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ABSTRACT: Localized surface plasmon resonances
(LSPR) of nanostructures can be tuned by controlling
their morphology, local dielectric environment, and free
carrier concentration. We report the colloidal synthesis
of ~3 tungsten-oxygen (W-O) layer thick (~1 nm), two-
dimensional (2D) WOs« nanoplatelets (NPLs) (x ~ 0.55
— 1.03), which display tunable near-infrared LSPR spec-
tra and high free electron density (Nc). This high N, aris-
es predominantly from the large shape factor of 2D
NPLs. Importantly, the W to O composition ratios in-
ferred from the LSPR measurements of NPLs show
much higher percentage of oxygen vacancies than those
determined by X-ray diffraction analysis, suggesting that
the shape factor and aspect ratio of ultrathin WO3.x NPLs
are the key to producing an unprecedentedly larger Ne,
although synthesis temperature is also an independent
factor. We find that NPL formation is kinetically con-
trolled, whereas manipulation of thermodynamic param-
eters leads to Ne as high as 4.13 X 10?2 cm™, which is in
close proximity to that of plasmonic noble metals, and
thus our oxide-based nanostructures can be considered
as quasi-metallic. The unique structural properties of 2D
nanomaterials along with the high N. of WOs.x NPLs
provide an attractive alternative to plasmonic noble met-
al nanostructures for various plasmon-driven energy
conversion schemes, and design of flexible photo-
chromic nanodevices.

Impressively, the discovery of atomically-thin graphene!-
2 has completely transformed much material science re-
search involving two-dimensional (2D) nanostructures. By
deconvoluting fundamental structure-composition-property
relationships, novel electronic and charge transport proper-
ties have been created with 2D transition metal dichalco-
genides, metal chalcogenides, MXenes, and perovskite
nanostructures to meet the high demand in advanced solid-

state device fabrication.>* By altering the chemical compo-
sitions and/or physical characteristics of nanostructures,
new optoelectronic properties emerge that are not achieva-
ble with their bulk counterparts. Among many exotic prop-
erties, localized surface plasmon resonance (LSPR),> which
originates from the collective oscillation of surface bound
charges upon interaction with incident light, is unique, be-
cause these plasmon charges, either electrons or holes, can
be utilized in photovoltaic, photocatalytic, and photo-
thermal therapy applications, as well as bio- and molecular
sensing.51?

The LSPR properties of nanostructures are mostly con-
trolled by free carrier densities that depend on the size,
shape, and dielectric medium around them.” '* Discovery
of high free carrier densities (10?2 -10?* cm™) of plasmonic
metals such as Au and Ag led to the exploration of their
LSPR properties, which resulted in tremendous progress in
various aspects of nanoscience and nanotechnology re-
search. Beside plasmonic metals, doped metal oxides (e.g.,
In203, Al203, CdO, ZnO, etc.)!>!° also display LSPR prop-
erties, which can be modulated by controlling their dopant
concentrations.?’ The desirable dispersion relationships®!~?
of 2D plasmonic nanostructures along with excellent
charge transport abilities make them attractive candidates
for various optoelectronic-based applications. Herein, we
report the observation of the LSPR properties of colloidal-
ly-synthesized, ultrathin (~3-W-O layer thick) tungsten
oxide quantum wells* in the shape of nanoplatelets (NPLs)
that can be tuned over 1200-1800 nm in the near-infrared
(NIR) spectrum. We chose tungsten oxide to synthesize
ultrathin NPLs because this composition has an unmatched
potential to display high-temperature superconductivity,
fast ion transport, and extremely large magnetoresistance
that together lead to various applications such as smart
windows, spintronics, quantum computing, and energy
storage.?*

In this communication, tungsten oxide NPLs were syn-
thesized colloidally from the oxidative decomposition of
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tungsten (V) ethoxide in the presence of myristic acid
(MA) and oleylamine (OLA) at 270 °C. Transmission elec-
tron microscopy (TEM) analysis of the purified product,
which produces a dark blue colloidal solution in carbon
tetrachloride (CCls), shows the formation of platelet-type
structures with 21.2 and 7.0 nm length and width, respec-
tively (see Figure 1A &B, and Figure S1). The geometry
of these NPLs resembles metal chalcogenide NPLs.>> We
measured the thickness of tungsten oxide NPLs by Guinier
analysis of small angle X-ray scattering (SAXS) spectrum
which yields ~1 nm (Figure 1C). We also calculated the
thickness of NPLs from the TEM analysis and determined
it to be 1.0 = 0.2 nm, see Figure S2. The structural charac-
terization provides an aspect ratio (width-to-thickness) of
7.0. As illustrated in Figure 1D, X-ray diffraction (XRD)
analysis of NPLs confirms monoclinic lattice structure with
predicted composition of W1sO49, which is a stoichiometric
of WO2.72.2

It is important to mention that due to broad XRD peak of
ultrathin NPLs, it is difficult to absolutely determine the
precise stoichiometry of our LSPR active tungsten oxides
NPLs. As shown previously,?’?® LSPR-based calculations
using complex dielectric function for plasmonic materials
can provide a nearly quantitative stoichiometric ratio of
plasmonic nanostructures. We determined that the calculat-
ed stoichiometry of tungsten oxide NPLs is much different
than the XRD-derived value, as discussed below. There-
fore, we refer to our synthesized NPLs as WOs.x. Consider-
ing each W-O layer as 0.37 nm thick, our isolated tungsten
oxide NPLs contain ~3 such layers. Table S1 lists specific
reaction conditions for the synthesis of WOsx NPLs. Alt-
hough, one-dimensional (1D) nanostructures such as nano-
rods and nanowires composed of WO..72 have been report-
ed in the literature,”! to our knowledge, this is first exam-
ple of the synthesis of 2D NPLs consisting of different
stoichiometric states of inorganic lattice composition. It
must be pointed out that the detailed investigation of the
LSPR properties of previously reported 1D nanostructures
is also lacking.
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Figure 1. (A) Low and (B) high-resolution TEM images of
WOsx NPLs. The scale bars in (A) and (B) are 10 and 5
nm, respectively. The inset in (B) shows FFT of (010)

plane. The yellow box shows d-spacing of 0.377 nm. (C)
SAXS spectrum and (D) XRD pattern of NPLs. The inset
in (C) shows Guinier fit to determine the thickness.

Notably, as shown in Figure 2A, WO;x NPLs exhibit a
remarkably well-defined, characteristic LSPR peak (ALspr)
at ~1470 nm. To confirm that this NIR optical response of
WO;x NPLs arises from LSPR due to oxygen vacancies in
the WOs crystal lattice that generate electrons as free car-
riers, and not from scattering, impurities, or absorption by
local defects,?® ¥ we examined the NIR absorption band
position as a function of solvent refractive index (bulk re-
fractive index). The Avspr red shifts as refractive indices of
solvents increases (Figure 2B and Figure S3). This direc-
tion is in agreement with nanostructures that display LSPR
properties.® Our WO3 NPLs show an LSPR sensitivity of
330 nm/refractive index unit (nm/RIU), which is higher
than previously reported for WO2s3 nanorods (280
nm/RIU)** and CsxWO;3 nanostructures (188 nm/RIU),*

and is comparable to 2D plasmonic metal nanostructures.”
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Figure 2. (A) UV-Vis-NIR spectrum of WO3.x NPLs in
CCla. The inset shows photograph of WOs.x NPLs in
CHCIs. (B) The dependence of ALspr maximum on the in-
dex of refraction of solvent (330 nm/RIU).

This relatively higher RIU sensitivity of our plasmonic
WOs.x NPLs in comparison to other tungsten oxide-based
nanostructures is due to the larger shape factor, k, of 2D
nanostructures as compared to their 1D counterparts.>* It
should be noted that the polarizability of plasmonic charge
carriers at the nanostructure-solvent medium interface is
much greater when « is higher (see Table S2). Under such
conditions, a minute dielectric change in the surrounding
medium would significantly alter the LSPR properties.>*



Moreover, ultrathin edges and sharp corners of WO3x NPLs
are expected to contain a high density of free carriers,
which should produce a large near-field enhancement of
surface plasmon,® and thus results in a large LSPR re-
sponse, as demonstrated for 2D Au® ! 3 and Ag nano-
prisms.” 3¢ Our, spectroscopic characterizations (‘H NMR
and FTIR) confirm both MA and OLA acting as surface
passivating ligands (Figure S4 &SS5). Due to the presence
of oxygen containing surface passivating ligands, it is diffi-
cult to determine the W to O composition ratios by other
techniques, such as X-ray photoelectron spectroscopy or
electron paramagnetic resonance spectroscopy. Perhaps, a
Drude treatment of the dielectric function could be the only
method to precisely determine the stoichiometry of WOs.x
NPLs.
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Figure 3. HRTEM images of WO272 NPLs in CCls synthe-
sized at (A) 230 and (B) 300 °C. Scale bars are 20 nm. (C)
UV-Vis-NIR spectrum of WOs3.x NPLs in CCls synthesized
at (green) 230 and (blue) 300 °C. (D) The plot of free carri-
er densities of WO3.x NPLs versus reaction temperature. (E)
A representative TEM image of spherical WO3.xNCs. The
scale bar is 50 nm. The inset shows a histogram of the size
distribution. The calculated composition of WOs.x NPLs
synthesized at 230, 270, and 300 °C are WO2.37, WO2.17,
and WOx.02, respectively.

The ALspr of WOsx NPLs is expected to depend on the
size, shape and dielectric constant of the inorganic core, as
well as the dielectric constant of the surrounding medium.
Combining our experimentally determined ALspr energy
with the Drude model for bulk materials, we can calculate

free electron density (Ne). Eq. 1 represents the relation used
between LSPR frequency (mrser) and bulk plasma oscilla-
tion frequency of electrons (wp) for tungsten oxide with a
high frequency dielectric constant (€, of 4.5.

2
“p
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Where &: denotes the real part of the complex dielectric
function, &, of the plasmonic nanostructures.
&= - KEm (2)

Here &m is the dielectric constant of the surrounding medi-
um, which we have taken as the bulk refractive index (CCla
= 2.24). The electrons of the nanostructure oscillate due to
the incident electromagnetic field, and the motion is colli-
sionally damped with a bulk collision frequency y, 0.736
eV, see Table S1. Finally, wp depends on Neas

N e?
wp = =5 3)
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where, m. is the effective mass of an electron and & is the
permittivity of free space. As provided by literature for
WOsx we used me = 1.2 mo,?® where mo is the rest mass of
an electron. With the assumption of the WO3x NPL as ob-
late spheroids with an aspect ratio of 7.0 (shape factor of
9.6) and based on the above-mentioned values, we calcu-
late N to be 3.36 X 10%2 cm™. This value is nearly five-fold
higher than the stoichiometrically determined Ne value for
WO:2s3 nanorods (Ne = 6.3 X 10*! ¢cm™),2 and is more than
two order of magnitude higher than 2D metal chalcogenide
nanodisks (Ne = 1.0 X 10% ¢cm™).2”-37 With the assumption
that two electrons in the WOsx crystal lattice originate
from a fully ionized oxygen deficiency and by utilizing the
LSPR properties of WOs.x NPLs, we determine the oxygen
deficiency as 27.7%, which provides the stoichiometric
composition of NPLs as WOz.17 (see Table S2). Therefore,
the calculated stoichiometric state of the NPL lattice shows
more oxygen deficiency than the predicted value by the
XRD analysis. This could possibly be the reason underly-
ing the unprecedentedly high free carrier densities of our
synthesized WOs.x NPLs. We should also mention that the
calculated oxygen deficiency, and hence the stoichiometric
state of the NPL lattice could be slightly overestimated
because of the intrinsic and inhomogeneous line-
broadening that arises from shape dispersion, as previously
reported for LSPR active metal chalcogenide
nanocrystals.?® Additionally, inter-NPL plasmonic coupling
was not considered in the N. calculation.

Despite tremendous promise, controlling LSPR proper-
ties of tungsten oxide-based nanostructures in the NIR re-
gion has yet to be achieved.?* 3® A predictive way to modu-
late the LSPR properties would be to synthesize different-
ly-shaped nanostructures because it is well known that the
LSPR properties of nanostructures strongly depend on their
size and shape.” 2° Therefore, we investigated the ability of
temperature to manipulate the thermodynamic growth re-
gime and prepare anisotropically-shaped WOsx nanostruc-
tures.®#% To our surprise, WOs3x NPLs of a few atomic
layers thickness are also formed when the reaction was
carried out at 230 and 300 °C (Figure 3A-B and Table



S1). NPLs synthesized at both temperatures display a mon-
oclinic crystal structure (Figure S6 & S7).

Importantly, the ALser blue shifts with increasing reaction
temperature (Figure 3C). The Ne values of WOs3x NPLs
that were synthesized at 300 and 230 °C are calculated to
be 3.95 X 10*2 and 2.53 X 10?2 cm?, respectively (see Fig-
ure 3D), which correspond to WOx2.02 and WOx.37 stoichio-
metric compositions. The larger Ne of WO2.00 NPLs synthe-
sized at 300 °C is close to that of plasmonic metals, and
thus our nanostructures can be considered as “quasi-
metallic”*' The application of a large shape factor of ul-
trathin WOs.x NPLs, which also depends on the aspect ratio
of the nanostructures, can only lead to ALser blue shifts at a
fixed Ne because the shape factor and Ne are independent
parameters modulating the optoelectronic properties of
NPLs. A more acceptable explanation for unprecedentedly
large Ne of WOsx NPLs is their ultrathin shape in which a
large percentage of oxygen atoms are expected to reside on
the surface and at the sharp corners and edges. These atoms
are expected to be highly susceptible to undergoing fast
ionization at high temperature, creating more oxygen va-
cancies and thus dramatically increasing the free carrier
concentrations. It is well known in the literature for plas-
monic noble metal nanostructures that ALser red shifts as
the aspect ratio increases.>*3% 3¢ Based on our calculations,
WOs.x NPLs synthesized at 300 °C should display the most
red-shifted ALspr because of its the highest aspect ratio.
However, we observe an opposite LSPR effects (see Table
S1). In contrast, Eq. 2 and 3 suggest that with an increase
Ne, the Arspr should blue shift, which we observe here.
Therefore, for LSPR-active metal oxide nanostructures,
both the shape factor and collision frequency must be care-
fully taken into consideration in order to generalize the
LSPR-related properties. Nevertheless, to the best of our
knowledge, this is the highest Ne value reported for LSPR-
active metal oxide nanostructures including recently re-
ported spherical ReO; NCs.*? Finally, we estimated the
direct optical band gap of WOs;x NPLs from a plot of
(ahv)? versus hv (Tauc plot). We observe a monotonic in-
crease in the band gap energy with increasing reaction
temperature (Figure S8) that can be attributed to the
Burstein-Moss shift.** The band gap energy is also in
agreement with increasing Ne value for NPLs, which were
synthesized at a different temperature.

We also investigated the effects of surface passivating
ligands controlling the kinetic growth regime at a particular
temperature®>“% 4 on the shape/size of the nanostructure
formed, and thus the Ne of tungsten oxide nanostructures.
We determine that at 270 °C: (1) The presence of both long
hydrocarbon chain amines and acids together in the reac-
tion mixture is a prerequisite to produce WOsx NPLs. (2)
The formation of tungsten oxide nanostructures is not ob-
served when the reaction is carried out in the presence of
OLA alone with no acid. (3) Nearly monodispersed, spher-
ical, monoclinic WOs;x NCs are formed (Figure 3E and
S9) when the synthesis is conducted in the presence of just
MA as the surface passivating ligand. Supporting infor-
mation Table S1 and S2 contains reaction conditions,
morphology, and dimensions of tungsten oxide nanostruc-
tures, and representative Ne values. Based on the experi-

mentally determined Arser of ~985 nm for average 1.6 nm
diameter WOsx NCs, we calculate a Ne value of 2.68 X
10?2 cm?. This is not only higher than ReO3 NCs (1.57 X
10?2 cm™),* but also tungsten-based nanostructures provide
additional benefits as compared to metal-oxide nanostruc-
tures containing rhenium, which is a rare earth metal and
very expensive.

Based on the experimental results, our hypothesis is
that the first step in NPL formation is that spherical NCs
are passivated with aliphatic carboxylate ligands as a bind-
ing head group to form tungsten-carboxylates. A bilayer
structure is formed between the aliphatic chains of amine
and acid ligands through van der Waals (vdW) interac-
tions.***¢ Particularly, vdW interactions and chain interdig-
itation induce entropically controlled mesoscale growth in
which individual spherical, WOsx NCs fuse together and
transform into NPLs (Figure 3). This hypothesis is sup-
ported by the appearance of a mixture of spherical NCs and
NPLs in the presence of lower concentrations of OLA in
the reaction mixture (Figure S10). These low concentra-
tions may not provide adequate vdW interactions to convert
all the spherical NCs into NPLs. The vdW attraction be-
tween bulky long aliphatic chain ligands should lead to the
formation of lamellar*’ NPL structures and prevent fusion
of individual NPLs (see Scanning-TEM images in Figure
S2). Additional UV-Vis-NIR spectra, TEM images, and
histograms for different ligands are provided in the Sup-
porting Information File (Figure S11-14). Detailed time-
dependent microscopic and spectroscopic characterizations
will be required to precisely determine the growth mecha-
nism of WOs.x NPLs and this is an ongoing research focus
of our laboratory.

In conclusion, we have demonstrated the colloidal syn-
thesis of ~1 nm thick WOs.x NPLs with N value as high as
4.13 X 10*2 cm™ (Table S2). We have observed that the
reaction temperature plays a significant role in manipulat-
ing the oxygen vacancies, which control the overall Ne val-
ues. Importantly, the band-gap of WOs.x NPLs can be tuned
by manipulating the Ne values without changing the crystal
stoichiometry. We have also determined that the presence
of long-chain aliphatic amines in the reaction mixture is a
prerequisite for the formation of NPLs. We believe that
vdW interactions between the aliphatic carbon chains in-
duces mesoscale growth of spherical NCs into a NPL
shape. Together, our research has the unique potential to
expand scientific research in the following areas: (1) The
LSPR properties of WOs.x NPLs along with their high sur-
face area should facilitate applications involving light har-
vesting  schemes such as  photovoltaics  and
photocatalysis.!'!3 (2) Tungsten oxide is capable of dis-
playing electrochromic properties, which should enhance
the efficiency of smart windows and antiglare automobile
rear-view mirrors.!!> 13- 48 (3) Finally, due to low electronic
heat capacities of metal oxide nanostructures in general, hot
electrons with higher energies, as compared to traditional
plasmonic noble metal nanostructures, can be generated.
This optoelectronic property is extremely beneficial for
plasmon-assisted photo-thermal therapy.*’
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Supporting Information. Materials and methods, experi-
mental details, additional TEM images, histograms, UV-
vis-NIR, XRD, SAXS, NMR and FTIR spectra, and a table.
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