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ABSTRACT: Electrochromic smart windows that modulate the
solar transmittance in a wide and selective spectral range can optimize
building energy efficiency. However, for conventional materials such
as bulk transition metal oxides, the electrochromic spectral range is
constrained by their crystal structure with limited tunability. Herein,
we report a method to control the shape anisotropy of monoclinic
Nb,,0,9 nanocrystals and obtain a tunable electrochromic spectral
range. We demonstrate the synthesis of monoclinic Nb;,0,
nanorods (NRs), extending one-dimensionally along the b direction,
and monoclinic Nb;,0,, nanoplatelets (NPLs), extending two-
dimensionally along the b and ¢ directions. Upon electrochemical
reduction accompanied by Li insertion, the NR films show increasing absorbance mostly in the near infrared region. In contrast, the
NPL films show increasing absorbance in the near infrared region first followed by increasing absorbance in both visible and near
infrared regions. To elucidate the influence of shape anisotropy, we used density functional theory to construct the lithiated
structures of monoclinic Nb,,0,4 and in these structures we identified the presence of square planar sites and crystallographic shear
sites for Li insertion. By calculating the theoretical spectra of the lithiated structures, we demonstrate that the Li insertion into the
square planar sites results in absorption in the near infrared region in both NRs and NPLs due to their extension in the b direction,
while the subsequent insertion of Li into the crystallographic shear sites leads to absorption in both visible and near infrared regions,
which only occurs in NPLs due to their extension in the c direction.
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Bl INTRODUCTION

Electrochromic smart windows are designed to mitigate
building energy consumption by modulating the solar
transmittance under the stimulus of an external potential."”

modulation in a transmission metal oxide material, allowing
tunability beyond the optical response determined by the Li
insertion sites in the crystal structure.

Transition metal oxide nanocrystals have drawn considerable

Upon switching, electrochromic materials, which modulate the
solar spectrum in a wide and selective spectral region, can help
the windows reach better efficiency under various weather
conditions.” ® For instance, materials that selectively block
only the near infrared (NIR) light can maintain moderate solar
transmittance change without compromising the indoor
brightness. Bulk transition metal oxides, including tungsten-
(VI) oxides (WO;_,), niobium(V) oxides (Nb,Os_,), etc,
have been considered as smart window materials due to their
stability and wide spectral range.” However, limited tunability
was reported regarding selective modulation since the
electrochromic spectral range of these oxides is constrained
by their crystal structure.”® This is because in transition metal
oxides, the polaronic mechanism that governs the electro-
chromic properties is a faradaic process involving the redox of
the metal ions accompanied by Li insertion/deinsertion,”” "'
and the resulting optical change is dominated by the local
structure surrounding the sites (or cavities) where the Li
resides.'”"® In this regard, we sought to determine whether
mesoscale structure, specifically the size and shape of
nanocrystals, can influence the spectral range of electrochromic
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attention as candidate materials for electrochromic smart
windows due to their rich tunability through structural
control.” By applying a colloidal approach, several structural
features of the nanocrystals can be precisely controlled,
including crystal phase,” particle size,'* morphology,'
aliovalent dopant concentration,'® etc. At an atomic level, it
was reported for WO,_, bulk films and nanocrystals that the
local structure of the Li insertion sites has an influence on their
coloration efficiency and stability.">'”'® Moreover, it was
shown that engineering the surface facets of WO;_, nano-
crystals by structural control can be used as a method to
optimize several electrochromic properties.'® Nevertheless, no
significant change in the electrochromic spectral range was

=JACS

Received: July 3, 2021
Published: September 14, 2021

https://doi.org/10.1021/jacs.1c06901
J. Am. Chem. Soc. 2021, 143, 15745—15755


https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c06901&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06901?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06901?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06901?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06901?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06901?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/38?ref=pdf
https://pubs.acs.org/toc/jacsat/143/38?ref=pdf
https://pubs.acs.org/toc/jacsat/143/38?ref=pdf
https://pubs.acs.org/toc/jacsat/143/38?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c06901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

observed by engineering the Li insertion sites in these materials
where a polaronic mechanism dominates. By contrast, in
plasmonic transition metal oxide nanocrystals, nanocrystal
shape has significant impact on the spectral range of
electrochromic response in the nanocrystals.'”'”*’ During
electrochemical reduction, the injected electrons accompany-
ing Li insertion in metal oxides can be localized to a varying
extent. In plasmonic metal oxides the added electrons tend to
be delocalized, while in polaronic metal oxides they have been
described as localized to a varying degree on the transition
metal ions near the inserted Li. Establishing mechanistic
connections between spectral response and the extent of
charge localization may therefore offer an intriguing pathway
to enable more spectral tunability in polaronic metal oxides.
On the other hand, previous references have reported
variations in the electrochromic spectral range of polaronic-
dominated niobium(V) oxides in different phases and
compositions.”"”>> We have studied the synthesis and electro-
chromic properties of anisotropic Nb,O,_, nanocrystals in
different phases.””* Among them, the anisotropic nanocrystals
of orthorhombic phase show modulation mostly in the NIR
region, while in bulk films of orthorhombic Nb,Os_,, the
modulation usually occurs in both NIR and visible regions.”**
Despite the spectral difference we observed by employing
nanocrystals, the mechanisms for nanocrystal size and shape
impacting the electrochromic spectral range of niobium(V)
oxides have remained unclear.

Most recently, niobium(V) oxides with crystallographic
shears, known as the Wadsley—Roth phase, have been widely
explored as electrodes in Li-ion batteries.”> In Wadsley—Roth
crystals, it is believed there are two different local structures
governing the Li insertion kinetics. The blocks of vertex-shared
octahedra, referred to as the ReO; blocks, offer ordered
channels to facilitate the one-dimensional diffusion of Li
ions,”**” whereas the edge-shared octahedra connecting the
ReOj; blocks, known as the crystallographic shears, provide a
large amount of Li insertion sites and structural rigidity.”***
To date, studies on the Wadsley—Roth crystals are mostly
based on microparticles of PNbyO,5, WgNb 304, TiNb,O,
Nb,Os, Nb,0,, etc.”>>° Concurrently, both experimental
and theoretical efforts have been made to investigate the
structure-dependent Li insertion in these microparticles.

Alternatively, we have reported a colloidal route that
produces anisotropic monoclinic Nb,,0,, nanoplatelets
(NPLs), a nanoscale Wadsley—Roth crystal extendmg two-
dimensionally only along the b and c diretions.* In monoclinic
Nb,,0,, (Figure 1), the crystal structure is composed of 4 X 3
ReO; blocks (within the red outlines) connected to the
adjacent blocks by crystallographic shears (frame of the red
outlines). In each 4 X 3 block, the two Nb** ions contribute to
the metallic conduction and antiferromagnetic order in
monoclinic Nb,0,,. 32 In  this crystal structure, it was
reported that the niobium sites surrounded by different local
structures contribute differently to the overall niobium density
of states,”™*” implying a site-dependent electrochromic
response. During progressive reduction, NPL films exhibit
dual-mode modulation by first absorbing strongly in the NIR
region and, at more reductive potentials, absorbing in both
visible and NIR regions.” The independent control of visible
and NIR transmittances was also reported in other nanocrystal
systems but has not been observed in Nb,O,_, films.”*~°
Compared to the other electrochromic Nb,Os_, films, the
NPL films show much higher coloration efficiency ranging
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Figure 1. Crystal structure of monoclinic Nb;;O0,5 with unit cell
framed in black outline. 4 X 3 blocks of vertex-shared NbOg octahedra
(ReO; blocks) are framed in red outlines. Along the b direction, each
4 % 3 block is connected to the next block by vertex-shared octahedra.
Extension along the a and c¢ directions shows blocks connecting to
adjacent blocks by edge-shared octahedra (crystallographic shears).

from 70 to 185 cm?/C across both visible and NIR regions.”
These favorable electrochromic properties motivate us to
investigate the mechanistic connections between the aniso-
tropic crystal structure and crystallite shape and the electro-
chromic response of monoclinic Nb;,0,4 nanocrystals. Herein,
we synthesize different morphologies of these intriguing
nanocrystals to examine what role the nanocrystal shape
might play in their electrochromic properties.

In this article, we report a new synthetic method that enables
the colloidal synthesis of two anisotropic nanocrystals, one-
dimensional monoclinic Nb;,0,, nanorods (NRs) and two-
dimensional monoclinic Nb;,0,, nanoplatelets (NPLs). We
have systematically investigated the interplay of the shape
anisotropy in these two nanocrystals and their electrochromic
spectral range by both experimental and theoretical ap-
proaches. It was revealed that the presence of the two-
dimensional ordered structure in NPLs gives rise to an
additional electrochromic mode compared to the single-mode
response in NRs. Using density functional theory (DFT), we
constructed the lithiated structures of monoclinic Nb;,0,4 and
identified the presence of square planar and crystallographic
shear sites for Li insertion. The calculated spectra of lithiated
monoclinic Nb;,O,y structures were used to investigate the
corresponding electrochromic response due to lithiation
occurring in each of the two sites. The NPLs are rich in
both sites due to their two-dimensional structure, producing
their dual-mode response, while in NRs lithiation is con-
strained to the square planar sites, resulting in their single-
mode response. DFT calculations suggest that the extent of
charge localization is limited in NRs where electrons are
mostly delocalized, while in NPLs we observed a higher degree
of charge localization during electrochemical reduction.
Overall, we show that by controlling the shape anisotropy of
monoclinic Nb;,0,9 nanocrystals, their electrochromic spectral
range can be effectively tuned, aided by changes in the local
structure surrounding the Li insertion sites.

B EXPERIMENTAL SECTION

Materials. Oleic acid (90%), octadecene (90%), tetraethylene
glycol dimethyl ether (TG, >99%), N,N-dimethylformamide (DMF,
anhydrous 99.8%), nitrosonium tetrafluoroborate (NOBFE,, 95%),
acetone (>99.5%), isopropanol (>99.5%), and hexane (>99%) were
purchased from Sigma-Aldrich. Lithium bis(trifluoro-
methanesulfonyl)imide (Li-TFSI, HQ-115) was purchased from
3M. Ammonium niobium(V) oxalate hydrate (ANO, NH,[NbO-
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Figure 2. (a, b) Morphological characterization of monoclinic Nb;,;0,, NRs and NPLs using bright-field STEM imaging. (c, d) Structural
characterization of monoclinic Nb,,0,, NRs and NPLs using experimental XRD patterns (blue) and calculated XRD patterns (red) based on {1 X
125 X 2} and {1 X 225 X 5} supercells of monoclinic Nb;,0,,, along with reference pattern (black) of bulk monoclinic Nb;,0,4 crystals. (e)
Atomistic models of {1 X 125 X 2} and {1 X 225 X S} supercells with lateral size matching the average lateral size of NRs and NPLs.

(C,0,),(H,0),]-(H,0),) was provided by Companhia Brasileira de
Metalurgia e Mineragao (CBMM). Indium tin oxide (ITO)-coated
glass substrates (20 Q/sq) were purchased from Thin Film Devices.
Oleic acid and octadecene were heated at 120 °C under vacuum then
stored in a N, glovebox before use.

Nanocrystal Synthesis. All reactions were performed under N,
environment on a Schlenk line. In a typical synthesis for both NRs
and NPLs, 1.25 g of ANO was mixed with 11.3 g of oleic acid in a
three-neck flask and then purged with N,. The reaction mixture was
degassed at 120 °C under vacuum for 30 min, and subsequently the
mixture was switched back to N, environment and heated at a rate of
8 °C/min to either 240 or 280 °C for the synthesis of NRs or NPLs,
respectively. After 1 h of heating at the designated temperature, the
reaction mixture was rapidly cooled to room temperature. During
synthesis, the reaction mixture appeared as a white and opaque
solution with ANO dispersed in the solution. To purify the reaction
mixture containing nanocrystals, unreacted ANO, and oleic acid, a
washing procedure using hexane as solvent for the dispersion of
nanocrystals and isopropanol as antisolvent for flocculation was
repeated 3 times. Thereafter, the nanocrystal pellet was redispersed in
hexane at a concentration of 30 mg/mL, denoted as ligand-capped
nanocrystal dispersion or the as-synthesized nanocrystals and was
used throughout the characterization. Aliquots of the nanocrystal
synthesis were collected by extracting 500 uL of reaction mixture
during the synthesis at various temperatures. Each aliquot was washed
just as the nanocrystal dispersion in the typical synthesis. Similar
synthesis was performed following the exact procedure except using
10.09 g of octadecene instead of oleic acid to investigate the solvent
effect in this synthesis.

Electron Microscopy Imaging. 10 L of nanocrystal dispersion
in hexane was dropped onto carbon-coated copper grids (400 mesh,
Ted Pella) and dried overnight in vacuum before analysis.
Nanocrystal films were fabricated on Si substrates for imaging. A
Hitachi S5500 microscope was operated in scanning electron
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microscopy (SEM) and scanning transmission electron microscopy
(STEM) modes.

X-ray Diffraction (XRD) Analysis. The nanocrystal dispersion
was precipitated by adding an excess amount of ethanol, dried, mixed
with mineral oil, then mounted on a cryoloop (Hampton Research)
for measurement. The XRD pattern was collected on a Rigaku R-Axis
Spider equipped with a 1.54 A Cu Ka radiation. XRD patterns of
several hypothetical nanostructures of monoclinic Nb;,0,, were
calculated by using the Debye scattering formula, in which

sin(gr ,)
9= ¥ Yl
a b 9"

al

where I(q) is the scattering intensity, g = 47 sin 6/4 is the scattering
vector at half angle 6, and 1 is the wavelength of the X-rays. r,, is the
distance between atoms a and b that scatter the incident X-rays, and f,
and f, are their scattering form factors.’” A crystal visualization
program, VESTA,*® was used to generate the coordinates of the atoms
in the hypothetical nanostructures, and the I(q) is the sum of
scattering from every individual pair of atoms. Hypothetical
nanostructures of monoclinic Nb;,0,, were made and named as {a
X b X c} supercells, meaning the numbers of unit cells repeated in the
three crystallographic directions.

Fourier Transform Infrared (FT-IR) Spectroscopy. Nano-
crystal dispersions and aliquots collected during synthesis were drop-
casted onto Si substrates and dried before measurement. FT-IR
spectra were collected by using a Bruker Vertex 70 FTIR at 4 cm™
resolution.

Spectroelectrochemical Measurement. Spectroelectrochemi-
cal properties of the nanocrystal films were measured in an Ar
glovebox using a Bio-logic VMP3 potentiostat to apply different
electrochemical techniques and an ASD Quality Spec Pro
spectrometer to collect the optical change concurrently. In a
homemade electrochemical cell, the nanocrystal films were used as
the working electrode, a Li foil acted as both counter and reference
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electrodes, and 1 M Li-TFSI in TG was the electrolyte (1 M Li-TFSI/
TG). Upon immersing the nanocrystal films into the electrolyte, 2.901
and 3.044 V (vs Li/Li*) were recorded as the open-circuited potential
(OCP) for the NR and NPL films, respectively.

DFT Calculations. All electronic energies and forces in this work
were calculated using the DFT approach using Perdew—Burke—
Ernzerhof (PBE) exchange—correlational functional approximation in
the Vienna ab initio simulation package (VASP). 940 A detailed
explanation of the computational techniques is provided in the
Supporting Information. The electronic density of states on niobium
sites in the monoclinic Nb,;,0,4 and lithiated Nb;,0,, structures was
extracted from single-point calculations and plotted using the
Pymatgen package.”' Theoretical ultraviolet—visible (UV—vis)
spectra for Nb,0,, and the lithiated structures were calculated
using the independent particle approximation.”> Bader electronic
chargegnalysis was done using code maintained by the Henkelman
group. -

B RESULTS AND DISCUSSION

Morphological and Structural Characterizations.
Colloidal synthesis of the nanocrystals was carried out by
heating the niobium(V) precursor, ANO, in oleic acid at two
different temperatures (240 and 280 °C). After purification,
the morphology of the as-synthesized nanocrystals was
characterized by STEM imaging. The synthesis at 240 °C
produces one-dimensional nanocrystals with smaller lateral size
(Figure 2a, named as nanorods (NRs)) and at 280 °C
produces two-dimensional nanocrystals with larger lateral size
(Figure 2b, named as nanoplatelets (NPLs)). In Figure S1, the
size distribution histograms collected from the STEM imaging
of NRs and NPLs show their average size in both long and
short axes. In comparison with our previous publication on the
synthesis of monoclinic Nb;,O,9 NPLs using NbCl; as the
precursor,® the NPLs presented here have similar lateral size,
while the lateral size of the one-dimensional NRs is very thin in
the short axis, which is similar to previously reported Nb,Og
nanocrystals in pseudohexagonal and orthorhombic
phases.”>**

The crystal structures of the NRs and NPLs were
investigated by both experimental and calculated XRD patterns
(Figure 2c and Figure 2d). In the experimental XRD pattern of
the NRs (Figure 2c), the only noticeable peak that aligns with
bulk monoclinic Nb;,0, is the (011) reflection, while the
(020) reflection in NRs is relatively weak and broadened.
Compared to the noticeable peaks commonly seen in the
patterns of bulk crystals, the broadened diffraction pattern of
NRs indicates that the NRs share some structural similarity
with monoclinic Nb;,0,, but with most structural motifs
remain disordered. As for the experimental pattern of NPLs
(Figure 2d), most reflections from bulk monoclinic Nb;,0,,
can be identified with a few exceptions, such as the absent
(400) reflection. This suggests that the NPLs lack enough
ordered structural motifs in certain crystallographic directions
to form constructive interference, leading to the missing
reflections. Comparison between the patterns of NRs and
NPLs implies that since these two patterns are similar at most
diffraction angles except that the NPLs show more noticeable
peaks, the NRs could be an intermediate product of the more
crystalline NPLs during nanocrystal growth. Additionally, in
our previous work,* we identified materials with similar XRD
pattern as NPLs as monolayer monoclinic Nb;,0,¢ nanocryst-
als extending two-dimensionally along the b and ¢ directions,
based on comparison of experimental and simulated XRD
patterns.

Analysis based on the calculated XRD patterns of various
hypothetical structures that resemble the lateral dimension of
NRs and NPLs was performed by applying the Debye
scattering formula.*® For this calculation, atomistic models
were made by extending the unit cell of monoclinic Nb;,0,
into different crystallographic directions, denoted as {a X b X
c} supercells. Calculations used to identify the direction of the
preferential orientation in NRs and NPLs were collected and
discussed in Figure S2. We identified that by extension of
monoclinic Nb;;,0,, along the b direction first, (011) and
(020) reflections arise as the main peaks in the calculated
patterns. Calculated pattern based on the {1 X 125 X 2}
supercell, which has similar lateral size with the NRs, was
compared to the experimental pattern of NRs in Figure 2c.
Although the NRs share the (011) reflection with the reference
and calculated patterns, they appear to be poorly crystalline
monoclinic Nb;,0,, extending mostly along the b direction.
The calculated patterns in Figure S2 further indicate that the
extension along the c¢ direction leads to the emergence of
several other reflections, such as the (206) reflection, which
can all be found in the experimental pattern of NPLs. In Figure
2d, the calculated pattern and the lateral size of {1 X 225 X 5}
supercell align well with both experimental pattern and the
lateral size of NPLs, indicating their two-dimensional extension
along the b and c directions of monoclinic Nb;;O,. The
atomistic models of these two supercells for simulating the
structure of NRs and NPLs are shown in Figure 2e. In addition
to the above calculations, although the direction of the
preferential orientation in NRs was identified, the experimental
pattern of the NRs still appears to be less crystalline compared
to the calculated pattern in Figure 2c. We have performed
another series of calculations to show that the (011) and (020)
reflections can be broadened if some of the structural motifs in
NRs are disordered, as shown in Figure S3 and discussed in
Supporting Information.

In conclusion, the calculated XRD patterns suggest that by
use of the colloidal synthesis we designed, the growth of
monoclinic Nb;,0,9 nanocrystals is along the b direction first
with a one-dimensional morphology and at latter stage extends
to both b and ¢ directions with a two-dimensional morphology.
The NRs can be seen as an intermediate of the NPLs that form
at lower temperature (240 °C), whereas the NPLs, being the
more crystalline nanocrystals, form at higher temperature (280
°C). Additionally, in Figure 2c and Figure 2d, the (400)
reflection is missing in the experimental patterns of both
nanocrystals, suggesting that the NRs and NPLs are very thin
along the a direction. This hypothesis is verified by the
calculated patterns of {1 X 125 X 2} and {1 X 225 X S}
supercells with only single unit cell in the a direction, as well as
the experimental evidence on the monolayer thickness of
monoclinic Nb;,0, NPLs in our previous work."

Synthetic Mechanism. The colloidal synthesis presented
here relies on heating the niobium precursor, ANO, in oleic
acid to produce monoclinic Nb,,0,9 nanocrystals. In previous
reports, ANO was often used as precursor to produce
amorphous niobium(V) oxides by various solvothermal
methods, and thereafter the amorphous oxides can be
crystallized to different phases by a postsynthetic heating at
higher temperatures depending on the phase of interest, for
example, 400 °C for orthorhombic phase and 800 °C for
monodlinic phase.**™*’ To elucidate the mechanistic difference
between our synthesis and previous works, we started by
performing similar synthesis using the noncoordinating solvent
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Figure 4. Spectroelectrochemical characterization of the ligand-stripped monoclinic Nb;,;0,, NR and NPL films in 1 M Li-TESI/TG. (a, b)
Absorbance spectra of the nanocrystal films reduced at designated potential (vs Li/Li*) for 2 min by chronoamperometry. The interval between
each spectrum is 0.1 V and the absorbance change is the difference from the OCP state to the reduced states at various potentials. (¢, d) Dynamic
absorbance change of the nanocrystal films at 1200 nm. The films were first reduced at 1.5 V for 180 s and subsequently oxidized at 4.0 V for 420 s
by chronoamperometry. (e, f) Cyclic voltammograms of the nanocrystal films at a scan rate of 10 mV/s. For these measurements, the Sth cycle of
the cyclic voltammogram was collected to ensure the films had reached stabilization.

octadecene to investigate the role of coordinating oleic acid.
Structurally, synthesis using octadecene produces only
amorphous microscale rods with poorly defined morphology
at either 240 or 280 °C (Figure S4).

We hypothesized that the coordination between ANO and
oleic acid plays an important role in the successful
crystallization of monoclinic Nb;,0,¢ nanocrystals. As shown
in Figure SS, the molecular structures of both oleic acid and
octadecene possess rich C—H bonds while the precursor ANO
does not so that the FT-IR spectroscopic signature of C—H
bonds can be used to identify the presence of solvent

15749

molecules on the nanocrystal surface. During the nanocrystal
synthesis, we carried out the spectroscopic study of the washed
reaction aliquots, meaning only the niobium(V) oxide
products and the molecules coordinating on the product
surface were probed. From the FT-IR spectra of the aliquots
from synthesis in oleic acid (Figure 3a), noticeable peaks from
the stretching of C—H bond can be observed in aliquots at
different temperatures as the evidence of oleic acid presence
even after washing. On the contrary in Figure 3b, the
stretching of the C—H bond is considerably weaker in the
aliquots from octadecene synthesis, suggesting the absence of
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octadecene on the product surface. On the other hand, in
Figure 3a, stretching of the C=0 bond from oleic acid at 1710
cm™' was observed at the early stage of the synthesis and
gradually replaced by another peak at 1530 cm™ along with
elevated temperature, which can be attributed to the
fingerprint of COO~ bonds coordinating to the oxide
surface.””" Structural features of aliquots from the oleic acid
synthesis were also probed by Raman spectroscopy (Figure
S6). At the early stage of the synthesis (200 °C), the aliquot
appears to be a mixture of amorphous niobium oxide and
ANO,” whereas at 240 and 280 °C we observe Raman spectra
with distinctive peaks that resemble the spectra of monoclinic
Nb,O;_,.>*

The results on synthetic mechanism show that the synthesis
of monoclinic Nb;,0,4 nanocrystals using the precursor ANO
relies on the coordination of oleic acid during synthesis to
regulate and direct the formation of nanocrystals. This method
successfully stabilizes the growth of monoclinic Nb;,0,9 in
nanoscale along the b direction first, then along both b and ¢
directions, forming NRs and NPLs at different stages.
Compared to previous literature, the presented nanocrystal
synthesis using our colloidal method produces anisotropic
niobium(V) oxide nanocrystals with much smaller dimensions,
with better defined morphologies with narrower size
distributions and not requiring postsynthetic heating.**~*’

Spectroelectrochemical Characterization. The mono-
clinic Nb;,0,¢ nanocrystals tested in spectroelectrochemical
measurements were first ligand-stripped using NOBE, to
remove the insulating oleic acid ligands on the nanocrystal
surface”>® and subsequently deposited onto ITO glass
substrates for analysis, as detailed in Supporting Information.
From the FT-IR spectra of the NR and NPL films (Figure S7),
it is clear that the absorbance peaks from the stretching of C—
H bond decreased significantly after the ligand-stripping
procedure, indicating the successful removal of oleic acid
ligands. SEM imaging of the ligand-stripped nanocrystal films
shows a smooth surface morphology without severe
aggregation (Figure S8).

The spectroelectrochemical characterization of the ligand-
stripped nanocrystal films was carried out in a Li-based
electrolyte to investigate their electrochromic properties upon
Li insertion. In Figure 4, the absorbance spectra are presented
as the absorbance change of the nanocrystal films from the
spectrum at OCP to the spectrum at designated potential.
Upon reduction, starting from 1.8 V, the NR films show
absorption centered around 1280 nm in the NIR region and
progress toward higher absorbance following lower electro-
chemical potentials (Figure 4a). Similarly, single-mode electro-
chromic absorption centered in the NIR region was also
reported in other crystalline niobium(V) oxides, in the form of
either bulk films or nanoparticles, in contrast to the visible
absorption in amorphous niobium (V) oxides.”>>> The electro-
chromic absorption of niobium(V) oxides is experimentally
known to arise from the reduction of niobium(V) ions
followed by the insertion of Li ions,'" leading to polaronic
absorption, similar to the case in some tungsten(VI)
oxides.”*>” However, the absence of calculations based on
niobium(V) oxides has limited progress in understanding the
electrochromic mechanism following Li insertion.

On the other hand, as shown in Figure 4b, the NPL films
absorb primarily in the NIR region first starting from 2.1 to 1.5
V, and thereafter at potentials lower than 1.5 V, a second
electrochromic mode that absorbs visible light appears. The

sequential dual-mode electrochromic behavior, according to
our previous investigation on the electrochromic properties of
monoclinic Nb,,0,9 NPLs, can be attributed, respectively, to
capacitive charging and Li insertion.” At potentials higher than
2.1 V, an even absorption in the NIR region was observed,
which can be attributed to the capacitive charging electro-
chromism instigating the accumulation of delocalized electrons
in the conduction band. From 2.1 to 1.5 V, absorption
centered around 1060 nm can be observed, and potentials
lower than 1.5 V triggered the visible absorption of the NPL
films.

When comparing the absorbance spectra of NR and NPL
films, it is clear that the intense visible absorption in the NPL
films is not reproduced in the NR films. The additional
electrochromic mode leading to the absorption in the visible
region enables tuning of the electrochromic spectral response
in NPLs from NIR-only absorption to absorption in both NIR
and visible regions, which is a beneficial feature for smart
window operation. As discussed, both NRs and NPLs are
structurally similar to monoclinic Nb;,0,9, with NPLs being
the one showing more ordered structural motifs in the ¢
direction compared to the poorly crystalline NRs. We propose
that at lower insertion level in monoclinic Nb;,0,4 Li ions fill
the sites within the ReOj; blocks and trigger NIR absorption,
while at higher insertion level Li ions fill the sites along the
crystallographic shears, which are abundant only along the
extension in the a and ¢ directions, and thus lead to visible
absorption that is not available in the NRs. Similarly, in a
previous report on Wadsley—Roth phase PNbyO,;, the
insertion of Li ions shows preference of inserting into the
relatively opened ReO; blocks first and then into the
crystallographic shears.”® The influence of Li insertion on the
electrochromic spectral range of monoclinic Nb;,0,, will be
further verified by calculations in the later part of this
manuscript.

Aside from spectral control, the kinetics of the monoclinic
Nb,;,0,0 NR and NPL films were examined by the time
required to reach saturated absorbance spectrum in both
reduction (coloring) and oxidation (bleaching) processes. In
Figure 4c and Figure 4d, we report the dynamic response of
the NRs and NPLs, and the whole spectra are presented in
Figure S9. Upon initial reduction at 1.5 V (in both Figure 4c
and Figure 4d), the NR and NPL films both reach their
saturated absorbance change within 60 s. Among these two,
the NPL film shows faster coloring response. On the other
hand, we observed that the kinetics of the reverse process in
these two nanocrystals differ significantly. In Figure 4c, after
applying 4.0 V to oxidize the NR film from the reduced state at
1.5V, it takes roughly S min to bleach to the original state of
the films, while at the same condition, the NPL film can reach
its original state within 60 s (Figure 4d).

We proposed that in monoclinic Nb;,0,9, having ordered
arrangement in the structural motifs along the ¢ direction can
facilitate the kinetics of Li insertion/deinsertion when
compared to their poorly crystalline counterparts. It is
generally acknowledged that in niobium(V) oxides, disordered
structure in the amorphous phase is detrimental to the kinetics
of Li insertion/deinsertion.”®*” As shown in Figure 1 and
consistent with the conclusions from one earlier report,”® Li
ions generally move efficiently in the ordered channel within
the ReO; blocks along the b direction. The two-dimensional
motion along the ac plane can be within the ReOj; blocks or
moving across the crystallographic shears to the ReOs blocks.*
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Figure 5. (a) Calculated absorbance spectra for lithiated monoclinic Nb;,0,, structures relative to the unlithiated monoclinic Nb;,0,, and the
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shear sites (dark red). (b) Absorbance spectra for lithiated monoclinic Nb;,0,, relative to the unlithiated monoclinic Nb;,0,, with Li only in the

crystallographic shear sites or the square planar sites.

We believe that the relatively sluggish kinetics in NRs is the
result of having disordered structural motifs in the crystallo-
graphic shears, which is verified by their lack of ordered
structure in the c direction. Therefore, in NRs, due to
potentially larger activation barrier from the disordered
structural motifs, it could be difficult to insert and extract Li
ions. In the case of NPLs, the kinetics are more rapid, made
possible by the more ordered structural motifs along the ¢
direction.

The electrochemical properties of the monoclinic Nb;,0,9
nanocrystal films upon Li insertion were investigated by
different electrochemical techniques. The cyclic voltammo-
grams of the NR and NPL films were measured at a scan rate
of 10 mV/s in two different potential windows (Figure 4e and
Figure 4f). In the cyclic voltammograms of NPL films (Figure
4f), pronounced redox peaks can be observed due to the redox
of the niobium(V) ions accompanied by the insertion/
deinsertion of Li ions. On the contrary, for the NR film
(Figure 4e), similar redox peaks can still be observed but the
current density from the oxidation of the film is much smaller
than the reduction process. When cycled to lower potential
(Figure 4e, from 3.0 to 1.2 V), the NRs films suffered severe
degradation and no peak can be observed in the oxidation
process, corresponding to their sluggish oxidation kinetics.
When using niobium(V) oxides as electrodes for Li ion
storage, the amorphous phase is considered to have poor
kinetics and often shows an irreversible cyclic voltammogram
with weak oxidation peak current,” similar to the cyclic
voltammograms in Figure 4e. The poorly crystalline nature of
NRs produces similar electrochemical behavior as amorphous
niobium(V) oxide films, but interestingly, the electrochromic

spectral range of these two materials are drastically different
since the amorphous films absorb mostly in the visible region.
In addition, the electrochemical kinetics and reversibility of the
NR and NPL films were investigated by chronoamperometry,
as discussed in Figure S10 and Supporting Information.

Overall, we have shown that in NPLs, being the more
crystalline material in the c direction compared to NRs, Li
insertion alongside the reduction of niobium(V) ions can
trigger the electrochromic absorption in the NIR region first
and then in both NIR and visible regions with efficient and
reversible kinetics. By contrast, the NRs do not allow visible
absorption upon Li insertion in the reduction process, and the
reversed oxidation kinetics are sluggish and irreversible.
Structurally, we reason that the additional sites in NPLs
brought by ordering in the ¢ direction facilitate the insertion
and deinsertion kinetics and help the NPLs to reach higher
insertion level, which triggers visible absorption. To quantify
the amount of Li ions stored in the nanocrystal films, we
injected a constant current density to the NR and NPL films
by chronopotentiometry (Figure S11). When the potential
reached 1.5V, 15.5 and 3.2 Li ions per unit cell of monoclinic
Nb,,0,, were injected in the NPL and NR films, respectively,
highlighting the higher Li insertion level in NPLs and
potentially indicating multielectron reduction.

Electronic Structure Calculations. Electrochromism of
Nb,,0, involves insertion of Li ions during the cathodic scan
(coloration) and deinsertion of Li ions during the reverse scan
(bleaching). Since Li insertion and deinsertion are the driving
forces for electrochromism, the changes in the electronic
structure should be linked to the absorbance change.
Electronic structure calculations have explored the Li insertion
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Figure 6. DFT calculated density of states on niobium as a function of Li composition.

in oxides to understand the electrochromic properties. Liang et
al. studied the changes in density of states on tungsten sites
upon Li insertion in tungsten oxide.”” Li et al. calculated the
relationship between absorption coeflicient for the visible to
infrared transition and structural changes in Li,TisO;, during
the Li insertion/deinsertion process using electronic structure
calculations.”’ He et al. also studied the correlated structure
evolution to the coloring of Li doped nickel oxides using DFT
calculations.”” In this section, we aimed at applying electronic
structure calculations to elucidate the relationship between Li
insertion sites and the electrochromic spectral range of
monoclinic Nb;,0,y. DFT calculations have been shown to
provide an understanding of the geometric and electronic
structure of Nb,,0,.°”" Consistent with these previous
calculations, we first determined lattice constants of mono-
clinic Nb;,0,, (see Table SI in the Supporting Information)
and found them to be in good agreement with experiment.
Upon the basis of these optimized structures, we investigated
the insertion of Li into Nb,,0O,,. Since both the NRs and NPLs
have a similar XRD pattern to monoclinic Nb,,0,5, we have
assumed that they have similar possible Li insertion sites.
Previous work has reported that the electrochemical reduction
of monoclinic Nb;,0,9 can host 14.3 Li*,** and our analysis
show that there are 15.5 Li insertion sites in Nb;,O,4 or 31
sites in the full unit cell (Nb,,Os). We identified two distinct
sites for Li insertion: crystallographic shear sites in the edge-
shared octahedra (or along the crystallographic shears) and
square planar sites in the vertex-shared octahedra (ReO,
blocks). There are 20 shear sites and 11 square planar sites
in one unit cell (Nb,,O5s), and we have explored their stepwise
lithiation. Figure Sa shows the favorable lithiated structures as
a function of Li concentration.

To understand the effect of lithiation in Nb;,0,, we studied
the electronic density of states at the Nb sites. In monoclinic
Nb,,0,,, there are two Nb*" and ten Nb°* sites, giving 2 d
electrons per formula unit. Gray et al. reported that Nb;,0,,
has only localized electrons at Nb** sites, whereas Cava et al.
reported that one electron is localized on one of Nb*" sites
while the other electron is fully delocalized over the unit
cell.*»**7% Our Bader electronic charge analysis (Table S2 in
Supporting Information) reveals that the charge is delocalized
on all Nb sites in the unit cell. This result follows the Stoner
instability of electronic structure of the Nb** which was tested
by Zandbergen et al.®* Upon lithiation, the Bader charge
analysis shows that the electronic contribution from Li
insertion provides a mix of localized and delocalized states

on the Nb sites. This is in contrast to similar materials like
PNbyO,;,” where at low Li concentration, electronic states are
localized on the Nb sites as distinct paramagnetic spin states
but at higher concentrations, the material transforms into a
metallic state with delocalized d-states on the Nb sites. To
further understand the electronic state of lithiated Nb;,0,,, we
separately populated the shear and square planar sites, as
shown in Figure Sb. A Bader analysis (Table S2 in Supporting
Information) shows that the electrons from Li in crystallo-
graphic shear sites are primarily localized on the Nb sites
neighboring the inserted Li ions while the electrons from Li in
square planar sites are delocalized evenly on all the Nb sites.
The findings from Bader analysis also align well with our
previous results using X-ray photoelectron spectroscopy
(XPS).* At lower electrochemical potentials, the reduction of
NPLs gives rise to a higher degree of charge localization
following Nb>* reduction due to the Li inserting into the
crystallographic shear sites, while at higher electrochemical
potentials the degree of charge localization is limited since the
Li inserts mostly in the square planar sites. The latter situation,
giving rise to only NIR absorption, occurs also in NRs where
the Li insertion is constrained to the square planar sites. The
density of states on Nb sites for the unlithiated and lithiated
monoclinic Nb;,0,y are shown in Figure 6; the presence of
electronic states at the Fermi level shows a§reement with its
experimentally measured metallic state.” As expected,
lithiation of Nb;,O, fills up the unoccupied d-orbitals of Nb.

We believe that the structural difference between NRs and
NPLs influences the Li insertion process, which in turn dictates
the associated differences in the absorbance spectra, as shown
in Figure S. These calculated absorbance spectra can also be
used to explain the qualitative difference in the NR vs NPL
experimental absorbance spectra in Figure 4a and Figure 4b.
The calculated absorbance spectra show the two regions of
importance: lower wavelength in the visible region (550—600
nm) and the NIR region (850—900 nm). For the fully lithiated
Liz;Nb,,Osg, the absorbance is twice as large in the NIR region
as compared to the visible region. In Figure Sb, we see that Li
insertion in the square planar sites gives a response only in the
NIR region whereas with Li in the shear sites the absorbance is
almost equal in the visible and NIR. The stepwise filling of
these two sites, in Figure Sa, gives an additive combination of
the two spectra.

The calculated absorbance spectra help to explain the
different electrochromic response of the NRs and NPLs in
Figure 4a and Figure 4b. The absorbance for the NRs
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corresponds to Li in the square planar sites adding delocalized
electrons on niobium sites, giving rise to a response only in the
NIR region. The presence of Li in the square planar site also
indicates that Li insertion is unavailable in the crystallographic
shear sites, which are dominant along the a and c directions (or
the (100) and (001) planes, considering that insertion occurs
at the surface) and support the model that NRs are monolayers
in the a and c directions. A monolayer along the a and ¢
directions can lead to surface reconstruction and prevent Li
insertion into the crystallographic shear sites. Similarly, due to
their extension in the b and c directions, the absorbance of the
NPLs corresponds to the lithiation in both square planar sites
and crystallographic shear sites adding a combination of
delocalized and localized electrons on niobium sites, giving rise
to the response in both the NIR and visible regions. It is clear
that in NPLs, the absorption in visible and NIR regions is
controlled by localized electrons and delocalized electrons,
respectively. As observed in Figure 4b, the absorbance first
builds up in the NIR region and then to the visible region,
implying that the square planar sites are filled before the
crystallographic shear sites. Simultaneously this transition can
be delineated by the changing extent of charge localization
following Li insertion, which determines the electrochromic
spectral range in monoclinic Nb;,O,.

B CONCLUSIONS

We have demonstrated the synthesis and structural character-
ization of monoclinic Nb;,O,y nanocrystals in two different
morphologies: the NRs extend one-dimensionally along the b
direction, and the NPLs extend two-dimensionally along the b
and c directions. This synthesis relies on the coordination of
oleic acid during the particle growth to direct the formation of
the desired monoclinic Nb,,0,9 phase. Upon electrochemical
reduction, the NR films show increasing absorbance mostly in
the NIR region. As for the NPL films, dual-mode electro-
chromism was observed with the first mode absorbing the NIR
region and the second mode absorbing both NIR and visible
regions. In addition, more reversible electrochemical switching
with more rapid kinetics was observed in the NPL films. We
attributed the difference in the electrochromic properties of
NR and NPL films to the structural difference at the atomic
and nanoscale. On the basis of both experimental efforts and
DFT calculations, we showed that by having ordered structure
in both b and ¢ directions of monoclinic Nb,,0,q, a rich
abundance of crystallographic shear sites and square planar
sites for Li insertion can be found in the NPLs, while in the
NRs, Li insertion is limited to square planar sites, resulting in
NIR absorption. Results from Bader analysis indicate that the
activation of electrochromic absorption in different spectral
regions is determined by the extent of charge localization
during Li insertion. In NRs, the insertion sites lie along the b
direction only and electrons are mostly delocalized, while in
NPLs, electrons added electrochemically can become localized,
activating visible absorption that was not observed in NRs. By
establishing the principles underlying the electrochromic
response of monoclinic Nb;,0,, in different nanostructures,
we have advanced the understanding of niobium(V) oxides
and helped to lay the foundation for better design of
electrochromic smart windows based on niobium(V) oxide
nanocrystals. Specifically, our results demonstrate the method-
ology of controlling the electrochromic response of niobium-
(V) oxide nanocrystals by shape anisotropy and the underlying
mechanism that can benefit the design of other niobium(V)

oxide nanocrystals in smart windows and potentially can be
applied to other metal oxide nanocrystals.
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