate 1D ITO NTs. To dynamically modu-
late NIR transmittance which are crucial for thermal
management, 10 nm-sized-3%-doped ITO NCs shown in
Fig. 1c were synthesized to minimize NIR absorption at
the bleached states while maximizing NIR modulation at
the colored state. Thus, as-synthesized ITO NCs absorp-
tion is low in 300—-1600 nm while strong absorption around
2000 nm wavelength (Fig. 1a). It should be mentioned that
the NCs are dispersed in the hexane to protect membranes as
PC membranes are quickly dissolved in the toluene solvent.
PC membranes were dipped into the 3%-doped ITO NCs
solution for capillary force induced infiltration (Scheme 1).
After films were taken out, the surface of the PC membranes
was gently wiped out to remove the redundant ITO NCs.
Otherwise, an additional layer of ITO NC film would form
after the annealing process (Fig. S1).

Due to the freestanding nature of PC membranes, adhe-
sive layers are crucial for fabricating robust ITO NT films
on substrates. The adhesive layer consists of the assemblies
of PVC-g-POEM and ITO NCs, with POEM providing
the adhesive properties. 0.1%-doped ITO NCs with 13 nm
size were chosen to minimize modulation in the NIR range
(Fig. 1a, b). Agrawal et al. showed that low-doped, large-
sized ITO NCs exhibit minimal modulation due to the sur-
face depletion effect [30]. This approach minimizes the con-
volution effect to NIR modulation during electrochemical
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Fig. 1 a Absorbance spectra of 3%-doped and 0.1%-doped ITO NCs
dispersed in the tetrachloroethylene and TEM images of b 0.1%-
doped (left) and ¢ 3%-doped (right) ITO NCs (scale bar: 50 nm)
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Scheme 1 Schematic illustration for fabrication of ITO NTs using PC
membranes

test. The synthesized 0.1%-doped ITO NCs were ligand-
stripped to enable assembly with PVC-g-POEM synthesized
by atom transfer radical polymerization technique (Fig. S2)
[28, 31]. When the ITO NC volume ratio increases, the
POEM ratio decreases in the deposited film, reducing adhe-
sive property with PC membranes (Fig. S3). The PVC-g-
POEM and 0.1%-doped ITO NCs (80 mg/ml) mixed solution
was spin-coated onto ITO substrates. PC membranes infil-
trated with NCs were immediately attached to the adhesive
layer and annealed in air at 500 °C to remove PC membranes
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Fig.2 A Optical image of 3%-doped ITO NTs on the ITO substrate
and a SEM image of the 3%-doped ITO NTs at a concentration of
75 mg/ml (scale bar: 1 pm), b A SEM image of ITO NTs showing the
pore existence (scale bar: 200 nm)
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Fig.3 a In situ transmittance spectra of 3%-doped ITO NTs with
0.1%-doped ITO NCs bottom layer that formed after the annealing
at different applied potential, b normalized charging and discharging
profiles following potential step (1.5 V, 4 V)

and PVC-g-POEM templates. It should be noted that the PC
membrane template removal process is not considered as
an additional step, since thermal annealing is necessary to
remove the ligands from the ITO NCs.

As shown in Fig. 2a, the annealed films show the success-
ful fabrication of ITO NTs on the substrates. Figure 2b dem-
onstrates the presence of ITO NCs, indicating the existence
of mesopores formed by the packing of these NCs, alongside
macropores within the NTs. The optical image shows opacity
in the visible range while maintaining transparency in the NIR
range (Fig. 2a and Fig. 3a). The opacity with low transmittance



Assembly of ITO Nanocrystals into Nanotubes Using Polycarbonate Membranes for Dual-Band...

Fig.4 A Transmittance spectra
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in the visible range (400—800 nm) is due to the micrometer-
sized nanotubular structure, contributing to the enhanced light
scattering effect. When the concentration of the 3%-doped ITO
NCs solution gradually increases, the length of the NTs also
increases (Fig. S4) while preserving nanotubular structure. The
presence of hollow structure is expected to facilitate electrolytes
ion diffusion during the electrochemical modulation.

The electrochromic properties of ITO NTs film were evalu-
ated with an in situ spectroelectrochemical setup in a glove-
box. At 4 V (vs Li/Li*), the film exhibited low transmission
in the visible spectrum due to the significant scattering effect,
but high transmission in the NIR range owing to the negligible
absorption from the low doping level (3%) of ITO NCs (Fig. 3a).
When the potential decreases to 1.5 V, the NIR transmittance
decreased from enhanced LSPR absorption from the electro-
chemical charging effect while the visible transmittance slightly
increased. It should be mentioned that the modulation in Fig. 3a
is primarily from the 3%-doped ITO NTs with minimal contri-
bution from the bottom 0.1%-doped ITO NCs layer (Fig. S5).
The static visible opacity combined with NIR modulation prop-
erties of these films can be applied for privacy protection and
thermal management purposes. The presence of mesopores and
macropores resulting from NC packing, along with void spaces
within the nanotubular structure, is anticipated to improve the
electrochemical switching speed. In comparison to densely
packed 3%-doped ITO NC films of similar thickness, ITO NT
films show fast electrochemical switching capabilities (Fig. 3b).

These highly porous films offer opportunities for incorpo-
rating external components. In our electrochromic application,
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we introduced niobium polyoxometalate (POM) clusters
[Nb10028]6_ via spin coating, followed by thermal condensation
to form NbO, [29]. NbO, is known to induce visible modula-
tion through polaronic absorption mechanisms. To optimize the
concentration of Nb-POM, various concentrations were tested.
Compared to the 120 mg/ml Nb-POM concentration depicted
in Fig. S6, a solution with 140 mg/ml of Nb-POM (Fig. 3a)
resulted in increased modulation in the NIR range due to the
slightly higher concentration of Nb-POM. However, introduc-
ing 160 mg/ml of Nb-POM decreased the modulation (Fig. S6).
Therefore, we chose a concentration of 140 mg/ml of Nb-POM
for further spectroelectrochemical studies.

The in situ electrochromic performance of the ITO NTs/
NbO, composite film was evaluated by applying different
potentials (4 V, 2.3V, 1.5 V), resulting in independent dual-
band modulation in the visible and NIR range (Fig. 4a).
At 4V, the composite film exhibits visible opacity while
maintaining NIR transparency. Applying 2.3 V induces NIR
modulation due to capacitive charging while maintaining
visible opacity. When reduced to 1.5 V, the film turned into
the darkish color in the visible range and further blocked
NIR light. Notably, the switching speed of the ITO NTs/
NbO, film is similar to that of only ITO NTs film (Fig. 4d),
probably attributed to efficient ion diffusion across the ITO/
NbO,/electrolyte interfaces (ITO <> NbO,, NbO, <> electro-
lytes, ITO <> electrolytes), as previously discussed by Kim
et al. [11]. Moreover, as can be seen from Fig. 4c, there
are still pores inside the tubes, and expected to contribute
fast switching speed. When a dense ITO NCs film is coated
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with Nb-POM at a concentration of 120 mg/ml, the film is
clearly covered with Nb-POM (Fig. S7), highlighting the
significance of NCs structuring. Moreover, compared to ITO
NT films prone to rapid electrochemical degradation (Fig.
S8), the ITO NTs/NbO, composite films exhibit sustained
electrochemical cycling stability, possibly attributed to the
adhesive role of the NbO, layer in preventing delamination
of ITO NCs (Fig. 4b) [11, 29].

Conclusion

In summary, we demonstrated an efficient method to assem-
ble shape isotropic ITO NCs into anisotropic 1D NT struc-
tures using PC membranes that have 1D pores. The ITO
NTs are fabricated on ITO substrates with the help of PVC-
g-POEM/ ITO adhesive layer, followed by thermal anneal-
ing to remove the organic templates. The PC membranes
were easily removed through thermal annealing, which is
an essential step for removing ligands from the ITO NCs.
Further infiltration of Nb-POM followed by thermal conden-
sation process gives visible and NIR dual-band modulation
under applied potential, leveraging the open porous network
of 1D NTs. For scaling up to larger electrochromic devices,
future development of PC membranes with higher pore den-
sity and larger dimensions will be necessary. Our study sug-
gests that thermally or solvent removable PC membranes
hold promise as templates for assembling inorganic NCs into
1D structures, applicable across various fields.
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tary material available at https://doi.org/10.1007/s11814-024-00242-x.
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