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ABSTRACT: Plasmonic metal oxide nanocrystals are interesting electrochromic @
materials because they display high modulation of infrared light, fast switching
kinetics, and durability. Nanocrystals facilitate solution-based and high-throughput
deposition, but typically require handling hazardous nonaqueous solvents and
further processing of the as-deposited film with energy-intensive or chemical
treatments. We report on a method to produce aqueous dispersions of tin-doped
indium oxide (ITO) by refunctionalizing the nanocrystal surface, previously
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stripped of its native hydrophobic ligands, with a hydrophilic poly(acrylic acid)

polymer featuring a low density of methoxy-terminated poly(ethylene oxide) grafts (PAA-mPEQ,). To determine conditions
favoring the adsorption of PAA-mPEO, on ITO, we varied the pH and chemical species present in the exchange solution. The extent
of polymer wrapping on the nanocrystal surface can be tuned as a function of the pH to prevent aggregation in solution and deposit
uniform, smooth, and optical quality spray coated thin films. We demonstrate the utility of polymer-wrapped ITO nanocrystal thin
films as an electrochromic material and achieve fast, stable, and reversible near-infrared modulation without the need to remove the
polymer after deposition provided that a wrapping density of ~20% by mass is not exceeded.

B INTRODUCTION

Among transparent conducting oxides, tin-doped indium oxide
(ITO) nanocrystals have attracted considerable interest over
the past decade as a dynamic electrochromic material for next-
generation smart windows.'~* Owing to their localized surface
plasmon resonance (LSPR) and low carrier concentration
(~10*°-10*! cm™3), ITO nanocrystals strongly absorb near-
infrared (NIR) wavelengths of light between 1500 and 2000
nm. This optical response can be tuned drastically as a function
of the nanostructure of the material. Colloidal synthesis
methods allow researchers to customize the strength and range
of NIR modulation as a function of size, shape, and
concentration and distribution of tin dopants,””'* while
reversible electrochemical doping by subjecting ITO nano-
crystals to an external bias achieves greater shifts in absorption
intensity and frequency.'”**'*™"" Moreover, since their
electrochemical charging is capacitive in nature rather than
intercalative, ITO nanocrystals exhibit exceptional NIR
electrochromic performance including fast switching kinetics,
high coloration efficiency, and extended cycling stability
compared to conventional bulk metal oxides.' >
Nanocrystal dispersions are suitable for lower cost, high
throughput, and more energy eflicient solution processing
methods for thin films. Additional advantages of wet
depositions”>'® that do not rely on high temperatures and
ultrahigh vacuum include compatibility with diverse substrates,
especially flexible ones, and the fabrication of homogeneous
composites with precise compositional control of the different
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elements. However, the deposition of nanocrystal thin films is
typically achieved from nonaqueous, hazardous, and flammable
solvents. Specifically, as-synthesized nanocrystals are stabilized
by hydrophobic organic ligands and are therefore deposited
from nonpolar solvents (e.g, toluene, hexane, octane,
etc.).”'"” Because these insulating organic ligands obstruct
electronic conductivity across the thin film and intimate
contact with the electrolyte in devices, either harsh thermal or
chemical postdeposition treatments"”’ (high temperature
annealing and/or soaking in acidic/alkaline solutions), or the
removal of ligands in solution before deposition using
nitrosonium or Meerwein’s salts,”"*> are needed. The latter
yields nanocrystal dispersions in polar solvents such as various
formamides, dimethyl sulfoxide, and acetonitrile, but this
procedure is not suitable for directly dispersing ITO in
aqueous media or mixtures of water and alcohol due to
hydroxylation of open-metal sites at the nanocrystal surface,
which destabilizes the dispersion. Within this context, there is a
clear need to diversify the solvent compatibility of inorganic
nanocrystals and develop methods to handle ITO and other
metal oxides in water and solvents of low toxicity. This is
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particularly relevant to deposition techniques that involve large
quantities of vapor effluents such as spray coating,”**** which
is one of the leading candidates for the economically scalable
and high throughput fabrication of optical quality nanocrystal
thin films.

So far, the primary strategy to disperse nanocrystals in
aqueous solvent is to functionalize their surface with
hydrophilic molecules. To this end, two approaches have
mostly been explored: ligand exchange with inorganic
oxoanions and polyoxometalates,”*® and with polymers and
other organic molecules.””~* Stabilizing semiconductor nano-
crystals with inorganic ligands grants conductive pathways to
the film along with circumventing postdeposition ligand
removal and conferring additional properties to the composite.
In particular, aqueous dispersions of ITO nanocrystals
functionalized with polyoxoniobates enable the direct deposi-
tion of homogeneous and tunable NbO, glass—ITO
composites that display selective and dual-band (visible and
infrared) electrochromic modulation.*”*” Nevertheless, this
precursor dispersion is strongly alkaline, which is not
necessarily suitable for all applications and composite
assemblies, and converting the polyoxoniobate matrix into
NbO, requires additional treatment such as high temperature
annealing or dipping the composite in an acidic solution.
However, while polymer-wrapping metal oxide nanocrystals
have been used to achieve aqueous dispersions for various
biomedical imaging applications,”**~*" this strategy has been
less explored for the development of new electrochromic
nanomaterials and devices. This is possibly due to challenges
related to finding a hydrophilic polymer that adsorbs on the
metal oxide surface without restricting electron transport and
therefore ogtoelectronic properties. Notably, Mendelsberg and
co-workers”” demonstrated that ligand-stripped ITO nano-
crystals wrapped with the diblock copolymer poly(ethylene
oxide)-b-poly(N,N-dimethylacrylamide) (PEO-b-PDMA) can
be dispersed in water and undergo redox reactions with
chemical species in solution. In this case, the PDMA block
adsorbs on the bare ITO surface while the PEO block provides
steric stabilization. Similarly, poly(acrylic acid)-derived poly-
mers can functionalize bare nanocrystals due to the strong
coordination between anionic carboxylate species and metal
atoms.”” In particular, poly(acrylic acid) grafted with methoxy-
terminated poly(ethylene oxide) (PAA-mPEO,) has been
successfully attached to iron oxide”” and rare earth metal oxide
nanocrystals,”® but redox reactions with these composites have
not been investigated to our knowledge. Beyond their
hydrophilic and biocompatible properties, PEO-functionalized
ITO nanocrystals could potentially be integrated into electro-
chromic devices, without the need for additional processing
steps to remove the or%anic layer, since PEO is known to
effectively conduct Li*."'~** However, systematic studies on
the influence of surface chemistry and polymer adsorption
conditions on the morphology and properties of polymer-
wrapped metal oxide nanocrystal thin films are needed toward
the systematic engineering of these materials. Indeed, previous
developments related to other hybrid polymer/metal oxide
structures used as electrochromic materials, such as ITO
surfaces functionalized with polythiophene,” polypyrrole,*® or
polyaniline,””** have shown that the electrochromic response
was intrinsically dependent on the polymer processing
conditions and resulting composition/thickness.

In this work, we functionalize ITO nanocrystals with PAA-
mPEO, to achieve colloidally stable aqueous “inks” suitable for
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the spray coating of optical quality electrochromic thin films in
a more energy efficient and less toxic way. We expand on the
polymer qu/pping method developed previously by Duong and
co-workers”” to explore conditions favorable for PAA-mPEQ,
adsorption on ITO and to control the wrapping density of the
polymer layer by varying the pH and species present in the
exchange solution (borate buffer, hydroxides, or pure Milli-Q
water). Initially, we identify a pH dependence of the extent of
PAA-mPEQO, adsorption and thus colloid stability. Then, we
compare the morphology and electrochromic behavior of thin
films obtained from ITO with varying PAA-mPEO, wrapping
densities. We find that while maximizing polymer coverage
results in the most stable colloidal inks, moderate polymer
coverage on the nanocrystal surface (10—22% by mass) leads
to optimal electrochromic performance in terms of optical
contrast, reversibility, and coloration efficiency that is
comparable to the performance of conventional ITO nano-
crystal films.

B EXPERIMENTAL SECTION

Materials. All chemicals were used as received and without further
purification. Indium acetate (In(ac);, 99.99% trace metal basis),
tin(II) acetate (Sn(ac),), oleylamine (technical grade, 70%), oleic
acid (technical grade, 90%), N,N-dimethylformamide (ACS reagent,
> 99.8%), nitrosonium tetrafluoroborate (95%), sodium tetraborate
salt, hydrochloric acid, and tetraethylene glycol dimethyl ether
(tetraglyme, > 99%) were purchased from Sigma-Aldrich. Hexane
(ACS reagent, various methylpentanes 4.2%, > 98.5%), reagent
alcohol (ethanol 88—91%, methanol 4.0—5.0%, isopropyl alcohol
4.5-5.5%), and toluene (>99.5%) were purchased from Fisher
Scientific. Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI, 3 M
Fluorad) was purchased from 3M. Fluorine-doped tin oxide (FTO)-
coated glass substrates (70 €/sq sheet resistance) were purchased
from Pilkington (NSG TECTM 70) and silicon substrates were
purchased from Virginia Semiconductor Inc.

Nanocrystal Synthesis. Tin-doped indium oxide (ITO) nano-
crystals were synthesized using a standard Schlenk line technique and
under inert conditions. The synthesis was adapted from previously
established colloidal methods.'"'® Briefly, 2.5 g (8.6 mmol) In(ac);
and 0.225 g (0.95 mmol) Sn(ac), were mixed with 10 mL of
oleylamine and degassed under vacuum for 1 h at 120 °C. The
solution was then heated to 230 °C under nitrogen and was reacted
for 1 h. After cooling to 60 °C, 5 mL of toluene and 1 mL of oleic acid
were added to the solution. The ITO nanocrystals were purified and
recovered by adding reagent alcohol, centrifuging, and redispersing in
toluene. After adding 100 uL of oleic acid to the ITO dispersion in
toluene, four more washing cycles were performed (precipitation with
reagent alcohol, centrifugation, and redispersion in toluene).

Ligand Stripping Procedure. The hydrophobic ligands bound
to the ITO surface were chemically removed using nitrosonium
tetrafluoroborate (NOBF,) following a procedure reported pre-
viously.>">*?73%* Briefly, 2 mL of toluene containing ~45 mg of
ITO nanocrystals, originally capped with a mix of oleylamine and
oleic acid molecules, were combined with 2 mL of 0.1 M NOBF, in
N,N-dimethylformamide (DMF). Ligand removal was then promoted
by sonication, which led to the transfer of bare ITO nanocrystals from
toluene to DMF. The ITO was recovered by precipitating with
toluene, centrifuging at 7500 rpm for S min, and redispersing in DMF
and purified by repeating this washing cycle seven times.

Polymer Wrapping Procedure. PAA-mPEO, random copoly-
mer was synthesized as described previously.”® Bare ITO was
polymer-wrapped by adapting methods previously developed for
other nanocrystal and polymer compositions by Helms, Milliron, and
co-workers.””?° Briefly, 10 mg of PAA-mPEQ, were dissolved in 700
uL of DMF under gentle stirring. Once the polymer was completely
dissolved, 300 yL of 90 mg/mL ligand-stripped ITO in DMF were
added dropwise to the polymer solution (final volume 1 mL, 10 mg of
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Scheme 1. Illustration of the PAA-mPEO, Wrapping Procedure of ITO Nanocrystals
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PAA-mPEO, and 27 mg of ITO). The mixture was stirred at 400 rpm
for 24 h and subsequently added dropwise under constant stirring to
an aqueous solution (19 mL) of either pure Milli-Q water (pH 6.5) or
50 mM borate buffer (pH 7.9, 8.5, or 9.1), which is henceforth
referred to as the exchange solution. After stirring at 600 rpm for 48 h,
the exchange solution containing PAA-mPEO,-wrapped ITO was
purified with Milli-Q water by spin dialysis using 50 kDa Millipore
Amicon Ultra centrifugal tubes. All aqueous dispersions were stable
during spin dialysis, except for the one processed from the borate
buffer exchange solution at pH 9.1, which precipitated out of solution.
In this case, the PAA-mPEO,-wrapped ITO nanocrystal precipitate
was resuspended in Milli-Q water by sonicating for 30 min, which
resulted in a cloudier solution than the samples processed in the
exchange solutions of lower pH. All final dispersions in Milli-Q water
were filtered through a 0.45 um PVDF syringe filter (Acrodisc, Pall).

Polymer-Wrapped ITO Spray Coating. Films of PAA-mPEOQ,-
wrapped ITO nanocrystals were deposited onto 1.5 X 2.0 X 0.4 cm®
conductive FTO glass or 2.0 X 2.0 cm” silicon substrates from ~8
mg/mL aqueous dispersions using an ExactaCoat (Sono-Tek) spray
coater. Deposition was achieved at room temperature using a 0.0S
mL/min flow rate, a nozzle-substrate distance of 8.5 cm, a carrier gas
(N,) pressure of 0.90 kPa, and a nozzle moving speed of 8 mm/s
following a S-shaped motion with a spacing of 4 mm between each
arc. This raster pattern was applied 10 consecutive times, resulting in
coatings with an average thickness of ~130 nm (values are
determined on a Vecco Dektak 150+ Profiler instrument). Samples
were finally dried on a hot plate at 120 °C for 10 min to drive water
evaporation.

Electron Microscopy. Transmission Electron Microscopy (TEM)
micrographs of the PAA-mPEO,-wrapped ITO dispersions were
captured by a JEOL 2010F instrument with a Schottky Field Emission
source operated at 200 kV. Samples were prepared by dropcasting the
aqueous dispersions on TEM grids (Pelco ultrathin carbon-A 400
mesh grid, Ted Pella), allowing them to fully evaporate under ambient
conditions, and subsequently wicking them with acetonitrile to
mitigate the degradation of hydrocarbons during exposure to the
electron beam. Scanning electron microscopy (SEM) images of the
resulting PAA-mPEO,-wrapped ITO thin films sprayed onto silicon
were captured on a Hitachi S5500 instrument at a 15 kV accelerating
voltage.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra of polymer-wrapped ITO films sprayed onto undoped, double
side polished silicon were recorded in transmission geometry with a
Bruker Vertex 70 spectrometer. Peak intensities from PAA-mPEO,
vibrational modes reflect the relative polymer content across samples
since dispersions of equivalent ITO concentration were spray coated
to obtain films of similar ITO volume fraction.

Dynamic Light Scattering and Zeta Potential. Hydrodynamic
diameter and zeta potential measurements were conducted on a
Malvern Zetasizer Nano ZS. ITO nanocrystal dispersions were
enclosed in disposable plastic micro cuvettes (ZEN0040, Malvern) for
size measurements and in a glass cuvette to record zeta potentials with
a dip cell (ZEN 1002, Malvern).

Thermogravimetric Analysis (TGA). The amount of PAA-
mPEO, coating the nanocrystal surface was determined by TGA
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(Mettler Toledo TGA 2). In a typical experiment, 100 uL of polymer-
wrapped ITO dispersion were added to a disposable aluminum
crucible and the water was evaporated under vacuum at room
temperature over 24 h. Samples were run in air from 30 to 600 °C at a
S °C/min ramp rate.

Electrochemical Modulation. A custom-built spectroelectro-
chemical cell connected to a potentiostat (Biologic VMP3) and
spectrometer (ASD Quality Spec Pro) was used for electrochemical
and in situ optical measurements in an Ar glovebox. The
electrochromic performance of the spray coated ITO films was
measured in a three-electrode and half-cell configuration, in which the
ITO film deposited on FTO-coated glass (working electrode) and Li
foil (both counter and reference electrode) are immersed in an
electrolyte (1.0 M LiTFSI in tetraglyme). Optical modulation was
induced by switching the applied potential between +4.0 (transparent
state) and +1.5 V vs Li/Li* (dark state). Each potential was held for 1
min. To measure coloration efficiency, samples were first fully
bleached by applying a + 4.0 V potential bias for 10 min, then
subjected to galvanostatic coulometry at —15 A (corresponding to
10 times the value of the leakage current) during which consecutive
absorbance spectra were recorded at a specific time interval of S s
until the electrode reached a + 1.5 V potential value corresponding to
a fully darkened state.

B RESULTS AND DISCUSSION

ITO (~10 at% Sn) nanocrystals were obtained from a heat-up
colloidal synthesis and the decomposition of In and Sn acetate
precursors by aminolysis (cf, Experimental Section). The as-
synthesized nanocrystals were stabilized with hydrophobic
ligands (a mixture of oleylamine and oleic acid molecules) and
dispersed in a nonpolar solvent (toluene). Then, the ITO
nanocrystals were transferred into aqueous media after
performing a two-step ligand exchange procedure: ligand
removal with NOBF, to produce stable ITO dispersions in
DMEF followed by polymer wrapping with PAA-mPEO, in
water (Scheme 1).

Polymer wrapping was performed in aqueous solutions of
varying pH (Milli-Q water at pH 6.5 and borate buffers at pH
7.9, 8.5, and 9.1) to explore conditions favorable for both the
colloidal stability of ITO and the electrochromic modulation
when further processed into thin films. To produce the final
colloid (Figure 1, insets), each exchange solution containing
PAA-mPEO,-wrapped ITO was purified via spin-dialysis with
Milli-Q water. Characterization of the ITO morphology after
each surface modification step confirmed that our ligand
exchange procedure is not destructive. TEM images of the final
dispersions (Figure 1) show that, in all four cases, the original
morphology (Figure S1 of the Supporting Information, SI) of
the ITO is conserved without signs of etching. The only
noticeable difference between these TEMs is the presence of
aggregates in the dispersion obtained from the exchange
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Figure 1. Transmission electron microscopy of ITO aqueous
dispersions after PAA-mPEO, wrapping in: (a) pH 9.1 borate buffer,
(b) pH 8.5 borate buffer, (c) pH 7.9 borate buffer, and (d) pH 6.5
Milli-Q water. Scale bars = 20 nm. Insets: photographs of the
corresponding vial.

solution at pH 9.1 (Figure 1a), likely due to poor PAA-mPEQ,
coverage.

To investigate the influence of pH on the colloidal stability
of PAA-mPEOQ,-wrapped ITO, we measured the hydrodynamic
diameter and zeta potential of the four final dispersions
described above. As shown in Figure 2a, transferring PAA-
mPEO -wrapped ITO into pure Milli-Q water and mildly
alkaline borate buffers (pH 7.9 and 8.5) yields a hydrodynamic
diameter of ~12 nm while raising the pH to 9.1 leads to a
larger hydrodynamic diameter (~25 nm) with a broader
distribution. Considering that the hydrodynamic diameter of
both ligand-capped and ligand-stripped ITO nanocrystals is
~10 nm (Figure S2), we determined that aqueous exchange
solutions at pH 6.5, 7.9, and 8.5 stabilize discrete ITO
nanocrystals (hydrodynamic diameter of ~12 nm), whereas
the exchange solution at pH 9.1 favors the formation of ITO

aggregates (hydrodynamic diameter of ~25 nm). Likewise, the
magnitude of the zeta potential of the dispersion obtained from
the exchange solution at pH 9.1 is lower than 20 mV and thus
indicative of poor colloidal stability, unlike the magnitude of
the other three dispersions (Figure 2b). In addition, a negative
zeta potential value for all four PAA-mPEO,-wrapped ITO
dispersions is consistent with the coordination of anionic
carboxylate groups from the PAA backbone to the ITO
nanocrystal surface. However, considering that the samples
obtained from the buffer exchange solutions were simulta-
neously exposed to carboxylate and borate anions, further
characterization is needed to identify the species adsorbed on
the surface.

To confirm the adsorption of PAA-mPEO, on the ITO
surface and identify the exchange solution conditions that
facilitate this interaction, we tracked and quantified polymer
adsorption by FTIR and TGA. We detect characteristic FTIR
bands from PAA-mPEQ, in all samples and find that as the pH
of the exchange solution increases, the amount of PAA-mPEO,,
wrapping decreases. Examining the 2400—4000 cm ™" spectral
region reveals a gradual decrease in the intensity of C—H
stretches (2900 cm™!) from both PAA and PEO moieties’ ™"
as pH increases (Figure 3a). In the 1400—1750 cm™" spectral
region, we observe the bands characteristic of asymmetric and
symmetric —COO™ stretches at 1574 and 1452 cm™ (Figure
3b),”>** respectively, instead of the strong peak from —C=0
stretches present in the FTIR spectrum of as-synthesized PAA-
mPEO, (Figure S3). The absence of carbonyl stretches in the
spectra of the polymer-wrapped ITO nanocrystal dispersions
suggests that PAA adsorption is driven by the coordination
between anionic carboxylates and exposed metal atoms on the
nanocrystal surface. In fact, the asymmetric and symmetric
carboxylate stretches are separated by Av = 122 cm™, which is
close to the Av values reported for indium-carboxylate®*** and
iron-carboxylate®® bidentate ligand coordination. Moreover, as
pH increases, we note the gradual weakening of C—O—C
stretches from PEO™ (1140 cm™) accompanied by the
emergence of borate bands such as B—OH stretches from
tetrahedral B(OH),™ around 1030 cm™ and B—O stretches
from trigonal (BOH); around 1412—1354 cm™" (see Figure S3
for a borate reference spectrum).”®™* These borate peaks are
particularly predominant in the spectrum of the ITO
dispersion processed from the exchange solution at pH 9.1.
In addition, low PAA-mPEO, adsorption could favor the
formation of In—OH and Sn—OH on the nanocrystal surface,
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Figure 2. Colloidal stability of ITO aqueous dispersions after PAA-mPEO, wrapping in exchange solutions of different pH: (a) hydrodynamic

diameter comparison and (b) zeta potential comparison.

8404

https://dx.doi.org/10.1021/acs.chemmater.0c02399
Chem. Mater. 2020, 32, 8401—8411


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02399/suppl_file/cm0c02399_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02399/suppl_file/cm0c02399_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02399/suppl_file/cm0c02399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02399?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02399?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

a b
1.00 1.00 100
| 96
= = 0.954]
E g °* 21
£ = 1 o 88
[] - o b © E
g ! % 0.90- H
£ i £ 1 2 844
g 0.85 g 1 % E
< ] < 1 & 80+
= 1 F 0.5 1
0.80- ] 6]
] ] 72
1 T 1 T 1 T 0.80 T T ] v T L | ' LI T LI I
3600 3200 2800 2400 2000 1600 1200 800 100 200 300 400 500 600

Wavenumber (cm™)

Wavenumber (cm™)

Temperature ("C)

Figure 3. PAA-mPEQ, adsorption on ITO is influenced by the pH of the exchange solution: (a) FTIR spectra showing a decrease in C—H stretch
intensity with increasing pH—the sloping profile in the spectra is caused by absorption due to localized surface plasmon resonance, (b) FTIR
spectra showing a decrease in C—O—C stretch intensity and the emergence of borate vibrational modes with increasing pH, and (c) TGA
confirming a decrease in mass loss due to PAA-mPEQO, decomposition with increasing pH. FTIR spectra were arbitrarily offset for clarity. Relative
peak intensities are representative of PAA-mPEQ, content since samples were prepared from dispersions having the same ITO concentration and

resulted in films of similar thickness.

Figure 4. Scanning electron microscopy of ITO nanocrystal films spray coated onto silicon substrates from aqueous dispersion after PAA-mPEO,
wrapping in: (a) pH 9.1 borate buffer (10% polymer by mass), (b) pH 8.5 borate buffer (18% polymer by mass), (c) pH 7.9 borate buffer (22%
polymer by mass), and (d) pH 6.5 Milli-Q water (28% polymer by mass). Scale bar= 100 nm.

which could explain the broadness of the peak assigned to B—
OH stretches since In—OH and Sn—OH bending modes™’
appear around 1100 cm™". On the basis of these FTIR results,
we infer that borate anions compete with PAA-mPEO, for
adsorption sites on the ITO surface and significantly prevent
polymer adsorption when the buffer pH is around 9.1. Since
the pK, of boric acid is close to 9.1, we hypothesized that the
concentration of borate anions at pH < 9.1 would decrease,
thus improving the likelihood of PAA-mPEO, adsorption
relative to borate. Although borate adsorption is favored at pH
> 9.1, it is important to note that borate alone does not provide
sufficient electrostatic stabilization since ITO dispersions
prepared in the absence of polymer exhibit significant
aggregation and precipitate out of solution in a matter of
hours (Figure S4). Therefore, the extent of electrostatic plus
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steric repulsion that PAA-mPEO,, wrapping provides is key to
ensure the colloidal stability of ITO aqueous dispersions over
extended periods of time, even months. Quantifying polymer
wrapping in these four dispersions by TGA further supports
our conclusions, since the mass loss associated with the
thermal decomposition of PAA-mPEQO, decreases as pH
increases: 28% mass loss for pH 6.5, 22% mass loss for pH
7.9, 18% mass loss for pH 8.5, and 10% mass loss for pH 9.1
(Figure 3c).

To deconvolute the influence of pH from the presence of
borate anions on PAA-mPEQO, adsorption, we used alternative
exchange solutions containing potassium hydroxide at different
pH (8.3 and 12.4). The exchange solution at pH 8.3 produces
an ITO dispersion with a PAA-mPEO, wrapping density
comparable to the wrapping density of the dispersion
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Figure S. Electrochromic modulation of ITO films spray coated onto FTO glass from ITO aqueous dispersion after PAA-mPEQO,, wrapping in: (a)
pH 9.1 borate buffer (10% polymer by mass), (b) pH 8.5 borate buffer (18% polymer by mass), (c) pH 7.9 borate buffer (22% polymer by mass),
and (d) pH 6.5 Milli-Q water (28% polymer by mass). Transmittance spectra were recorded after applying 4.0 V (“bleached” state, blue curves)
and 1.5 V (“darkened” state, red curves), referenced to a Li/Li" electrode in 1.0 M LiTFSI in tetraglyme, from the initial as-deposited state (black
curves) at open circuit voltage. Solid lines correspond to the first potentiostatic “darkened-bleached” modulation cycle, and dotted lines correspond

to the second cycle.

processed in Milli-Q water at pH 6.5 (30% mass loss by TGA,
Figure SS), rather than the one obtained for pH 8.5 with
borate (18% mass loss by TGA). The FTIR spectra of the
samples obtained from aqueous solutions with pH 6.5 and 8.3
are also in agreement with the TGA analysis (Figure SS). It is
important to note that PAA-mPEO, wrapping of ITO in a
phosphate buffer exchange solution at pH 6.5 led to the
irreversible aggregation of ITO and precipitation, which is why
we were not able to control for the presence of additional
anions at this pH. Nonetheless, the exchange solution at pH
124 resulted in an ITO dispersion with a PAA-mPEO,
wrapping density (8% mass loss by TGA) comparable to the
pH 9.1 borate buffer case with FTIR bands characteristic of
indium-hydroxyl coordination at 1100 cm™' and O—H around
1630—1620 cm™' instead of PAA-mPEQ,.”” Therefore, as
observed with borate buffer exchange solutions, hydroxide
anions in solution compete with PAA-mPEO, for coordination
sites on the ITO surface and significantly inhibit polymer
adsorption above a threshold pH. The ability to tune PAA-
mPEQ, absorption on the ITO surface is thus not unique to
borate anions; however, using borate buffer instead of highly
alkaline hydroxide exchange solutions is preferred to avoid
etching the ITO.

PAA-mPEO,-wrapped ITO dispersions (~8 mg/mL) were
used as aqueous “inks” to produce uniform films with an
average thickness of ~130 nm on 1.5 X 2.0 cm® substrates
through ultrasonic spray deposition under ambient conditions
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(room temperature and atmospheric pressure). Films were
processed by applying a specific spray pattern at nozzle-
substrate distance of 8.5 cm (cf,, Experimental Section). SEM
top-view images of ITO films show a complete coverage of the
substrates (Figure 4). Film morphology is directly affected by
the extent of polymer wrapping: using an aggregated colloid
(10% PAA-mPEO, by mass) as the sprayed “ink” produces
rough layers with obvious porosity (Figure 4a) while stable
dispersions of discrete ITO nanocrystals with greater polymer
wrapping (18—28% PAA-mPEQO, by mass) lead to smooth and
uniform optical quality films (Figure 4b—d). Atomic force
microscopy measurements confirm the decrease of mean
roughness R, values for colloidally stable precursor inks (Table
S1).

The electrochromic behavior of ITO films, with varying
PAA-mPEQO, wrapping densities, spray coated onto FTO glass
was investigated. Spectroelectrochemical measurements (Fig-
ure S) were conducted in a half cell configuration with the
PAA-mPEO,—ITO film (working electrode) and lithium foil
(counter and reference electrodes) immersed in 1.0 M LiTFSI
in tetraglyme electrolyte solution. First, the ITO films are
bleached from their open circuit voltage state (black curve) to
a fully transparent state (solid blue curve) by applying +4.0 V
vs Li/Li* and then darkened in the near-infrared (NIR) by
chargin$ at +1.5 V (solid red curve). As established in previous
studies, > such modulation of optical absorption results from
the reversible shift of the LSPR peak energy and intensity. This
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shift is induced by the capacitive charging of the ITO
nanocrystals in response to the externally applied electro-
chemical potential, modifying the concentration and spatial
distribution of the free electrons in the nanocrystals. This
capacitive mechanism has been shown to specifically enable
rapid and eflicient NIR-selective modulation abilities as well as
long cycling durability in such electrochromic layers of ITO as
well as other doped metal oxides such as antimony-doped tin
oxide ATO®" or aluminum-doped zinc oxide AZO.”

We observe that the amplitude of NIR modulation,
measured at 4 = 1900 nm, for the first electrochemical
charging/discharging cycle (solid lines in Figure S) is inversely
correlated to the PAA-mPEO, content in the composite films.
Optical contrast decreases as the amount polymer adsorbed on
the nanocrystal surface increases, with the conditions favoring
the highest PAA-mPEO, coverage giving rise to the smallest
dynamic optical range. Specifically, the composite films achieve
39% (AT = 75—36, Figure Sa), 34% (AT = 72—38, Figure Sb),
31% (AT = 70—39, Figure Sc), and only 17% (AT = 59—42,
Figure 5Sd) NIR modulation, for 10, 18, 22, and 28% polymer
wrapping by mass, respectively. After the second potentiostatic
cycle, the effect of polymer wrapping density on optical
modulation becomes more significant (dotted lines in Figure
5). While the film with the highest PAA-mPEO, wrapping
density cannot be bleached back to its initial fully transparent
state (2% contrast or AT = 45—43, Figure 5d), ITO films with
lower wrapping density exhibit large and stable contrasts (39%
or AT = 75—36 in Figure Sa, 33% or AT = 72—39 in Figure
Sb, and 27% or AT = 68—41 in Figure Sc). These results
suggest that exceeding a PAA-mPEO, wrapping density
threshold (of at least 28% by relative mass) hinders the
electrochromic reversibility of the composite film. To
distinguish between the impact of PAA-mPEO, adsorption
and the persistence of borate anions on the optical modulation,
we recorded the spectroelectrochemical behavior of films
deposited from PAA-mPEO,-wrapped ITO processed in
potassium hydroxide exchange solutions (Figure S6). Films
of ITO dispersions processed in the absence of borate with a
wrapping density of 30% relative mass exhibit limited and
irreversible optical contrast (10% or AT 55—45).
Conversely, films of ITO dispersions processed in the absence
of borate with a wrapping density of 8% relative mass achieve
large and stable optical contrast (43% or AT = 73-30).
Hence, the polymer itself, when present at a high wrapping
density, is responsible for poor electrochromic modulation.

Coloration efficiency (CE), a measure of the change in
optical density AOD per inserted charge density AQ, was
established by fitting the linear region of the corresponding
AOD vs AQ curves obtained from galvanostatic measurements
(Figure 6). PAA-mPEO, wrapping on the ITO surface does
not qualitatively diminish the electrochromic performance
expected for capacitive charging of plasmonic metal oxides
nanocrystals.”¥°> The four films deposited from ITO
dispersions exposed to Milli-Q water and borate buffers exhibit
CE values of similar order of magnitude as the values
previously reported for bare ITO nanocrystal films: 535, 587,
673, and 802 cm?/C in order of decreasing PAA-mPEO,
wrapping density (or increasing exchange solution pH)."*>%*
Furthermore, tracking the evolution of AOD over time (Figure
S7) shows that reaching a PAA-mPEO, wrapping density of
28% relative mass leads to slower rate of coloration (AOD =
0.14 is reached after 600 s) relative to the other three films
(AOD = 0.24, 0.28, and 0.32, in order of decreasing polymer
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Figure 6. Coloration efficiency (CE) analysis of thin films spray
coated onto conductive glass substrates from PAA-mPEQO-wrapped
ITO nanocrystals dispersions processed at different pH and buffer
conditions.

wrapping density, is reached after 300 s) for the same amount
of inserted charge (~1.4 mC/cm?*). Thus, high extents of PAA-
mPEO, wrapping on ITO seem to limit the kinetics of
coloration in the composite films.

In view of the results summarized in Table 1, considering
the extent of PAA-mPEO, wrapping on the ITO surface is
crucial to optimize electrochromic performance. In this system,
ITO dispersions with moderate PAA-mPEO, wrapping (10—
22% polymer by mass) demonstrate excellent electrochromic
performance in terms of optical modulation, coloration
efficiency, and charging/discharging kinetics. However, ITO
nanocrystals with minimal PAA-mPEO, wrapping (i.e., 10%
PAA-mPEO, by mass) are not necessarily advantageous “inks”
for the solution deposition of thin films because this colloid is
not stable during the ligand exchange process, needs to be
resuspended using sonication, and begins showing visible signs
of precipitation after a few days, which suggests the formation
of uncontrolled aggregates over time and could potentially
affect batch-to-batch reproducibility. Despite the fact that
PAA- and PEO-based polymers are widely used as solid
electrolytes to enhance Li* transport,”** we also suspect that
excessive wrapping with electronically insulating PAA-mPEO,,
could result in poor contact between neighboring ITO
nanocrystals in the film and severely restrict electron
conduction. The poor conductivity is supported by additional
cyclic voltammetry measurements (Figure S8) showing that
the ITO film with the highest PAA-mPEQO, wrapping density
(28% by mass) exhibits a notably lower current density than
the other three cases (10, 18, and 22% by mass). Although
beyond the scope of this work, further investigations would
help elucidate the charge transport limitations of incorporating
PAA-mPEO, into plasmonic nanocrystal films for electro-
chromic windows and other electrochemical devices. We
envision that such studies could even motivate the design and
implementation of other copolymers to circumvent the current
disadvantages of our system.

Bl CONCLUSIONS

We developed a method to produce colloidally stable
dispersions of PAA-mPEO,-wrapped ITO nanocrystals in
water and demonstrated an environmentally conscious
(“green”) processing alternative for electrochromic thin films
via ultrasonic spray deposition. We investigated the influence
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Table 1. Influence of PAA-mPEO, wrapping conditions on colloidal stability of ITO in water and electrochromic modulation

of composite films”

exchange solution Zeta potential (mV)

pH 9.1 (borate) -10 10
pH 8.5 (borate) -27 18
pH 7.9 (borate) =22 22
pH 6.5 (Milli-Q) —28 28

“Optical contrast and CE are measured at A= 1900 nm.

polymer wrapping by mass (%)

AT (%)
1* cycle 2 cycle CE (cm?/C) reversible electrochromism?
39 39 802 yes
34 33 673 yes
31 27 587 yes
17 2 535 no

of the exchange solution conditions (pH and anionic species)
on the extent of PAA-mPEO, wrapping on the ITO surface,
which directly impacts the colloidal stability in water and
thereby the morphology of the sprayed films. Although the as-
deposited thin films modulate NIR light without the need to
remove the polymer through postdeposition thermal or
chemical treatments, we found that exceeding a polymer-
wrapping density threshold results in irreversibly darkened
films. Despite this limitation, we demonstrated the utility of
ITO nanocrystals moderately wrapped with PAA-mPEO, as
electrochromic films of comparable performance to conven-
tional ligand-free plasmonic ITO films, while also obviating the
use of hazardous solvents thus showcasing the utility of our
strategy.1’2’8’63 More specifically, achieving a polymer wrapping
density greater than 10% by mass ensures the stability of the
colloid at each processing step and circumvents issues related
to uncontrolled aggregation over time such as the need for
additional sonication before spray deposition and potential
batch-to-batch variability, without significantly sacrificing the
electrochromic performance of the thin film as long as the
polymer wrapping density does not exceed ~20% by mass.

More generally, we have shown that the interaction between
the polymer and the ligand exchange environment (e.g., pH
and additional species in the aqueous solution) affects the
extent of polymer wrapping and therefore colloidal stability.
Control over these parameters allows the reliable deposition of
optical quality films and optimization of the properties in
composites. Beyond thin film deposition, designing and
identifying processing conditions that promote colloidal
stability are crucial to achieve multiscale assemblies (e.g.,
superlattices, gels, micelle-like structures, etc.) of polymer-
wrapped nanocrystals with controllable structures and unique
properties. Furthermore, we envision that our functionalization
method with PAA-mPEO, could broaden the applicability of
ITO nanocrystals to areas where plasmonic metal oxides are
less employed and explored such as hydrogels,"**° bio-
assays,””*® therapeutics,” toxicology studies,”’""* and other
biological applications.
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