Downloaded via UNIV OF TEXAS AT AUSTIN on September 3, 2020 at 21:33:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Wwww.acsnano.org

Synthesis and Dual-Mode Electrochromism of
Anisotropic Monoclinic Nb,,0,4 Colloidal
Nanoplatelets

Hsin-Che Lu, Sandeep Ghosh,” Naman Katyal,§ Vikram S. Lakhanpal, Ioana R. Gearba-Dolocan,

Graeme Henkelman, and Delia J. Milliron*
I: I Read Online

Article Recommendations ‘

Cite This: ACS Nano 2020, 14, 10068—10082

ACCESS |

ABSTRACT: Transition metal oxide nanocrystals with dual- Monoclinic Nb,,0,, Nanoplatelets
mode electrochromism hold promise for smart windows
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Dual-Mode Electrochromism

VisNIR

enabling spectrally selective solar modulation. We have 9 Bright mogs

imulated Structure
developed the colloidal synthesis of anisotropic monoclinic Reduction
Nb,,0,, nanoplatelets (NPLs) to investigate the dual-mode
electrochromism of niobium oxide nanocrystals. The precursor Cool mode VisNIR
for synthesizing NPLs was prepared by mixing NbCl; and oleic mum-*
acid to form a complex that was subsequently heated to form an
oxide-like structure capped by oleic acid, denoted as niobium Darkmode _ VisNIR
oxo cluster. By initiating the synthesis using niobium oxo
clusters, preferred growth of NPLs over other polymorphs was

observed. The structure of the synthesized NPLs was examined

by X-ray diffraction in conjunction with simulations, revealing that the NPLs are monolayer monoclinic Nb,,0,, thin in the
[100] direction and extended along the b and ¢ directions. Besides having monolayer thickness, NPLs show decreased
intensity of Raman signal from Nb—O bonds with higher bond order when compared to bulk monoclinic Nb,;,0,,, as
interpreted by calculations. Progressive electrochemical reduction of NPL films led to absorbance in the near-infrared region
(stage 1) followed by absorbance in both the visible and near-infrared regions (stage 2), thus exhibiting dual-mode
electrochromism. The mechanisms underlying these two processes were distinguished electrochemically by cyclic voltammetry
to determine the extent to which ion intercalation limits the kinetics, and by verifying the presence of localized electrons
following ion intercalation using X-ray photoelectron spectroscopy. Both results support that the near-infrared absorption
results from capacitive charging, and the onset of visible absorption in the second stage is caused by ion intercalation.
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late transmittance of sunlight to improve indoor energy

management.””” Conventional electrochromics based
on transition metal oxide films have attained limited success
due in part to slow switching kinetics and poor spectral
control."”” To obtain more refined spectral control, recent
reports have advanced the strategy of using transition metal
oxide nanocrystals (NCs) that can accommodate electro-
chemical charge through both intercalation and capacitive
charging, the latter producing delocalized electrons with
distinct optical absorption. Based on this mechanism, these
NCs are able to selectively modulate near-infrared (NIR) light
by capacitive charging and visible light by the traditional ion
intercalation mechanism.”™® Despite this advantage, issues
surrounding efficiency and electrochemical and optical
instabilities in NCs need to be addressed to facilitate wide
adoption.”*

E lectrochromic smart windows electrochemically modu-
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Niobium(V) oxides (Nb,O;_,) display rich polymorphic
forms with diverse electronic and optical properties.”'’ In
particular, the electrochemical reduction of Nb>* to Nb*
following Li" ion intercalation and the concomitant optical
response has motivated investigation of electrochromic
properties.''~'* Films of bulk, crystalline Nb,Os_, are
electrochemically and photochemically stable owing to the
minimal structural changes that occur during Li" ion
intercalation and a large electronic band gap,'""” yet
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Figure 1. Scheme of synthesis producing NPLs. Niobium precursor was prepared by mixing NbCl; and OA, then (a) heated to 40 °C under
vacuum to reach the first stage with blood-red color (NbP-40) and (b) further heated to 120 °C under vacuum to reach the second stage
with orange color (NbP-120). Morphological characterization of NPLs using (c) bright-field STEM imaging and (d) HRTEM imaging. In
(d), the yellow arrow corresponds to the elongated direction of the NPL (also the b axis of monoclinic Nb,,0,,), and the d-spacing
corresponds to the (004) plane of monoclinic Nb;,0,,. (e) Photograph of NPL dispersion in toluene. (f) AFM topographic image of NPLs

to demonstrate their thickness.

electrochromic spectral control has not been reported. In the
most studied pseudohexagonal phase, these films absorb light
broadly across the visible and NIR regions in their reduced
state.'’ Among Nb,Os_, crystals, there are a variety of
monoclinic phase polymorphs, with Nb,Os being the most
oxidized form and Nb,,0,y being the most reduced form.'®
The crystal structure of monoclinic Nb,0,y (Figure S1)
contains vertex-sharing niobium oxygen octahedra (NbOg
octahedra) arranged in blocks that share edges with NbOy
octahedra in other blocks in an adjacent crystalline layer.'” In
monoclinic Nb;,0,, the additional electrons owing to oxygen
deficiency populate the conduction band, giving rise to metallic
conduction and antiferromagnetic order.'®"® Additionally,
monoclinic Nb;,0,y exhibits a wide band gap and reversible
electrochemical cycling of Li* ions without structural changes,
suggesting it could be a stable electrochromic coating
material."®'” With this motivation, we demonstrate the
synthesis of monoclinic Nb;;0,9 NCs and their use in
electrochromic coatings. We utilize their potential for
accommodating delocalized electrons during capacitive charg-
ing, and for Nb** reduction following Li" ion intercalation,
inducing dual-mode electrochromism. These nanoscale crystals
exhibit the stability anticipated based on the properties of the
bulk crystalline phase.

Crystalline Nb,O;_, has been prepared by sol—gel,”
solvothermal,”** and vapor deposition methods.'"** How-
ever, the reported route for making monoclinic Nb;,0,9
involves first synthesizing monoclinic Nb,Ojs at high temper-
ature (~1100 K) and then reducing it in the presence of
niobium metal, at similarly high temperature.'®* This route is
energy intensive and yields only bulk crystals of monoclinic
Nb,0,9. As an alternative, colloidal synthesis, featuring direct
crystallization of metal ion sources in solvents at moderate
temperature, has met great success in producing metal oxide
NCs with tight control over their size, stoichiometry,
morphology, and crystal phase.”” In this research, we sought

to develop the colloidal synthesis of monoclinic Nb;,0,9 NCs
and to investigate their electrochromic properties.

Herein, we report the colloidal synthesis of monoclinic
Nb,,0,, NCs with two-dimensional morphology (nano-
platelets, NPLs). By preparing niobium oxo clusters as a
synthesis precursor, preferred growth of monoclinic-phase
NPLs over orthorhombic Nb,O; nanorods (NRs) was
observed. The precursor formation chemistry was investigated,
revealing the formation of niobium chloro oleate upon mixing
NbClg and oleic acid (OA)* and that subsequent heating
cleaves the Nb—ClI bonds to form niobium oxo clusters, which
eventually leads to selective growth of NPLs as observed in
reaction aliquots. X-ray diffraction (XRD) analysis in
conjunction with simulations indicates that the NPLs are
monolayers of monoclinic Nb;,0,. In Raman spectroscopy
analysis, the NPLs show decreased intensity of vibrations of
Nb—O bonds with higher bond order, which can be ascribed
to their monolayer thickness as suggested by calculated spectra.

Upon reducing in a Li-based electrolyte, NPL films absorb
NIR light at moderate potential, and absorb both NIR and
visible light at more reducing potential, thus achieving selective
control of solar spectrum transmittance. These two electro-
chromic processes were distinguished by the presence of
localized electrons following electrochemical charging based on
ex situ X-ray photoelectron spectroscopy (XPS) analysis
together with observations of electrochemical kinetics using
variable rate cyclic voltammetry. The presence of localized
electrons, indicated by the reduction of Nb°* to Nb*, is
understood to result from Li* ion intercalation. In analyzing
the electrochemical kinetics, ion intercalation into the crystal
lattice was associated with ion diffusion using the b-value test, a
method used to estimate the extent to which the electro-
chemical reaction is limited by ion diffusion. Overall, the
chemical and electrochemical evidence support that visible
absorption arises due to Li* ion intercalation, and the NIR
absorption results from capacitive charging.
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Figure 2. Spectroscopic characterization of NbP-40 (red), NbP-120 (orange), OA (black), and a niobium ethoxide/OA mixture at 40 °C
(blue) and 120 °C (green). (a) UV—vis—NIR spectra showing the elimination of LMCT absorption. (b) XPS spectra showing the signal of

CI™ ions. (c) Proposed structures of NbCl,

NbP-40 (niobium chloro oleate), and NbP-120 (niobium oxo cluster). (d) Fourier Transform

infrared (FTIR) spectra showing the coordinated COO~ stretches, stretches of Nb—O—Nb bonds, and peaks from oleoyl chloride (1805
cm™') and oleic anhydride (1035, 1750, and 1822 cm™"). (e) "H NMR spectra showing signals from OA (2.35 ppm), oleoyl chloride (2.88
ppm), and oleic anhydride (2.44 ppm) along with their structures. (f) DLS particle diameter distribution of NbP-120.

RESULTS AND DISCUSSION

Synthesis and Morphological Characterization. Col-
loidal synthesis of NPLs involves the injection of prepared
niobium precursor into a hot bath composed of OA and
oleylamine (OM) to initiate growth (details in the Methods
section), as illustrated in Figure 1. Upon mixing NbCl and OA
in the precursor preparation step, immediate formation of a
blood-red solution was observed, and its appearance remained
the same when heated to 40 °C under vacuum to yield a
homogeneous solution (NbP-40, shown in Figure 1a). Further
heating NbP-40 to 120 °C under vacuum resulted in a color
change from blood-red to orange (NbP-120, shown in Figure
1b). NCs were synthesized by injecting NbP-120 into a hot
bath of OA and OM at 300 °C and allowing the reaction to
proceed for 10 min, leading to formation of a cloudy
suspension, indicating crystal growth. After purification, the
products were imaged using scanning transmission electron
microscopy (STEM), revealing a two-dimensional nano-
platelet-like morphology (Figure 1c), referred to as NPLs for
further discussion. In high-resolution transmission electron
microscopy (HRTEM) imaging (Figure 1d), the atomic
arrangement in the NPLs appears as a structural-column
arrangement with boundaries between each column. A d-
spacing of 4.79 A can be measured in the short axis direction of
the NPL in Figure 1d and is consistent with the spacing
determined from the fast Fourier transform (FFT) of the
HRTEM image (Figure S2). Similar structures have also been
observed in the cases of bulk monoclinic Nb,Os_, crystals
(Nb,Oy and Nb,,0,,).””** The dispersion of NPLs in toluene
exhibits a blue color (Figure le). Size distribution histograms

10070

obtained by STEM imaging show that the NPLs have an
average length of 95.2 + 32.5 nm along the long axis and an
average width of 9.4 + 2.7 nm perpendicular to the long axis
(Figure S3). An atomic force microscopy (AFM) topographic
image of an island of NPLs was collected to evaluate their
thickness (Figure 1f). A very thin thickness of approximately
2.7 nm was measured based on the height profile of this AFM
image (Figure S4), indicating that the NPLs could be
monolayer materials of niobium oxide. This possibility was
further examined and confirmed by XRD analysis, as discussed
below. The NPL samples after removing the surface ligands
have a smaller approximated thickness of 1.7 nm measured by
AFM imaging (Figure SS), which again suggests the monolayer
thickness of NPLs.

In contrast with the NPLs synthesized from the NbP-120
precursor, injecting NbP-40 using the same reaction conditions
resulted in a mixture of a small amount of NPLs and a main
product that has a nanorod-like morphology (Figure S6). We
hypothesize that these nanorod-like products are orthorhombic
Nb,O; NRs, like those recently reported.”® Following the
protocol in this previous study,”® directly heating NbP-40
along with solvents reproduced pure NRs, as shown in Figure
Sé.

Precursor Characterization and Synthetic Mecha-
nism. As discussed, initiating NC growth in the same reaction
environment, but with different niobium precursors, leads to
NCs with different morphologies. Hence, the niobium
precursors, NbP-40 and NbP-120, were probed by different
spectroscopic techniques to investigate their composition and
influence on the synthetic result. By ultraviolet—visible—near-
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Figure 3. Proposed mechanism accounting for the formation of niobium chloro oleate upon mixing NbCl; and OA (eq 1), oleic anhydride as
a product from the condensation of OA (eq 2), oleoyl chloride from the reaction between NbCl; and oleic anhydride (eq 3), and niobium

oxo cluster from hydrolysis (eq 4).

infrared (UV—vis—NIR) spectroscopy (Figure 2a), we
identified that the blood-red color of NbP-40 is due to an
absorption band in the visible region with a peak centered at
445 nm, while converting the NbP-40 to NbP-120 by heating
eliminates this absorption feature. We hypothesize that the
distinctive absorption in NbP-40 is due to ligand to metal
charge transfer (LMCT) absorption occurring from the
electrons in the carboxylate groups of metal-bound OA
molecules to the empty d orbitals of Nb*" ions. Therefore,
NbP-40 is understood to be a complex of both CI™ ions and
deprotonated OA molecules coordinating to Nb*" ions, named
as niobium chloro oleate (Nb(OA),Cl_,). A similar complex
was reportedly formed by mixing NbCly and acetic acid to
form niobium chloro carboxylate, with one carboxylate ion
coordinating to two Nb*" ions in a bridging configuration.”
Upon converting the NbP-40 to NbP-120, we hypothesize that
the quenching of LMCT absorption is due to the conversion
from a complex-like composition to an oxide-like composition,
consistent with NbP-120 having absorption residing largely in
the UV region. NbP-120, behaving similarly to an oxide, is
referred to as a niobium oxo cluster for the remaining
discussion.

The elemental compositions of NbP-40 and NbP-120 were
studied by X-ray photoelectron spectroscopy (XPS) to
investigate the possible presence of Cl™ ions (Figure 2b).
After washing with acetone to remove OA and drying, signal
from CI 2p,/, and 2p;/,, forming a broad band centered at
200.8 eV, can be observed in NbP-40, but not in NbP-120.
This result indicates the removal of Cl” ions during the
conversion from NbP-40 to NbP-120, aligning with our
hypothesis that NbP-120 forms an oxide structure and Nb—Cl
bonds are cleaved. Additionally, it was reported that NbCl;
contains Cl” ions in two distinct bonding environments, one
forming a bridging coordination between two Nb** ions, and
the other forming a nonbridging coordination to a single Nb**
ion, as illustrated in Figure 2c. In XPS spectra, these two can be
distinguished by Cl 2p;,, peaks at 199.6 and 200.6 eV,
respectively.”” This evidence suggests the CI™ ions in NbP-40
are present mostly in nonbridging coordination according to
the peak position, with the bridging CI™ ions being replaced by
RCOO™ ions.

IR and 'H NMR spectroscopies were applied to investigate
the structure of the niobium precursors. The IR spectrum of
NbP-120 has peaks at 622 and 842 cm™' that can be assigned
to the stretches of Nb—O—Nb bridging and collinear bonds,
respectively (Figure 2d).”’ Moreover, multiple peaks (1485,
1515, 1530, 1550, and 1580 cm™") appear in the region (from

1480 to 1650 cm™') corresponding to the stretches of
coordinated COO™ bonds.”” " These results highlight the
fact that NbP-120 has an oxide-like structure with abundant
Nb—O—Nb bonds and COO™ ions coordinating on the oxide
surface. In the '"H NMR spectrum of OA (Figure 2e), the
protons on the a carbon of OA molecules exhibit triplet
resonance centered at 2.35 ppm, while the spectrum of NbP-
120 shows broadened triplet resonance and downfield
chemical shift for this resonance, indicating that the COO™
ions are tightly bound on the oxide surface,”® aligning with the
interpretation of the IR spectrum. On the other hand, the IR
spectrum of NbP-40 (Figure 2d) has weak peaks at 1490 and
1550 cm™" assigned to stretching modes of bridging COO™
ions.”” As for the "H NMR spectrum of NbP-40 (Figure 2e),
only a slight broadening and downfield shift can be observed
for the triplet at 2.35 ppm, suggesting OA is still mostly
noncoordinating. The structures of NbP-40 and NbP-120 are
proposed in Figure 2c, in which NbP-40 is a complex of
niobium chloro oleate with RCOO™ ions coordinating in the
bridging position, and NbP-120 is a niobium oxo cluster
compound with RCOO™ ijons coordinating on the surface.
Dynamic light scattering (DLS) was used to confirm the
presence of niobium oxo clusters in NbP-120, indicating an
average hydrodynamic particle diameter of 2.73 nm (Figure
2f). In contrast, no appreciable signal was measured for NbP-
40, consistent with a smaller, molecular structure.

Having deduced the structures of NbP-40 and NbP-120, we
now focus on the mechanisms leading to formation of these
two precursors. It was reported that niobium chloro
carboxylate will react with acid anhydride to form acyl
chloride.”” In our reaction environment, the analogues would
be oleic anhydride and oleoyl chloride. In the IR and 'H NMR
spectra of NbP-40 (Figure 2d and e), the C=0 stretch (1802
cm™') and triplet resonance at 2.88 ppm can be assigned to
oleoyl chloride.”” In the case of NbP-120, peaks from the C—
O—C stretch (1035 cm™"), C=0 symmetric and asymmetric
stretches (1750 and 1822 cm™), and triplet resonance at 2.44
ppm can be assigned to oleic anhydride.”” A mechanism
accounting for the formation of NbP-40 and NbP-120 is
proposed in Figure 3. Niobium chloro oleate forms upon
mixing NbCls and OA at 40 °C (Figure 3, eq 1).”” At the same
time, a small amount of OA condenses into oleic anhydride
with water as byproduct (Figure 3, eq 2), and subsequently,
oleic anhydride reacts with the remaining NbClI; to form oleoyl
chloride and niobium chloro oleate (Figure 3, eq 3), as
suggested in the literature.”” Heating to 120 °C further drives
reaction 2 to generate more water that reacts with niobium
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Figure 4. Characterization of aliquots during the injection synthesis of NPLs. Blue dash lines correspond to the characteristic peaks of NPLs.
(a) STEM images showing clusters and fragmented NPLs initially (2 min) and growing into NPLs in the end. (b) Experimental XRD
patterns showing amorphous signature initially (2 min) and signals from NPLs in the end. (c) Experimental Raman spectra showing
amorphous signature initially (2 min) and signals from NPLs in the end.

chloro oleate via hydrolysis to form niobium oxo clusters
(Figure 3, eq 4).” According to this mechanism, oleic
anhydride will remain in NbP-120 as a byproduct, consistent
with our FTIR analysis (Figure 2d). To verify the role of CI~
ions in the proposed mechanism, we prepared precursors
based on niobium ethoxide and OA, which were mixed and
then heated to 40 and 120 °C under vacuum. A new IR peak at
1575 cm™" arises when heating niobium ethoxide and OA to
120 °C, suggesting coordination may occur. However, no IR
bands from oleic anhydride or oleoyl chloride were observed
(Figure 2d), indicating the reaction does not follow the same
scheme as when using NbCly as the niobium source. We
propose that NbCl; catalyzes the reaction forming oleic
anhydride (eq 2), thus enabling the subsequent oxo cluster
formation.

With the composition and formation mechanism of NbP-40
and NbP-120 described, we now examine how the precursor
chemistry affects NC growth. In past reports, growth of
Nb,O;_, crystals with NR morphology was often accomplished
using NbCly as the niobium source,” ***” suggesting that CI~
ions may play a role in regulating crystal growth or even
controlling faceting."”*" Our previous study detailed the
mechanism leading to the growth of orthorhombic Nb,Oq
NRs in a colloidal reaction starting from NbCl;.*® In brief, the
precursor of niobium chloro oleate reacts to form clusters at
lower temperatures. Upon further heating crystallization
occurs, preferentially forming NRs. In this research, we
selectively synthesize two precursors, niobium chloro oleate
(NbP-40) and niobium oxo cluster (NbP-120), and initiate
colloidal crystal growth using them at designated temperature
by hot injection.

The mechanism of crystal growth was investigated by
tracking the reaction progression using aliquots every 2 min
after injection, as shown in Figure 4 for injecting NbP-120 and
Figure S7 for injecting NbP-40. In the STEM imaging of
aliquots produced during the synthesis employing NbP-120,
small clusters and fragmented NPLs were observed initially
(Figure 4a). As the reaction progresses, these clusters gradually
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decompose and deposit on the fragmented NPLs, leading to
the final NPL products. On the other hand, following injection
of NbP-40, a mixture of mostly NRs and a small amount of
NPLs was observed throughout the aliquots (Figure S7),
highlighting the fact that initiating the synthesis using niobium
chloro oleate favors the growth of NRs. Synthesis progression
was also tracked by XRD patterns and Raman spectra as a
complement to the STEM imaging, with details being
discussed more thoroughly in the structure characterization
section, while the basic results are discussed here.

For the synthesis initiated by injecting NbP-120, the XRD
patterns (Figure 4b) show weak signals from NPLs at 2 min
after injection due to the occurrence of mixed amorphous
clusters and fragmented NPLs, while the other patterns show
clear signals from NPLs. When synthesis is performed by
injecting NbP-40, the XRD patterns (Figure S7) show
signatures from both NRs and NPLs with signals from NPLs
gradually increasing in relative intensity. In the Raman spectra
of products resulting from the injection of NbP-120 (Figure
4c) broadened peaks at 625 and 980 cm ™" are observed for a 2
min reaction time that eventually evolve into a spectrum with
the signatures of NPLs. The broadened feature around 625
cm™ can be assigned to the stretch of the Nb—O—Nb bond of
the amorphous niobium oxo cluster present in the initial
stage.*”** The peak at 980 cm™ can be assigned to terminal
Nb=0 bonds also from the cluster.** For the reaction done
by injecting NbP-40, a strong Raman peak at 710 cm™" arose
immediately and was observed throughout the aliquots (Figure
S7), corresponding to NRs, while a weak peak at 648 cm™
grew in gradually during the reaction, corresponding to NPLs.

On the basis of these observations, we concluded that when
injecting NbP-120, the niobium oxo clusters serve as
amorphous seeds that eventually grow into NPLs, while the
injection of NbP-40 results in a mixture of mostly NRs. While
the previously reported heat-up strategy for colloidal niobium
oxide synthesis favored NRs, we find that deliberate synthesiz-
ing and injection of a niobium oxo cluster precursor tunes the
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Figure S. Structural characterization of NPLs using experimental and simulated XRD patterns. (a) Experimental pattern of NPLs (blue),
reference of bulk monoclinic Nb,,0,, crystals (black), and optimized simulated pattern using a {1 X 250 X 4} supercell (red). (b) Simulated
patterns using {100 X 1 X 1} (red), {1 X 100 X 1} (pink), {1 X 1 X 100} (blue), {20 X 20 X 1} (brown), {20 X 1 X 20} (orange), and {1 X
20 X 20} (yellow-green) supercells. (c) Simulated patterns of {1 X 250 X 4} (black), {2 X 250 X 4} (red), and {3 X 250 X 4} (blue)
supercells. (d) Atomic models of a {1 X 1 X 1} unit cell and a {1 X 250 X 4} supercell with lateral size matching the NPLs.

crystallization mechanism to favor the growth of crystals with
NPL morphology.

Structural Characterization by X-ray Diffraction. The
XRD pattern of the synthesized NPLs compares favorably to
the reference pattern of bulk monoclinic Nb;,0, crystals
(PDF#01-073-1610, Figure Sa). The pattern of the NPLs
shares the (011) and (20) reflections with the bulk reference,
while missing the main reflection from (400) planes at 26 =
24.6°. For comparison, the experimental pattern of NRs
(Figure S8) shows only the reflections from the (001) planes
of the orthorhombic Nb,Oy crystal structure (PDF#00-030-
0873), and the pattern of an NR and NPL mixture resulting
from synthesis with NbP-40 (Figure S8) shows signatures of
both the materials, verifying that the NRs present in these two
cases share the same structure.

To investigate the missing reflection in the pattern of the
NPLs, simulations of XRD patterns were performed based on
the Debye scattering formula, in which the intensity of the
incident X-rays being scattered by every pair of ions within a
finite crystal is calculated.* Simulations were performed by
calculating the scattering intensity from supercells based on the
unit cell of monoclinic Nb,,0O,, repeated different numbers of
times in each crystallographic direction, indicated as {a X b X
c}. Details of the simulations are discussed in the Methods
section. Examples of this simulation method are shown in
Figure S8, demonstrating the results produced by using crystal
sizes ranging from the {1 X 1 X 1} unit cell to the {10 X 10 X
10} supercell. In the smallest system, the {1 X 1 X 1} cell, all
reflections are broad and nondescript. By contrast, the pattern
of the {10 X 10 X 10} supercell shows reflections with distinct
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peaks. The broadened reflections in small cells arise because in
finite crystals insufficient scattering intensity is generated due
to a finite number of ions to create strong constructive
interference, thus resulting in weak or absent reflections in
their XRD patterns.*®

We hypothesize that the absence of the (400) reflection in
the XRD pattern of the NPLs is due to insufficient ions
presenting in a specific crystallographic direction. To verify
this, we explored how well the pattern of NPLs could be
reproduced by simulating diffraction from finite crystals
consisting of cells of monoclinic Nb;,0,, repeated various
times in different crystallographic directions. The simulation
result that is most similar to the experimental pattern uses the
{1 x 250 x 4} supercell shown in Figure Sa. The simulated
pattern matches all the reflections in the experimental pattern
of the NPLs. The morphology of the {1 X 250 X 4} supercell,
corresponding to the simulated structure of an NPL, is a
monolayer of monoclinic Nb;,0,, in the [100] direction
elongated two-dimensionally along the b and ¢ axes. In
addition, in Figure 1d, a d-spacing of 4.79 A along the short
axis of NPLs corresponds to the (004) plane of monoclinic
Nb,,0,,, indicating that the growth direction, perpendicular to
the short axis, is along the b axis of monoclinic Nb;,0,5. Our
process for obtaining the {1 X 250 X 4} supercell as the best
representation of the NPLs involved simulations varying both
crystallographic orientation and layer thickness (Figure Sb and
¢, respectively). Simulations using supercells extended in one
or in two dimensions are shown in Figure Sb. In the
simulations of one-dimensional structures ({100 X 1 X 1},
{1 x 100 x 1}, and {1 X 1 X 100} supercells), we found that
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the (400) reflection, the one missing in the experimental
pattern, is present only in the pattern of the {100 X 1 X 1}
supercell, suggesting that elongation along the [100] direction
is absent in NPLs. In two-dimensional structures ({20 X 20 X
1}, {20 X 1 x 20}, and {1 X 20 X 20} supercells), we observe
that the (400) reflection is only suppressed in the {1 X 20 X
20} supercell, suggesting that the NPLs are elongated in the b
and ¢ crystallographic directions since the (400) reflection is
not observed in their XRD pattern.

Having assigned the missing crystallographic direction of
NPLs, we performed simulations of {1 X 250 X 4}, {2 X 250 X
4}, and {3 X 250 X 4} supercells to simulate the effect of layer
thickness in the [100] direction. The lateral size of these
structures was chosen to closely match the averaged values
obtained from STEM imaging, that is, 95.2 nm in length and
9.4 nm in width in STEM imaging and 95.77 nm in length and
8.28 nm in width in simulations. As the number of layers in the
[100] direction increases, (400), (11), and (S1) reflections
arise (Figure Sc), which is not observed in the experimental
pattern of the NPLs. A magnified view for comparing the
experimental pattern to the simulated patterns in Figure Sc is
presented in Figure S9. As mentioned previously, the thickness
of NPLs was measured as approximately 2.7 nm using AFM.
According to the above simulations, since the thickness of the
NPLs is along the a axis, along which the unit cell has a lattice
constant of 1.568 nm, and taking the oleic acid ligand on the
ligand-capped NPL surface into account, we concluded that
the measured thickness of NPLs comprises a single unit cell of
monoclinic Nb;,0,, in the [100] direction along with one
layer of oleic acid ligand. Additionally, the thickness of ligand-
stripped NPLs has an average value of 1.7 nm, which is in good
agreement with the theoretical thickness of 1.568 nm. Both
physical characterization and the XRD simulations lead us to
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conclude that the NPLs are monolayer monoclinic Nb;,0,4 in
the [100] direction.

The resulting atomistic model of the {1 X 250 X 4} supercell
used in simulations, which is the best representation of the
NPL structure, is shown in Figure 5d together with the {1 X 1
X 1} unit cell. The very thin structural dimensions in the [100]
direction result in the suppression of the (400) reflection seen
experimentally and reproduced in simulations based on the
Debye scattering formula using finite crystals. In metal oxides,
suppressed reflection due to their thin thickness is often
discussed in exfoliating and self-assembly synthetic methods,
both of which produce two-dimensional crystals with lateral
size ranging from nanoscale to micron scale.””** Our method
for making monoclinic Nb;,0,9 NPLs shares similarities with
the self-assembly approach, both starting from metal ionic
sources in a bottom-up synthesis, but NPLs have much smaller
and more uniform lateral dimensions.” In contrast with other
colloidal metal oxide NCs, anisotropic growth of NCs along a
specific crystallographic direction has been reported in the
cases of tungsten oxide NPLs and titanium oxide NRs;*”’
however, a two-dimensional feature with uniform and
monolayer thickness is rarely observed. In summary, we
present a synthesis to obtain monoclinic Nb,,0,y NPLs with
highly uniform lateral dimension and thickness that has not
been reported among niobium oxides. Further, this synthesis
has an advantage in terms of having low dispersion in lateral
dimensions, benefiting from colloidal synthesis, while having
uniform thickness that is comparable to self-assembled metal
oxides.

Structural Characterization by Raman Spectroscopy.
Raman spectroscopy was used to understand the structural
features of the NPLs from the perspective of the Nb—O bonds,
whose vibrational modes give rise to different Raman shifts
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M Li-TFSI/TG.

depending on their bond orders and angles. The spectrum of
NPLs has a single dominant peak at 648 cm™' (Figure 6a),
which is present also for bulk monoclinic Ti,Nb,;,O,, crystals,
an isostructural material to monoclinic Nb;,0,,.”"** However,
the spectrum of bulk monoclinic Ti,Nb;,O,, crystals also has a
strong peak at 990 cm™,>" while the spectrum of NPLs does
not. We also found a peak at 990 cm™" in the spectrum of bulk
monoclinic Nb,Oy crystals, a material with similar structure,
highlighting the notable absence of this peak for NPLs (Figure
6a).

The structure of Nb,Os_, is composed mostly of vertex-
shared and edge-shared NbOg octahedra, with the vertex-
shared having a smaller Nb—O bond distance that corresponds
to higher bond order. In Raman spectroscopy, the Nb—O
bonds present in Nb,O;_, can be classified into Nb=0O
terminal bonds (950—1050 cm™), Nb—O—Nb collinear bonds
(800—900 cm™'), Nb—O—Nb bridging bonds (550—750
cm™"), ONb; bonds (350—500 cm™"), and Nb—O—Nb angle
deformation bonds (150—350 cm™) in a descending bond
order."*% In terms of structure, previous simulations from
our groups demonstrated that the Nb=0 terminal bonds and
Nb—O—Nb collinear bonds are exclusively contributed by the
vertex-shared NbOg octahedra, while the other three modes
can be either from vertex-shared NbOg octahedra or edge-
shared NbOy octahedra.”® Therefore, the missing peak in the
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Raman spectrum of NPLs is attributed to the reduced
abundance of Nb=O0 terminal bonds due to the absence of
some vertex-shared units.

Calculations of Raman spectra were used to identify the
structural nature of the missing Nb—O bonds in NPLs. Several
test trials of Nb,O;_, were performed utilizing the Vienna Ab-
initio Simulation Package (VASP), as shown in Figure S10, and
discussed in the Supporting Information. First, the Raman
spectrum of bulk monoclinic Nb;,O,9 crystals was generated
by performing a calculation using its unit cell with periodic
boundary conditions. The spectrum shows strong intensity in
the Nb=O terminal bond and Nb—O—Nb collinear bond
regions, which is not present in the spectrum of NPLs (Figure
6b). As discussed earlier, these two regions are exclusively
contributed by vertex-shared units, thus indicating the NPLs
are largely lacking vertex-shared NbOg octahedra.

Considering the NPLs are monolayer monoclinic Nb;,0,
in the [100] direction, we performed the calculation of a cell
missing several structural units in this direction. In Figure 6c,
the red cell represents the unit cell of monoclinic Nb;,0,,,
while the blue cell was made by stripping away the first row
and last row structural units in the red cell for the purpose of
simulating the potential missing structural units of NPLs in the
[100] direction. As shown in Figure 6b, the calculated
spectrum of the new cell demonstrates weak intensity in the
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Nb=0 terminal bond and Nb—O—Nb collinear bond regions,
and the peak position of the Nb—O—Nb bridging bonds shifts,
becoming identical to the peak of NPLs. In terms of structural
units, the octahedra being stripped away are all bonded to the
remaining octahedra in vertex-shared configurations (Figure
6¢). Since the calculated spectrum matches the experimental
spectrum of NPLs, we concluded that the reduced abundance
of Nb—O bonds with higher bond order in the spectrum of
NPLs could be explained by the absence of vertex-shared units.
In conjunction with the monolayer thickness of NPLs, the
calculated Raman spectra support a structural model of NPLs
with some structural units being stripped away due to their
monolayer thickness, causing the Raman spectrum to lack
higher frequency peaks and the main Raman peak to shift.
Spectroelectrochemical Characterization. The ligand-
capped NPLs were modified to remove the insulating OA
molecules on their surface before electrochemical measure-
ment, referred to as ligand stripping. In brief, the as-
synthesized ligand-capped NPLs were treated with NOBE, to
remove the OA molecules on the NC surface. Details of the
ligand stripping process and thin film deposition methods are
discussed in the Supporting Information and Figure S11. The
average thickness of the ligand-stripped NPL films was
measured using profilometry to be 350 nm. To study the
mechanisms underlying an optical response to electrochemical
charging, ligand-stripped NPL films were electrochemically
reduced using two different cations for charge balance. Small
Li" ions can both intercalate into the crystal lattice and be
adsorbed on the surface, where they contribute to capacitance,
while bulky tetrabutylammonium (TBA"') ions must remain
only at the surface.””* When an NPL film is electrochemically
reduced with either electrolyte, the transmittance decreases as
a result of increased light absorption (Figure 7a and b). Lower
potentials correspond to a larger driving force to reduce the
NPL films. In Li-based electrolyte (Figure 7a), NPL films show
dual-mode, sequential modulation of NIR and visible light
transmission. That is, they absorb light mostly in the NIR
region for potentials from open-circuit potential (OCP) to 2.0
V with a peak centered at 1060 nm wavelength and absorb
light in both visible and NIR regions for potentials from 2.0 to
1.5 V. Photographs of the NPL films charged at various
potentials show no color at OCP, a blue color at 2.0 V, and a
black color at 1.5 V. In TBA-based electrolyte (Figure 7b),
absorption occurs mostly in the NIR region with a peak
centered at 1060 nm throughout the applied potential range.
In a previous report, the reduction of Nb-doped TiO, NC
films using Li* ions for charge balance was found, depending
on the applied potential, to populate the conduction band
(CB) with delocalized electrons and to localize electrons in
self-trapped states as polarons. The same NC films, when
charged using a TBA-based electrolyte, host only delocalized
electrons.” The population of the CB with delocalized
electrons with surface adsorbed ions is a type of capacitive
charging, while intercalative charging led to localized electrons
in that material. In Nb-doped TiO, NCs, capacitive charging
gives rise to optical absorption in the NIR region, and ion
intercalation gives rise to absorption in the visible region.
Our hypothesis for the dual-mode modulation of NPL films
in a Li-based electrolyte is that the first mode, ranging from
OCP to 2.0V, is a capacitive charging process that gives rise to
absorption in the NIR region. As for the second mode, ranging
from 2.0 to 1.5V, this stage involves both ion intercalation that
gives rise to absorption in the visible region and a persistence

of capacitive charging. When using TBA" ions for charge
balance, ions are prevented from intercalating into the crystal
lattice by their bulky nature, and therefore the absorption is
confined mostly to the NIR region, associated with capacitive
charging. To understand the nature of the electronic state
during capacitive charging, we note that Cava et al. reported
that monoclinic Nb;,0,y made by chemical reduction from
monoclinic Nb,Os shows metallic conduction that may be
associated with the delocalization of 4d electrons.'® Recent
simulations done by Koger et al. also indicated that the
presence of delocalized states in monoclinic Nb;,0,, leads to
its metallic conduction.'® We propose that during electro-
chemical charging electrons can be injected into the CB as
delocalized electrons to instigate the increased NIR absorption.
Thus, in NPLs, we observe NIR electrochromism accompany-
ing capacitive charging, while Li" ion intercalation triggers
electrochromism in the visible, which we hypothesize is due to
Nb°* ions being reduced to Nb* ions.>*>°

Previous studies proposed that the cavities for Li* ion
intercalation in the monoclinic Nb;,0, are located within four
vertex-shared NbOy units, as illustrated in Figure $12.'%°7
Based on a classification from these literature reports, we
denoted these cavities as cavity II, IV, and V, whose specific
electrochemical behavior remains unknown. Nevertheless,
when the monoclinic Nb;,0,9 unit cell is repeated along the
b axis, these cavities form channels that may offer preferable
pathways for Li* ion diffusion. By contrast, repetition of the
unit cell along the a axis produces no such channels (Figure
§12). A similar structural configuration in monoclinic Nb,Oy
also suggested that Li* ions may diffuse through cavities along
the b axis, while the diffusion along the a axis is not preferred
due to the absence of continuous cavities.”® In a recent
publication from Kocger ef al., the Li* ion diffusion in niobium
tungsten oxides, with similar shear structure to monoclinic
Nb,,0,9, was shown to be effectively one-dimensional in the
aforementioned empty diffusion channels paralleled to the b
direction.”” In conjunction with the anisotropic structure of
NPLs, with the structure shown in Figure S13, we propose that
the elongation along the b axis along with monolayer thickness
in the g axis direction facilitates Li* ion diffusion by creating a
diffusion channel for Li* ions. As shown in the structure,
although having only a single unit cell thickness in the a axis,
the NPLs still exhibit a few layers of vertex-shared NbOg units
to accommodate the intercalation and diffusion of Li* ions.
Additionally, we considered the characteristic time (f) of one-
dimensional diffusion along the b axis (t = Ap*/Dy), where Ap, is
the Debye screening length approximated to the length of the
NPLs (95.2 nm), and the Li* ion diffusion coefficient (D) was
approximated to 1.12 X 107" cm’/s based on the literature
value of monoclinic AINb,,0,,.°° Thus, t can be approximated
as 800 s, representing an estimated time scale for one-
dimensional Li" diffusion within the NPLs. This value also
aligns with a typical time scale in an electrochemical
experiment, such as cyclic voltammetry experiments at
moderate scan rate (~20 mV/s). When electrochemically
charging the NPLs, these ions reside in the proposed cavities
and generate visible electrochromic absorption between 2.0
and 1.5 V. The proposed Li* ion diffusion channels present
along the b axis of monoclinic Nb;,O, are similar to those
along the ¢ axis of orthorhombic Nb,Oj that facilitate Li" ion
diffusion.”’ Unfortunately to our knowledge, the electro-
chromic properties of isotropic monoclinic Nb;,0,, or even
monoclinic Nb,Os, are scarcely reported, potentially due to
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Figure 8. Schematic illustration of the electrochromic mechanism of NPL films in 1 M Li-TFSI/TG. (a) Band structure with electrons being
populated into the CB as delocalized electrons (from OCP to 2.0 V) and into both the polaron band as localized electrons and CB as
delocalized electrons (from 2.0 to 1.5 V). (b) Electrochemical processes showing electrical double layer capacitance in capacitive charging
(from OCP to 2.0 V) and both ion intercalation and electrical double layer capacitance (from 2.0 to 1.5 V). (c) Dual-mode electrochromism
of NPL films employed as smart window coatings for selectively blocking NIR light (2.0 V) and both NIR and visible light (1.5 V). (d)
Variation of AOD against Q at 550 and 1200 nm. Films were cathodically charged at 10 #A/cm’ using chronopotentiometry, and CE was

obtained by linear fitting.

their minimum optical response, and thus a more detailed
analysis of the effect of crystal structure on electrochromic
properties of monoclinic Nb;,0, is not feasible at this stage.

The presence of localized electrons due to Li* intercalation
can be investigated by observing the oxidation state of the
metal ions before and after electrochemical reduction.” In
niobium oxides specifically, Nb** reducing to Nb*" during Li"
ion intercalation should give rise to an observable decrease in
the binding energy of the Nb 3d XPS peaks. XPS spectra of
ligand-stripped NPL films were compared ex situ after
electrochemical charging in Li-based electrolyte (Figure 7c).
After 2.0 V applied potential, there is only a slight decrease of
the binding energy compared to OCP, indicating that the
reduction at 2.0 V is a capacitive charging process showing
little signature of localized electrons. As for the reduction at 1.5
V, a larger shift is observed, indicating the presence of localized
electrons in the NPLs. Fitting results in Figure S14 suggest
5.1% of Nb*>" was reduced to Nb*" at 2.0 V, while at 1.5 V no
clear signature of secondary peaks can be observed for
extracting the ratio of Nb*"/Nb**. Alternatively, based on the
amount of charge injecting into the films when preparing the
XPS samples, we estimated 3.9% of Nb** was reduced at 2.0 V
and 30.1% of Nb*" was reduced at 1.5 V. Additionally, the
presence of the Li 1s peak can be clearly observed after
charging at 1.5 V (Figure S15), supporting the occurrence of
Li" ion intercalation. XPS analysis verifies that the electro-
chromism of NPL films from OCP to 2.0 V is dominated by
capacitive charging, and the second stage from 2.0 to 1.5 V is
dominated by ion intercalation accompanied by Nb°*
reduction.

The electrochemical response of ligand-stripped NPL films
was further investigated by analyzing the dependence of
current on the sweep rate in cyclic voltammograms. The so-
called b-value test is a method for determining the extent to
which the electrochemical process is limited by diffusion,”’ ~**
in which

log(i) = log(a) + b log(v)

where i is the current density, v is the sweep rate, a is a
constant determined by the testing environment, and b is a
constant determined by the kinetics of the electrochemical
reaction. A b value of 0.5 indicates a purely diffusion-limited
reaction controlled by the boundary condition of semi-infinite
linear diffusion, and a b value of 1 indicates that the reaction
behaves similarly to a capacitor, equivalent to a non-diffusion-
limited reaction with no apparent concentration gradient in the
system.

In a Li-based electrolyte, we expected that the diffusion of
Li* ions in the crystal lattice during ion intercalation might
limit the reaction kinetics. As discussed, we proposed that the
Li* ion diffusion will follow one-dimensional channels along
the long direction of NPLs, which is also the b axis of
monoclinic Nb;,0,,, and therefore the concentration gradient
building up in these channels could be limiting the reaction
kinetics to show a diffusion-limited mechanism. Cyclic
voltammograms of the NPL films at various sweep rate
ranging from 1 to 80 mV/s were recorded, with 1 to 10 mV/s
scans shown in Figure 7d, where the inset highlights the
portion from 3.5 to 2.0 V. The current density includes both
the charging of the electrical double layer, including Li* ion
adsorption, and the redox reaction accompanying Li* ion
intercalation. Intercalation dominates the cathodic current
density at potentials lower than 2 V and the corresponding
anodic current density when scanning from 1.5 to 3.5 V. The
values of b at various potentials were obtained by linear fitting
the cathodic current density dependence on scan rate (Figure
7e). At 2.2 and 2.4 V, b values are close to 1, indicating non-
diffusion-limited kinetics. At lower potentials (2.0, 1.8, and 1.5
V), b values start decreasing and become lower with the
decreasing potential, indicating that the kinetics are increas-
ingly limited by diffusion of Li* ions. For sweep rates higher
than 20 mV/s, strong polarization saturates the current density
and causes deviations in the fitting results.”’ The result of the
rate analysis (Figure 7e) support the electrochemical
mechanisms of sequential capacitive charging and ion
intercalation described above. At moderate potentials, Li*
ions are only adsorbed on the surface of NPLs, contributing
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to electrical double layer capacitance. This first stage of
electrochemical charging has non-diffusion-limited kinetics
with no apparent concentration gradient of Li" ions in the
crystal lattice. At potentials below about 2.0 V, the b value
starts to deviate from 1. In this stage of charging, Li" jons are
adsorbed and also intercalate into the crystal lattice. At this
stage, the kinetics will be influenced by a concentration
gradient of Li" ions in the NPL lattice, so the rate analysis
reveals the kinetics to be limited by the diffusion of Li* ions to
some extent.

As a counterpoint, Costentin et al. have discussed extensively
the interpretation of b-value analysis.”* " It was shown that, in
porous electrodes, ohmic drop from the charging of the pores
should be the dominating factor instead of diffusion of ions in
the electrolyte solution. The ohmic drop in pores, following a
simple RC circuit model, can give rise to electrochemical
signatures similar to that of semi-infinite diffusion with b value
close to 0.5.°° These studies have provided another aspect of
interpreting the b-value analysis; that is, the diffusion-limited
kinetics derived from b-value analysis could involve both the
diffusion of ions in the active material and the charging of the
pores. In NPL films, we have shown evidence of Li" ion
intercalation, both in its optical effect triggering visible
absorption (Figure 7a) and its chemical effect reducing Nb**
ions (Figure 7c), which suggests the decrease of the b value at
potentials lower than 2.0 V is the result of Li* ion diffusion.
Potentially, the influence from the ohmic drop in pores could
be investigated by varying the concentration of Li* ions in the
electrolyte to change the electrolyte resistivity, which
influences the rate of RC charging in the pores without
strongly affecting the Li* ion diffusion rate in films.®

The electrochemical response of the NPLs and electronic
and optical effects are illustrated in Figure 8. From OCP to 2.0
V, delocalized electrons are added to the CB of NPLs (Figure
8a), while Li* or TBA" ions are adsorbed to compensate the
electronic charge, giving rise to electrical double layer
capacitance (Figure 8b). From 2.0 to 1.5 V, added electrons
occupy the CB as delocalized electrons and, only for a Li-based
electrolyte, a polaron band as localized electrons (Figure 8a).
Meanwhile, the Li* ions are both adsorbed on the surface and
intercalated into the NC lattice (Figure 8b). In terms of the
optical modulation, the NPL films can selectively block NIR
light at 2.0 V with most of the visible light transmitted, while
the films block both NIR and visible light at 1.5 V due to the
rise of ion intercalation-induced polaronic electrochromism
(Figure 8c). The dual-mode electrochromism of the NPL films
was quantified by measuring their coloration efficiency (CE),
defined as the ratio of optical density change at a given
wavelength (AOD) to the charge density (Q) injected into the
films (CE = AOD/Q). In the capacitive charging regime, a
higher CE was observed in the NIR (186.4 cm?®/C at 1200
nm) compared to the CE in the visible (77.3 cm?®/C at 550
nm), corresponding to the capacitive charging process with
dominant absorption in the NIR region (Figure 8d). In the
second stage of charging, when ion intercalation dominates,
the CE in the visible (136.0 cm?/C at 550 nm) is higher than
that in the NIR (70.4 cm?/C at 1200 nm), consistent with
polaronic coloration residing primarily in the visible.

The electrochromic properties of the NPLs are distinct from
other phases and morphologies of niobium oxide and may be
advantageous compared to other metal oxides for particular
applications. The CEs of NPLs are compared to literature
values of relevant metal oxides in Table S1.°°’~% First, the

NPLs are the only materials that can selectively modulate
visible and NIR transmission among niobium oxides. NPLs
also present a much higher CE in the visible region, true for
both first and second stages (77/136 cm?/C, respectively),
compared to bulk niobium oxide electrochromic films (27
cm?/C).%” Specifically in the NIR region, NPLs also show
higher CE in the first stage (186 cm?/C) compared to
orthorhombic Nb,O; NRs (76 cm?/C), and a comparable CE
value in the second stage.”® Further, we compared the CE of
NPLs with the two known dual-mode electrochromics, doped
TiO, and WO;_, NCs. As discussed earlier, NPLs have a
distinct two-stage coloration that can be selectively activated
by the potential applied. In doped TiO, and WO;_, NCs, such
tunability has not been reported potentially owing to their
higher reduction potential, which instigates the visible
coloration far before the saturation of NIR coloration. Thus,
a parameter referred to as coloration selectivity (CE in the
visible region/CE in the NIR region) was calculated to
quantify this aspect of the electrochromic response. As seen in
Table S1, NPLs show higher CE in the visible region for both
stages compared to doped TiO, NCs (33.2 cm?®/C), while
having a higher CE for the first stage and a lower CE for the
second stage in the NIR region compared to doped TiO, NCs
(124.5 cm*/C). Compared to WO;_, NCs, two of the CE
values of NPLs are higher or comparable (second visible
absorption and first NIR absorption), while the other two are
lower. In terms of spectral control, NPLs offer a large variation
in selectivity depending on the potential applied, which is not
available in doped TiO, and WO;_, NCs. This property of the
NPLs may be advantageous for dual-mode electrochromic
windows that require spectrally selective attenuation, such as
maximizing daylighting without undue solar heat gain. In this
regard, integrated solar transmittance in different spectral
ranges was calculated (Tys, Tnr, and Tsor) with details shown
in the Supporting Information and results summarized in
Table S2." When the NPL films are capacitively charged, at 2.0
V, Ty is high (0.65), which is beneficial for daylighting, while
the Ty is relatively low (0.4), which reduces solar heat gain
due to NIR insolation. At 1.5 V, low values for both Ty
(0.18) and Ty (0.08) indicate a useful state for limiting both
visible glare and solar heat gain. Finally, the stability of the
NPL films was preliminarily tested by continuously cycling
between potential steps at 4 and 1.7 V (Figure S16), showing
reasonable stability with 68% of the original charge density
(Q/Q,) retained in the films after 500 cycles.

CONCLUSIONS

We developed a colloidal synthesis for phase-pure anisotropic
monoclinic Nb,,0,9 NPLs by preparing a niobium oxo cluster
as a precursor for hot injection. To prepare the precursor,
NbCls and OA were mixed, forming a complex of niobium
chloro oleate that was heated to cleave the Nb—CI bonds to
form niobium oxo clusters. NC growth was tracked by an
aliquot study, showing the selective growth of NPLs using the
niobium oxo cluster precursor, while NRs were produced using
niobium chloro oleate. NPLs were confirmed to be monolayer
monoclinic Nb;,O,,, thin in the [100] direction and extended
along the b and ¢ directions based on AFM and XRD analysis.
The monolayer feature also leads to reduced abundance of
Nb—O bonds with higher bond order, as revealed by Raman
spectroscopy and calculated spectra. NPL films demonstrate
dual-mode electrochromism with two different electrochemical
charging processes giving rise to distinct, sequential optical
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responses. The first charging regime causes reduced trans-
mission of NIR light and is found to consist of capacitive
charging that generates delocalized electrons. The second
charging regime brings the onset of visible absorption due to
ion intercalation that generates localized electrons. Electro-
chemical kinetics of the films were investigated by the b-value
test, showing that the capacitive charging process is non-
diffusion-limited, while the ion intercalation process is limited
by the diffusion of Li* ions in the crystal lattice. Our
understanding of the electrochemical response is further
supported by the observation of reduced niobium ions in the
XPS spectra following ion intercalation. By establishing the
principles underlying the electrochromic response of these
phase-pure monoclinic Nb;,0,9 NPLs we have advanced the
understanding of niobium oxides and helped lay the
foundation for further electrochemical applications, particularly
of nanoscale Nb,O;_, materials.

METHODS

Materials. Toluene (>99.5%), hexane (>99%), isopropanol
(>99.5%), acetone (>99.5%), N,N-dimethylformamide (DMF,
anhydrous 99.8%), nitrosonium tetrafluoroborate (NOBF,, 95%),
tetrabutylammonium bis(trifluoromethanesulfonyl)imide (TBA-TFSI,
>99.0%), oleic acid (OA, 90%), niobium chloride (NbCl,, anhydrous,
99.995%), niobium ethoxide (99.95%), tetraethylene glycol dimethyl
ether (TG, >99%), 1-octadecene (ODE, 90%), and chloroform-d
(CDCly, 99.96 atom % D) were purchased from Sigma-Aldrich.
Oleylamine (OM, 90%) was purchased from Acros Organics. Lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI, HQ-115) was pur-
chased from 3M. OA and OM were heated under vacuum at 120
°C before use.

NC Synthesis. All reactions were carried out using standard
Schlenk line techniques under a N, atmosphere. In a typical NPL
synthesis, 0.405 g of NbCl; and 4.237 g of OA were mixed in a three-
neck flask in a N, glovebox and transferred to a Schlenk line. The
mixture was first heated at 40 °C under vacuum for 30 min to obtain a
homogeneous precursor solution with blood-red color (denoted NbP-
40). Subsequently, the mixture was heated to 120 °C under vacuum
for 30 min to produce the precursor solution denoted as NbP-120.
While heating, the blood-red color disappeared and the resulting
solution was orange. Meanwhile, the reaction flask was prepared by
mixing 11.298 g of OA and 2.140 g of OM in another three-neck flask
and heating to 120 °C for 30 min under vacuum, then to 300 °C
under N,. Once the reaction in the precursor flask was finished and
switched to N, purging, NbP-120 was injected into the second flask
and reacted at 300 °C for 10 min. Afterward, the solution containing
NPLs was cooled to room temperature and washed using toluene as
solvent for dispersion and isopropanol as antisolvent for flocculation
three times. Finally, NPLs were dispersed in toluene at a
concentration of 15 mg/mL. This product is referred to as a ligand-
capped NPL dispersion and was used for all the characterization
unless otherwise specified. Synthesis producing a mixture of NPLs
and NRs was performed using the same protocol, but injecting NbP-
40 precursor solution instead of NbP-120 into the reaction flask.
Aliquots for tracking the NC growth were collected at 2, 4, 6, 8, and
10 min after the injection, quenched in toluene, and washed as the
original NC synthesis. For comparison, niobium ethoxide precursors
were prepared using the same protocol as NbP-40 and NbP-120. The
synthesis producing NRs was performed following the previously
reported heat-up method.>

Electron Microscopy. NC dispersions were dropped onto
carbon-coated 400 mesh copper grids (TedPella) and dried under
vacuum for analysis. Scanning electron microscopy (SEM) imaging
and STEM imaging were performed using a Hitachi S5500
microscope. HRTEM imaging was performed using a JEOL 2010F
microscope at 200 kV accelerating voltage.

Atomic Force Microscopy. A ligand-capped NPL dispersion was
diluted to 15 pg/mL, and 10 uL of the diluted dispersion was drop-

cast on a silicon substrate. Measurement was carried out using an
Asylum Research MFP-3D AFM in tapping mode.

Ultraviolet—Visible—Near-Infrared Spectroscopy. UV—vis—
NIR spectra of the niobium precursors diluted in hexane (1:50
volume ratio) were measured using an Agilent Cary series UV/vis—
NIR spectrophotometer.

Fourier Transform Infrared Spectroscopy. IR spectra were
measured using a Bruker Vertex 70 FTIR at 4 cm™' resolution.
Samples of OA and niobium precursors were drop-cast on CaF,
windows, and samples of NPLs were drop-cast on silicon substrates
and dried.

"H NMR Spectroscopy. Niobium precursor was diluted in CDCl,
in special screw-capped NMR tubes (Norell) in a N, glovebox. 'H
NMR spectra were obtained in an Agilent/Varian MR-400
spectrometer operating at a field strength of 400 MHz.

Dynamic Light Scattering. Niobium precursor was diluted to 1
mg/mL in oleic acid for determining its particle diameter by DLS.
Three consecutive measurements were performed using a Malvern
Zetasizer Nano ZS.

X-ray Diffraction Measurement. An NC dispersion was dried,
dispersed in mineral oil, and mounted on a cryoloop for analysis. XRD
patterns were collected using a Rigaku R-Axis Spider with Cu Ka
radiation with a wavelength of 1.54 A.

X-ray Diffraction Simulation. The crystallographic information
file of monoclinic Nb;,0,, documented by Waldron et al. was used in
simulations.'” XRD patterns of finite crystals were simulated based on
the Debye scattering formula, in which®

ORDIPWA]

where I is the scattering intensity, g (q = 47 sin 6/4) is the scattering
vector, 4 (1.54 A) is the wavelength of the X-ray, 6 is the diffraction
half-angle, i and j stand for the ions in finite crystals that scatter X-
rays, r; is the distance between ions i and j, and f; and f; are the
scattering factors calculated from the tabulated Cromer—Mann
coefficients.”®

A 3D crystal visualization program was used to obtain the positions
of ions in finite crystals,”’ and the scattering intensity was calculated
based on the scattering from all individual pairs of ions using the
above equation. To simulate the experimentally observed anisotropic
crystal morphology, the unit cell was repeated a variable number of
times along each of the three crystallographic directions, and the
resulting finite crystals were named as {a X b X c}. For instance, the
unit cell of monoclinic Nb;,0,, was named as {1 X 1 X 1}, and a
supercell extended 2 times in the [100] direction (or along the a axis),
2 times in the [010] direction (or along the b axis), and 1 time in the
[001] direction (or along the ¢ axis) was named as {2 X 2 X 1}.

Raman Spectroscopy Measurement. NC dispersions were
drop-cast on glass slides and dried for analysis. Spectra were collected
using a Horiba LabRAM Aramis instrument using a 50X microscope
objective and a laser with a 532 nm wavelength.

Raman Spectroscopy Calculations. Raman spectra were
calculated using VASP.”*”> Geometry optimization was performed
with the Perdew—Burke—Ernzerhof functional with an on-site
Hubbard correction on niobium using the simplified rotationally
invariant approach in VASP.”*”> The Raman spectra of the optimized
structures were calculated from the derivatives of the polarizability
along each normal mode.”® The following structures taken from the
Materials project were used for the calculations: Nb;,0,5 (mp-
510554), Nb,O; (mp-776896), Nb,O; (mp-604), and Nb,O; (mp-
1101660).7

Spectroelectrochemical Measurement. Electrochemical and in
situ optical properties of the NPL films on FTO glass substrates (70
€2/sq) were measured in an argon glovebox using a Biologic VMP3
potentiostat and an ASD Quality Spec Pro spectrometer. Typical
measurements were made in a homemade two-electrode cell
consisting of an NPL film as working electrode, a Li foil serving as
both the counter and reference electrode, and 1 M Li-TFSI in TG as
electrolyte (1 M Li-TFSI/TG). Measurements using TBA" ions were

sin(qr.)

7
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conducted in a homemade three-electrode cell made up of an NPL
film as the working electrode, a Pt foil as the counter electrode, a
commercial fritted Ag/Ag" cell as the reference electrode, and 0.1 M
TBA-TFSI in TG as the electrolyte (0.1 M TBA-TFSI/TG). The
potentials (vs Ag/Ag") measured in the three-electrode cell were
converted to the potentials (vs Li/Li*) in the two-electrode cell by
calibrating these two cells using the same NPL film. Upon dipping the
NC film into the electrolytes, open-circuit potentials of 2.6 V (vs Li/
Li*) and —1.0 V (vs Ag/Ag") were recorded, respectively.

X-ray Photoelectron Spectroscopy. Samples of niobium
precursors were washed with acetone, dried, and drop-cast on silicon
substrates for measurement. NPL films on FTO glass were immersed
in 1 M Li-TESI/TG, followed by applying specified potentials for S
min to reduce the films. After that, samples were transferred without
air exposure via an argon-filled capsule to the vacuum chamber for
analysis. Spectra were collected using a Kratos Axis Ultra DLD
spectrometer with a monochromatic Al Ka source (1486.6 eV). The
binding energy of the spectra were referenced to the C Is peak at
284.8 eV.
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