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ABSTRACT

Localized surface plasmon resonance (LSPR) modulation appearing in the near-infrared range in doped
semiconductor nanocrystals enriches electrochromic performance. Although crystalline and shape
anisotropies influence LSPR spectra, study of their impact on electrochromic modulation are lacking. Here,
we study how crystalline anisotropy in hexagonal cesium-doped tungsten oxide nanorods and nanoplatelets
affects essential metrics of electrochromic modulation—coloration efficiency (CE) and volumetric
capacity—using different sizes of electrolyte cations (tetrabutylammonium, sodium, and lithium) as
structurally sensitive electrochemical probes. Nanorod films show higher CE than nanoplatelets in all of
electrolytes owing to low effective mass along the crystalline c-axis. When using sodium cations, which
diffuse through one-dimensional hexagonal tunnels, electrochemical capacity is significantly greater for
platelets than for nanorods. This difference is explained by the hexagonal tunnel sites being more accessible
in platelets than in nanorods. Our work sheds light on the role of shape and crystalline anisotropy on charge
capacity and CE both of which contribute to overall modulation.
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MAIN TEXT

Doped metal oxide nanocrystals have shown promise as a key component for next generation
electrochromic windows.!> Films of semiconductor nanocrystals can accumulate charge with an
electrochemical bias, and scatter light in the visible to near-infrared range by localized surface plasmon
resonance (LSPR). Doped metal oxides have low carrier concentrations (10'¥~10?*/cm?) compared to
intrinsic metals,® so electrochemical charging induces large modulations in optical conductivity and LSPR
response. In addition, nanocrystal electrochromic films have short charge diffusion lengths, enabling fast
switching, and can be fabricated with low-temperature processing that allows flexible form factors.’
Semiconducting nanocrystals that undergo electrochemical ion-insertion, such as Nb-doped TiO, and
Nbi2039, can even exhibit dual-mode modulation in both the visible and near-infrared range due to distinct

charge compensation mechanisms.®1°

While the spectral characteristics of electrochromic nanocrystals (visible glare control, solar
infrared modulation, and color neutrality) are regularly studied,''""* the practical concern of maximum
optical modulation range receives less attention. One well-established metric for the optical modulation is
coloration efficiency (CE), defined as the change in optical density (AOD) of the coating per injected charge
density (mC/cm?) at a designated wavelength where the charge is normalized by the projected area of active
electrochromic material.'* The maximum optical modulation a film can achieve is governed by the intrinsic
spectral response of the material and thickness of the film. If the intrinsic CE of the material is greater, then
the film can be thinner, manufactured with less raw materials, and requires less charge to switch. Similarly,
if the material has more volumetric charge capacity, then greater optical modulation can be achieved in
thinner coatings. Intrinsic CE and charge capacity are both influenced by the mechanism of charge
compensation in electrochromic nanocrystal films, especially in ion-inserting semiconductors such as
doped WO3, Nb,Os, and TiO,. Capacity and CE can be influenced by the intracrystalline structure and
presence of interstitial or antisite defects.!*!1

The optical spectra of plasmonic nanocrystals depend significantly on their morphology, though
the manifestation of shape effects in the dynamic spectra under electrochemical charging has not been
reported. Anisotropy in nanocrystal shape (e.g. rods, platelets, stars) can lead to distinct optical modes in
their LSPR, exemplified by the example of transverse and longitudinal modes in noble metal nanorods.!”!8
Nanocrystal shape also influences the LSPR spectrum of colloidal particles of degenerate metal oxide
compositions commonly used for electrochromic coatings, such as doped In,O; nanocubes.!” The size of
plasmonic metal oxide nanocrystals also impacts their LSPR, and in films size has additional influence on
optical properties because of surface depletion and inter-nanocrystal LSPR coupling effects, which may
also change the magnitude and energy of optical modulation during charging.?**? The distinct LSPR modes
in anisotropically shaped plasmonic nanocrystals are expected to impart different intensities and CE during
electrochromic switching.

Unlike noble metals, semiconductor oxides can also possess anisotropy due to the underlying
crystal structure. The effects of crystalline anisotropy on the electronic properties of nanostructured
thermoelectric devices have been studied,? but its impacts on LSPR are only recently gaining attention.
Our group revealed that crystalline anisotropy affects optical properties in metal oxide nanocrystals because
of the difference in effective mass along each lattice direction. Kim et al. demonstrated that unexpected
peak splitting in isoprism (aspect ratio: ~1) hexagonal tungsten oxide nanocrystals is a consequence of
crystalline anisotropy, and that an interplay of shape and crystalline anisotropy determines plasmonic line
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shape and intensity.?* Dahlman et al. invoked crystalline anisotropy to explain the unexpectedly low energy
of LSPR in degenerately doped or charged TiO,.%

The electrochromic response of plasmonic nanocrystals with both shape and crystalline anisotropy
has received little attention, despite the significant influence of these anisotropies on LSPR modulation.
LSPR mode along the lowest effective mass lattice direction shows the greatest intensity upon charged or
doping in TiO nanocrystals.> Similarly, elongation in nanocrystal shape can increase the relative cross
section of particular LSPR modes,'® and might change intrinsic CE at different wavelengths. The
combination of shape and crystalline anisotropy can either magnify or reverse these trends depending on
the relationship between the orientation of the low effective mass direction and the elongated direction.
Moreover, volumetric charge capacity is also expected to be influenced by crystalline and shape anisotropy
if ion insertion favors particular lattice directions. Thus, shape and crystalline anisotropy in doped metal
oxide nanocrystals can have significant implications for the practical performance of plasmonic
electrochromic devices.

Here, we systematically elucidate the influence of shape and crystalline anisotropies in hexagonal
cesium-doped tungsten oxide (h-Cs:WO;3) nanocrystal films on essential metrics of electrochromic
modulation, namely CE and charge capacity. The interaction between each source of anisotropy is
differentiated by engineering the shape of h-Cs:WO; nanocrystals (nanorods and nanoplatelets) with
identical crystal phase. Extrinsic properties of the film, such as thickness and porosity, are controlled
between each sample to measure the intrinsic OD and volumetric capacity of each nanocrystal shape. As a
result, we reveal that interplay of crystalline and shape anisotropy induces 1) higher intrinsic CE at the
dominant LSPR wavelength (1700 nm) in nanorods than in nanoplatelets, and 2) significantly higher
volumetric capacity (and thus optical modulation) in nanoplatelets charged in a Na" electrolyte due to one-
dimensional diffusion through hexagonal tunnel sites.
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Figure 1. h-Cs:WOs nanoplatelets and nanorods. (a,b) Scanning transmission electron microscopy (STEM)

images of (a) nanoplatelets and (b) nanorods. (c) UV-visible-NIR spectra of nanoplatelets and nanorods

dispersed in tetrachloroethylene. (d,e) XRD patterns for nanoplatelets and nanorods, and corresponding

hexagonal Cso290WOs reference pattern (ICSD #56223). Insets are the magnified XRD pattern used for size




and shape analysis using (002) and (200) peaks indicated by dashed lines. (f) Illustration of hexagonal
cesium-doped tungsten oxide crystal structure viewed along the [001] direction.

h-Cs:WOs nanocrystals were synthesized by colloidal methods to vary nanocrystal shape while
preserving crystalline phase, surface area, and volume. Nanocrystals of h-Cs:WOs3 have been synthesized
as hexagonal prisms with shapes tunable between elongated nanorods and flat nanoplatelets.** Surface
charging may contribute a large share of volumetric capacity in nanocrystalline tungsten oxide electrodes,?*"
2750 the specific geometric surface area must be controlled to compare intrinsic CE and volumetric capacity.
Nanocrystal size can also influence peak shifts and intensity changes under electrochemical charging owing
to changes in the degree of LSPR coupling, so nanocrystal volume also needs to be similar to avoid these
convoluting effects.?’ The previously reported synthetic methods were modified to fine-tune nanocrystal
size and shape and preserve similar surface area and volume between two samples: nanorods and
nanoplatelets.?* Thus, the interplay between anisotropy in nanocrystal shape and the intrinsic crystalline
structure can be directly studied.

X-ray diffraction (XRD) of deposited films reveals that both nanocrystals share the same crystalline
phase (Figure 1d,e), consistent with Cso20WO; (ICSD #56223).2® Scherrer analysis indicates the
dimensions of each nanocrystal sample; nanorods have a mean size of 15.7 nm (height) x 9.0 nm (width)
with an aspect ratio of 1.74, while nanoplatelets have a mean size of 8.5 nm (height) x 12.0 nm (width)
with an aspect ratio of 0.71 (Table 1). Dimensions obtained from image analysis of scanning transmission
electron microscopy (STEM) measurements are consistent with XRD results, and provide a measure of size
polydispersity (Figure 1a,b and Figure S1). Despite both nanocrystal samples sharing same crystal phase
with similar surface area and volume (Table 1), UV-visible-NIR spectra of dispersions are strikingly
different. Notably, only the platelets show a distinct peak around 810 nm, separate from the larger, broader
peak observed in both samples around 1300 nm. This result is consistent with a previous report that
observed a large peak separation (4000 cm™) between LSPR modes in platelets because of the crystalline
anisotropy effect (Figure 1¢).2* Although detailed comparisons of spectroelectrochemical properties were
made between these two specific synthetic products (one batch each of nanorods and nanoplatelets), the
synthetic methods were robust in producing structurally similar products and all the trends highlighted
below that compare rods to platelets were consistent across several synthesized batches.

XRD Scherrer analysis rods  platelets

width (nm) 9.0 120
height (nm) 15.7 8.5
aspect ratio 1.74 0.71

surface area (nm?) 630 603

volume (nm?) 1101 1060

Table 1. Dimensions of synthesized nanorods and nanoplatelets estimated from XRD measurements.
Surface area and volume were calculated by the equations in Figure S1.

Comparison of spectroelectrochemical properties between different nanocrystal films must be
judicious because extrinsic film parameters such as thickness, porosity, and roughness have large influences.
To control these parameters, we fabricated optical quality, uniform thin films with similar thickness



between each nanocrystal sample by spin-coating (Figure S2). Thickness was measured by profilometer,
and ellipsometric porosimetry was used to measure porosity (Figure S3). Minor sample-to-sample variation
was minimized by fabricating each set of films, for either the nanorod and nanoplatelet samples, from the
same synthesis batch. Thus, while slight variations in thickness and porosity are observed between the
nanorod and nanoplatelet films, all films of the same nanocrystal batch have same properties. (Porosity and
thickness of nanorod films are 17.5 % and 124 nm, while porosity and thickness of nanoplatelet films are
14.5 % and 133 nm).

Total optical modulation a film can achieve is a function of both the differential CE and the total
charge capacity at a particular electrochemical potential. Electrochromic devices with high CE and capacity
exhibit large optical modulation with less energy, so thinner electrochromic coatings can be fabricated to
improve switching rates, transparency, and cost effectiveness. Traditionally, capacity is normalized by the
projected film area.?”** As shown in Figure S4a,b, when charge is normalized by projected area only, large
charge density is obtained from larger film thickness, thereby introducing greater overall modulation. As
such, this traditional approach obfuscates the intrinsic material properties that control practical device
characteristics, making it hard to compare materials for their potential utility in electrochromic films. Thus,
intrinsic measures of OD and capacity are required to optimize both optical modulation and film thickness
of electrochromic coatings.

To study the intrinsic spectroelectrochemical properties of each nanocrystal shape, per unit volume
of h-Cs:WO;3, we strictly normalized measured OD and charge capacities by the volume of nanocrystals.
First, we normalized the OD with respect to the volume of nanocrystals based on the measured volume
fraction (from porosity) and film thickness. This approach is a film analog of the extinction coefficient
calculated for nanocrystals dispersed in solution, where path length is analogous to film thickness and
volume fraction is analogous to particle concentration.**** It should be noted that projected area of entire
nanocrystal film is not considered in our normalization as OD is not proportional to the projected arca. We
then estimated the volumetric charge capacity by normalizing total charge with respect to the volume
fraction, film thickness, and projected area (Figure S4). In this case, projected area is considered because
capacity is measured across the entire film, while the optical beam path projects through only a fixed
fraction of the film. Details of the calculation are provided in the Supplemental Information. This volume
normalization approach enables a direct comparison of the intrinsic OD and volumetric capacity between
the nanorod and nanoplatelet films (Figure S4b,c).

The electrochromic responses of nanorod and nanoplatelet films were first measured with a bulky
non-inserting electrolyte to isolate the influence of surface charging. lon insertion by smaller cations such
as Na' is highly anisotropic in doped WOj3 nanocrystals,?® and convolutes the effects of shape and crystalline
anisotropy on electrochromic modulation. Thus, we first tested spectroelectrochemical properties with
0.1 M tetrabutylammonium (TBA™) perchlorate in propylene carbonate as the electrolyte. TBA* is too large
to insert into the h-Cs:WO; lattice,* so only surface charging mechanisms contribute to the capacity. First,
we compared the traditional projected area-normalized CE and capacity values, and found a larger charge
capacity for the nanoplatelet film than the nanorod film (Figure S5). However, when these values are
normalized by nanocrystal volume, taking into account the slightly larger thickness of the platelet film (133
nm) than the nanorod film (124 nm), the normalized capacity is very similar for each nanocrystal shape
(Table 2). The surface-area-to-volume ratio for both nanocrystal shapes are very similar (Table 1), so this
result is consistent with a surface charging mechanism.



rods platelets
electrolytes CE capacity ODmax CE capacity ODmax
(cm?C) (mC/10"nm?) (10“*nm™) (cm?C)  (mC/10"nm?) (10*nm™)
TBA™ 200 8.1 15.5 150 8.2 12.3
Na* 212 19.6 36.3 156 25.0 333
Li* 137 78.3 72.9 126 78.4 62.6

Table 2. Intrinsic properties of CE at 1700 nm, capacity, and maximum OD of nanorod and nanoplatelet
film with TBA*, Na*, and Li" electrolytes. All parameters are obtained based on the volume normalization

process.

[<Y)

Normalized OD (10* nm™)

Platelets =
1]
c
5
a
o)
©
()
N
=
€
o
=z
800 1200 1600 2000
Wavelength (nm)
m*=161
c
\ 5
, a
O
©
(D)
N
g
Platelet 5
=

Rods

800 1200 1600
Wavelength (nm)

400 2000

1= Rods "
e Platelets "

1 CE=200cm?/C =" |

CE=150cm?/C
0 2 4 6 8
Normalized charge (mC/10" nm?)

Figure 2. Electrochromic modulation of nanoplatelets and nanorods with TBA™ electrolyte. (a,b)
Normalized extinction spectra of nanoplatelet and nanorod films. Each incremental graph corresponds to
the same increase of normalized charge capacity (1 mC/10'7 nm?). The dashed line lies at the wavelength
used for the OD change in (d). (¢) Effective mass along different axes in nanorods and nanoplatelets. (d)
Normalized OD at 1700 nm and injected charge in nanoplatelet and nanorod films.

Upon charging in TBA" electrolyte the intrinsic capacity of the two nanocrystal morphologies are
the same, but the nanorods have higher intrinsic CE than the nanoplatelets. Figure 2 demonstrates the
difference in electrochromic optical modulation between the two films. Similar to optical spectra of NC
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dispersions (Figure 1c), the platelets show two peaks and the rods have only one. Features in the film
spectra are red-shifted and much broader because of LSPR coupling between nanocrystals.?’ However, the
maximum intrinsic coloration achieved near the LSPR peak (1700 nm) is greater for nanorods than
nanoplatelets (Figure 2a,b). Intrinsic CE values obtained from the slopes of the curves (Figure 2d)
corroborate this result: the nanorods (intrinsic CE = 200 ¢cm?/C) color more efficiently than the platelets
(intrinsic CE = 150 cm?/C) in TBA" electrolyte.

Single nanocrystal simulations of LSPR reveal the influence of shape and crystalline anisotropy on
electrochromic modulation in nanoplatelets and nanorods. Although films of plasmonic nanocrystals have
different optical responses than dilute dispersions, due to film reflections and inter-particle LSPR
coupling,’®** models of LSPR scattering in single nanocrystal can provide insight on optical modulation.
Furthermore, the consistent film thickness and porosity between films of nanorods and nanoplatelets ensure
that differences in optical spectra are mostly due to intrinsic material properties. To investigate how
anisotropy affects the modulation of LSPR scattering, electromagnetic COMSOL simulations of optical
power loss through single particles were modeled for varying degrees of charging (see the Supplemental
Information for more detail). The experimentally measured absorption peaks that arise during charging
(Figure 2a,b) show very minor shifts in energy despite large changes in intensity. Kim ef al. demonstrated
that this observation is inconsistent with a model of homogeneous electron accumulation in dispersed h-
Cs:WO; nanocrystals of comparable sizes and shapes, and instead modeled charging (in that case, electron
accumulation by a chemical redox reaction) using a model in which an electron-dense core grows while a
depleted shell shrinks.?* By the same reasoning, we used a growing core/shrinking shell model of charging
to simulate electrochromic charging in nanorods and nanoplatelets with morphologies based on the
experimental samples. It should be mentioned that these simulations do not capture changes in crystalline
dielectric parameters upon ion insertion (e.g. with Li* or Na"), so comparisons with experiment are most
directly relevant to charging with non-inserting TBA" electrolytes (Figure 2).

The effects of shape anisotropy were first isolated by simulating LSPR modulation in nanoplatelets
and nanorods with crystalline isotropy. In these simulations, the effective mass of the high-mobility c-axis
(m." = 0.75) was artificially used for the a- and b-axes as well (Figure 3a, b). The nanorods have a higher
aspect ratio (AR = 1.74) than the nanoplatelets (AR = 0.71), so peak splitting between a higher energy
transverse (x-y) mode and lower energy longitudinal (z) mode is only observed in the nanorods, consistent
with classical metal nanoparticle LSPR absorption behavior.!” This trend is opposite from the experimental
spectra of dispersed nanorods and nanoplatelets (Figure 1c¢), confirming the counteracting influence of
crystalline anisotropy. CE in the simulated spectra is calculated by absorption change at the peak energy
per carrier density increase. The intrinsic CE of the nanorod model at the LSPR peak, with an isotropic
effective mass (0.45 per 10%° cm™), is significantly larger than for the nanoplatelet (0.28 per 10% cm™).
Thus, shape anisotropy alone can influence CE in electrochromic plasmonic nanocrystals.
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Figure 3. Simulated modulation spectra of nanorods and nanoplatelets. Normalized absorption spectra of
crystalline isotropic (using m. = 0.75) rod (a) and platelet (b), and crystalline anisotropic rod (c) and platelet
(d) under the same carrier density changes. Each incremental graph corresponds to the carrier concentration
(ne) increase from 1.54, 2.19, 2.44, and 2.65 x 10*° cm™ sequentially. Dashed lines indicate longitudinal
polarization (z direction) contributions, and dotted lines indicate transverse polarization (x and y direction)
contributions. Each isotropic and anisotropic platelet spectrum was normalized with respect to
corresponding maximum peak of the rod spectrum.

Only when we include influence of crystalline anisotropy do simulated LSPR spectra resemble the
experimental spectra of dispersed nanoplatelets and nanorods. Physically reasonable anisotropic effective
mass values (Figure 2¢) were used to obtain simulated spectra (Figure 3c¢,d) upon variable charge
accumulation. LSPR peak splitting was observed in the platelets, whereas the transverse and longitudinal
LSPR modes overlap in the rods, giving the appearance of a single peak. This result is consistent with
experimental spectra of dispersed nanorods and nanoplatelets (Figure 1¢), and confirms earlier simulations
of LSPR in anisotropic h-Cs:WO; nanocrystals.>* Similar trends in peak splitting are observed in the
experimental spectra of electrochromic films of platelets and rods (Figure 2a,b), although LSPR coupling
broadens and red-shifts the LSPR peaks. The influence of crystalline anisotropy on peak splitting can be
explained by the Drude theory of LSPR. The LSPR peak frequency (w;spr) depends on the bulk plasma

ne? . . . .
frequency (w, = /E ), where e is electron charge, m. is electron effective mass, and # is free electron
eco

density. The large effective mass (m." = 1.61) along x and y crystalline axes red-shifts and diminishes the
transverse LSPR mode (x and y polarization) for both rods and platelets, compared to the isotropic case



(Figure 3). Thus, both LSPR modes overlap in the high aspect-ratio rods, whereas the LSPR peaks split in
energy for the platelets.

In addition to the peak position, crystalline anisotropy also impacts modulation in LSPR intensity.
Simulations that include crystalline anisotropy reveal that LSPR peak intensity increases much more for
rods than for platelets upon the same accumulation of charge (Figure 3c¢,d). Intrinsic CE is an order of
magnitude higher in nanorod (0.38 per 10?° cm™) than in nanoplatelet (0.08 per 10* cm™). This difference
can be explained by the combined effects of shape anisotropy and anisotropic electron effective mass. The
longitudinal LSPR mode in nanorods has a significantly higher intrinsic CE, and maximum modulation,
even in the absence of crystalline anisotropy (Figure 3a,c). The large effective mass along the x-y direction
in actual nanocrystals (m." = 1.61) magnifies this difference. LSPR intensity scales with the plasma
frequency, wy, so a large effective mass along the polarization direction results in weaker interaction with
light.?> The high-m." transverse LSPR mode has much lower intensity and intrinsic CE, than the low-m."
longitudinal mode in both shapes because of crystalline anisotropy. Since the longitudinal mode is relatively
less intense in platelets due to shape anisotropy, the total modulation in LSPR of platelets, including
contributions from both diminished transverse and weak longitudinal modes, is therefore much less intense
than in rods. Electrochromic films of nanorods do indeed show higher intrinsic CE than nanoplatelets
(Figure 2d), although the difference is less dramatic than suggested by single nanocrystal simulations.
LSPR coupling?®? and polydispersity?* may account for this weaker-than-expected sensitivity of intrinsic
CE to nanocrystal shape. Overall, the combination of both sources of anisotropy influence both intrinsic
CE and total optical modulation, with practical consequences for near-infrared electrochromic devices.

Optical modulation in h-Cs:WOs nanocrystals increases with accumulated charge, so intrinsic
charge capacity influences the maximum optical modulation a film can achieve. In an electrochromic film,
this accumulated charge is controlled by the applied voltage, but properties of the electrode and electrolyte
can change how much charge is stored at a particular voltage. Unlike TBA" cations, which are too bulky to
intercalate into h-Cs:WO; nanocrystals,*® Na* and Li* are both small enough to diffuse through interstitial
voids. Charge capacity depends on which interstitial voids can be occupied by each cation. Na" can access
hexagonal tunnel sites in the hexagonal WOj; lattice and Li* is small enough to also occupy trigonal cavities
as well as hexagonal tunnel sites, thus providing larger charge capacity.?**”3* Electrochromic nanorod and
nanoplatelet films reflect these trends; the intrinsic capacity is smallest with bulky, non-inserting TBA* and
largest with small Li" electrolyte (Table 2). The maximum optical modulation that can be achieved in each
film correlates with charge capacity, with the smallest total optical modulation in TBA* electrolyte,
intermediate modulation with Na*, and the greatest modulation using Li* (Table 2 and Figures 2d, 4b, S6).

The shape of the nanocrystals influences the intrinsic charge capacity with Na* electrolytes because
the Cs" incorporated in the crystalline structure acts as a barrier to anisotropic charge diffusion. Shape has
only minor impacts on intrinsic capacity with either TBA" cations, which are too bulky to insert, or Li*,
which is small enough to easily diffuse throughout the lattice. However, in Na' electrolytes a clear
difference is observed. Nanoplatelets have significantly higher intrinsic charge capacity than nanorods
when charged using Na" (Table 2). Na" is known to diffuse only through one-dimensional hexagonal tunnel
sites (Figure 1f).%° Given the size of Cs* (radius = 167 pm) and Na" (radius = 102 pm) compared to the size
of the hexagonal tunnel site (end-to-end distance = 501 pm), the existence of Cs" in the hexagonal tunnel
site is expected to hinder the diffusion of Na*.* We surmise Li" can probably access hexagonal tunnel sites,
including sites blocked by Cs*, because of its smaller size (radius = 76 pm). A similar blocking phenomenon
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is observed in the battery material LiIMnBOs. Larger particles of LiMnBO; have reduced intrinsic capacity
because Mny; antisite defects limit the one-dimensional diffusion of Li" into the lattice.** Figure 4a
illustrates how these 1D diffusion barriers impact charge capacity in platelets and rods. Most of the
nanoplatelet volume is accessible to Na* from accessible hexagonal tunnels near the surface, but only a
smaller fraction of these sites can be accessed in nanorods due to Cs* blocking 1D tunnel diffusion. Even
though ICP analysis (performed by the Galbraith Laboratories, TN) indicates that the actual Cs:W ratio is
lower in nanorods (0.38) than in nanoplatelets (0.49), the shape effect still leads to larger intrinsic capacity
in the nanoplatelets. It should be noted that ICP analysis gives a higher Cs:W ratio than the theoretical
maximum (0.33) of hexagonal tungsten oxide,*" which likely originates from Cs bound at or near the
nanocrystal surface.

Even though Na* and Li* ions insert into the lattice, intrinsic CE of nanorods is still higher than
nanoplatelets for each electrolyte (Table 2). This persistent difference suggests that ion insertion does not
qualitatively change the anisotropy in effective mass and corresponding effects on LSPR energy and
intensity in h-Cs:WOs nanocrystals. Related, theoretical study has demonstrated that Na* insertion does not
have a large impact on the band structure of cubic tungsten oxide.*? CE in Na* electrolyte is similar to that
in TBA" electrolyte, but higher than that for Li* electrolyte, and in each case CE is higher for rods than
platelets. Na' insertion sites are optically active hexagonal tunnels, the same sites already occupied by the
dopant Cs*. These sites are expected from our earlier work on monoclinic tungsten oxide nanorods to give

rise to high CE.?® However, Li" can also occupy optically inactive trigonal cavity sites, leading to lower
CE.26’37
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Figure 4. Crystalline and shape anisotropy effect on charge capacity with Na* electrolyte. (a) Graphical
representation of accessible Na' insertion sites in platelets and rods assuming similar cesium ratio. (b)
Normalized charge and OD at 1700 nm using Na" electrolyte.

Visible transparency with selective near-infrared modulation is of interest for controlling thermal
gain while maintaining daylighting.****> In our study, significant modulation of transmission over a broad
range of near-infrared wavelengths is achieved while maintaining high visible transparency. Figure S7
shows the modulation achieved by thin (thickness =~ 130 nm) electrochromic films of nanorods and
nanoplatelets in Na* electrolyte. The large intrinsic near-infrared modulation achieved in these materials
would allow for very thin electrochromic coatings without much sacrifice in visible transparency. These
materials may be promising alternatives to ITO nanocrystal coatings, which modulate most effectively at
longer wavelengths, less well-matched to the solar infrared.*
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In summary, we have investigated how shape and crystalline anisotropy affects the intrinsic charge
capacity and CE of h-Cs:WOs nanocrystals in electrochromic films. We demonstrate a means to measure
these intrinsic properties through careful control of particle morphology and film properties. First, two
nanocrystal samples with different aspect ratio in shape were synthesized with near-identical phase, volume,
and surface area. Next, uniform thin films of each nanocrystal shape were fabricated with controlled
porosity, thickness, and projected area. Finally, we obtained intrinsic material properties of electrochromic
nanocrystals from in situ spectroelectrochemical measurements of films, and compared these values for
different electrolytes. Both crystalline and shape anisotropy were observed to affect intrinsic CE and charge
capacity during electrochromic modulation. The selection of electrolyte cation had a strong influence on
intrinsic charge capacity, and thus total optical modulation. Small cations such as Li* and Na" provide
higher charge capacity because they can insert into the lattice. However, nanocrystal shape influenced
charge capacity in Na* electrolyte because of the anisotropic blocking of Na* diffusion by Cs* in one-
dimensional diffusion channels. Our study supports the importance of crystalline and shape anisotropy for
the practical development of metal oxide semiconductor electrochromic devices.
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