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ABSTRACT: Coloration efficiency is an important figure of merit
in electrochromic windows. Though it is thought to be an intrinsic
material property, we tune optical modulation by effective
utilization of ion intercalation sites. Specifically, we enhance the
coloration efficiency of m-WO2.72 nanocrystal films by selectively
intercalating sodium ions into optically active hexagonal sites. To
accurately measure coloration efficiencies, significant degradation
during cycling is mitigated by introducing atomic-layer-deposited
Al2O3 layers. Galvanostatic spectroscopic measurement shows that
the site-selective intercalation of sodium ions in hexagonal tunnels enhances the coloration efficiency compared to a nonselective
lithium ion-based electrolyte. Electrochemical rate analysis shows insertion of sodium ions to be capacitive-like, another indication of
occupying hexagonal sites. Our results emphasize the importance of different site occupation on spectroelectrochemical properties,
which can be used for designing materials and selecting electrolytes for enhanced electrochromic performance. In this context, we
suggest sodium ion-based electrolytes hold unrealized potential for tungsten oxide electrochromic applications.
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Electrochromic windows made from plasmonic nanocryst-
als with fast switching speeds, flexible form factors, and

selective control over visible and near-infrared transmittance
hold promise to reduce energy consumption for heating,
cooling, and lighting.1−8 Practical applications of electro-
chromic windows require improvements in durability and
switching speed. The coloration efficiency (CE), defined as the
change in optical density per injected charge density at a
particular wavelength, can be a strong predictor of electro-
chemical stability and speed. High CE indicates a small amount
of charge is needed to achieve a given coloration.9 Nano-
structuring has been demonstrated to increase CE, associated
with shorter ion diffusion pathways and higher surface
area.10−12 However, the relationship between crystalline
structure and CE is scarcely reported, even for the most
studied electrochromic materials that exhibit intercalation
upon electrochromic charging such as tungsten oxide.13

Tungsten oxide is a popular electrochromic material that has
achieved initial commercial success because it strongly absorbs
visible and near-infrared light in its darkened state. Thus, it can
effectively control glare and solar heat gain.14,15 The crystal
structure of WO3 is analogous to a disordered perovskite
structure lacking an A-site species and is monoclinic at room
temperature. A continuum of distorted structures forms in
substoichiometric Magneĺi phases of WO3−x with different
corner-, edge-, and face-sharing octahedral arrangements due
to the crystal shear mechanism.16 The arrangement of WO6

octahedra in the substoichiometric tungsten oxide phases
forms regular interstitial tunnels with distinct shapes and sizes.
For example, monoclinic WO3 contains smaller, square-shaped
interstitial windows while monoclinic WO2.72 contains trigonal,
hexagonal, and square-shaped interstitial windows similar to
metastable hexagonal WO3 (h-WO3) (Figure 1d and Figure
S1).
Interstitial cation insertion induces electrochromic colora-

tion in tungsten oxide phases. Distinct switching behavior has
been observed depending on the occupation of interstitial sites
with different size, shape, and local environment. Balaji et al.
demonstrated cationic occupation of hexagonal tunnels in h-
WO3 causes greater coloration than ion insertion into
“optically inactive” trigonal sites.17 They observed completely
reversible optical modulation even when lithium ions were
irreversibly trapped in trigonal cavity sites. Evans et al.
observed lithium ion insertion prior to optical modulation
during electro-optical imaging of single particles of h-WO3 and
attributed this “waiting time” to occupation of optically
inactive trigonal sites.18 Experimental17,18 and theoretical19

studies of h-WO3 indicate that the interstitial sites have
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different optical activities upon ion insertion but a quantitative
comparison of CE between each site has not yet been reported.
Monoclinic m-WO2.72 and hexagonal h-WO3 each have three

distinct interstitial sites: a trigonal cavity with a center-to-
oxygen distance of 158 pm, a hexagonal site with a closest end-
to-end distance of 501 pm, and square windows with a closest
end-to-end distance of 378 pm (Figure 1d). Lithium ions
(radius = 76 pm) are small enough to insert into all three
interstitial sites. Hibino et al. calculated the energy of
interstitial lithium defects in each of these three sites in h-
WO3. Their results suggested that lithium ions will first occupy
trigonal cavities, followed by hexagonal tunnels and square
windows.19 However, sodium ions (radius = 102 pm), which
are 34% larger than Li ions, cannot fit into trigonal cavities.
Interstitial cations in trigonal cavities are not believed to
contribute significantly to electrochromic coloration.17−19

Thus, eliminating these regions as a destination for inserted
sodium ions may enhance CE in h-WO3 and m-WO2.72 by
directing cation insertion into optically active hexagonal tunnel
sites.
Herein, we demonstrate that nanostructured m-WO2.72

exhibits high CE upon charging with a sodium-based
electrolyte. Sodium ions can selectively insert into optically
active hexagonal tunnel sites, leading to improved CE
compared to charging with a nonselective lithium-based
electrolyte. Good cycling stability is necessary to compare
the electrochromic response and CE between different
electrolytes. We show that atomic layer deposition (ALD) of
a protective layer Al2O3 on m-WO2.72 thin films eliminates
parasitic side reactions. We find that Al2O3-coated m-WO2.72

has lower overall electrochromic modulation in sodium-based
electrolyte compared to lithium-based electrolyte, but an
enhanced CE with a kinetic response that is not significantly
limited by ion diffusion. Our results indicate that high-
performance electrochromic behavior in nanocrystal tungsten
oxide films can be achieved with earth-abundant sodium-based
electrolytes.

■ RESULTS AND DISCUSSION
1. Colloidal Monoclinic WO2.72 Nanorods Have Three

Different Interstitial Sites. A diversity of interstitial sites is
observed in both h-WO3 and m-WO2.72 phases, including
hexagonal tunnels, square windows, and trigonal cavities.
However, colloidal synthesis of metastable h-WO3 nanocrystals
without interstitial dopants such as Cs is challenging.20 Thus,
substoichiometric m-WO2.72 nanorods were synthesized to
compare the electrochromic response of different interstitial
sites. High aspect-ratio m-WO2.72 nanorods with narrow width
(7.0 ± 1.1 nm) and longer length (75.5 ± 15.2 nm) were
synthesized as previously described (Figure 1a).21 X-ray
diffraction (XRD) shows much narrower (010) peaks
compared to other reflections (Figure 1c). Thus, the ⟨010⟩
crystallographic direction is oriented along the longer nanorod
axis, similar to previous reports.21 The high concentration of
oxygen-vacancies in m-WO2.72 is known to induce metallic
behavior and to facilitate rapid electrochromic switching due to
charge compensation by conduction band free electrons.22 We
expect degenerate m-WO2.72 nanorods to exhibit localized
surface plasmonic resonance (LSPR) owing to their metallicity
and confined geometry. Thus, visible and infrared absorption

Figure 1. Structural properties of m-WO2.72 nanorods. (a) STEM image of nanorods. (b) SEM image of porous nanorod film coated with 1 nm
Al2O3 by ALD. (c) XRD pattern of as-synthesized WO2.72 nanorods prepared by drop-casting (black) and the corresponding m-WO2.72 reference
pattern (blue, ICSD #15254). (d) Scaled representations of the ionic radii of TBA, sodium, and lithium ions alongside the m-WO2.72 crystal
structure. Different interstitial sites are shown in the (010) plane, including hexagonal tunnels (green), trigonal cavities (red), and square windows
(blue).
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are expected to come from the transverse and longitudinal
mode of LSPR, respectively. However, broad optical extinction
in the visible and infrared may also be partially from polaronic
absorption (Figure S2).22,23

The crystal structure of m-WO2.72 has continuous hexagonal
tunnels that extend along the b-axis (Figure 1d and Figure S1).
Similar continuous hexagonal tunnels in h-WO3 are believed to
enhance proton transport and result in pseudocapacitive
charging kinetics.24,25 We hypothesize that the size of different
interstitial sites, including hexagonal tunnels, may induce
selective charge transport and optical coloration in m-WO2.72,
depending on the composition of the electrolyte cations.
Low-temperature processing was used to preserve the crystal

structure upon film deposition. Thermal annealing is
commonly used to remove the insulating ligands between
nanocrystals in a deposited film. However, annealing can
change the oxygen vacancy concentration and crystal structure
of transition metal oxides such as WOx and NbOx.

26 In a
previous study, Heo et al. instead fabricated electrically
conductive thin films by chemically stripping the ligands
from colloidal tungsten oxide nanorods before spin-coating.
Treatment with Meerwein’s salt (Et3OBF4) to remove ligands
also induces electrostatic repulsion between dispersed nano-
rods enabling room temperature deposition of films that are
both porous and electrically conductive.6 Here, following the
same method, conductive thin films of m-WO2.72 were
fabricated by spin-coating ligand-stripped nanorods (Figure
S3 and S4). Films retain the strong visible and near-infrared
light absorption of dispersed m-WO2.72 nanorods (Figure 2e)
but with spectral broadening that may be caused by optical
coupling between particles.27

2. Electrolyte Decomposition Causes Rapid Film
Degradation. As-deposited films show poor cycle stability

with either lithium- or sodium-based propylene carbonate
(PC) electrolytes. Charge capacity vanishes after about 20
cycles in 0.5 M NaClO4 in PC and after about 100 cycles in 0.5
M LiClO4 in PC (Figure 2f). Poor cycle stability limits the
practical performance and prevents an accurate quantification
of injected charge density for calculations of CE. There are
three plausible causes of poor cycle stability in these films: (1)
delamination of nanocrystals, (2) electrolyte decomposition at
the nanocrystal surface, and (3) irreversible ion trapping within
the crystal structure.28−30 Although several reports have
proposed delamination as a source of degradation,5,31 there
is a scarcity of systematic studies relating cycle stability to
chemical or structural phenomena in nanocrystalline electro-
chromic films.
Film delamination is unlikely to explain the poor stability.

Even after 400 cycles, well beyond the complete capacity fade
of the electrode (Figure 2f), films look pristine to the naked
eye. Moreover, cross-sectional SEM imaging of cycled films
(400 cycles in 0.5 M NaClO4 in PC electrolyte) shows no
evidence of roughening or loss of nanocrystal coverage (Figure
S5a).
Ion trapping is also unlikely as a source of degradation in as-

deposited m-WO2.72 nanorod films. Charge capacity fades to
nearly zero upon cycling in the sodium-based electrolyte, but
charge capacity should only be impacted by ion insertion into
deep-trapping sites. Charge capacity from shallow sites, such as
the hexagonal tunnels that favor capacitive sodium insertion,
should not show capacity fade from ion trapping. We note that
the origin of degradation in these nanocrystalline thin films is
strikingly different from dense tungsten oxide films, where
electrochromic cycle fade is attributed mainly to ion
trapping.32

Figure 2. Spectroelectrochemical properties of bare and 1 nm Al2O3-coated m-WO2.72 nanorod films. Chronoamperometric cycling between 1.17
and 3.67 V (versus Na/Na+) of (a) 1 nm Al2O3-coated and (d) bare m-WO2.72 films. Transmittance spectra of (b) 1 nm Al2O3-coated and (e) bare
m-WO2.72 films after several cycles. (c) OCP of bare and 1 nm Al2O3-coated m-WO2.72 films immersed in 0.5 M NaClO4 in propylene carbonate
electrolytes in dark condition before cycling. (f) Capacity change during chronoamperometric cycling tests with 5 min charging (1.17 V) and
discharging (3.67 V) steps of bare and 1 nm Al2O3-coated films in sodium and lithium electrolytes.
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We suspected electrolyte degradation as the primary cause of
degradation. As-deposited nanorod films show a continuous
decrease in open-circuit potential (OCP) upon immersion in
0.5 M NaClO4 in PC electrolyte, even before electrochemical
cycling. A similar phenomenon was observed for LiMn2O4 thin
films immediately after exposure to lithium-based electrolytes
and was attributed to the spontaneous formation of a solid
electrolyte interphase (SEI).33 The high internal surface area of
nanocrystalline films may increase surface reaction rates with
the electrolyte. Despite shorter path lengths for ion diffusion,
enhanced SEI formation impedes ion transport and limits their
practical application in batteries.34,35 The potential range
usually used for electrochromic cycling (1.5−4 V versus Li/
Li+) is moderate compared to battery operation (0−4 V versus
Li/Li+). Lithium and sodium-based alkylcarbonate electrolytes
typically breakdown only at potentials below 1.5 V versus Li/
Li+, and electrochromic cycling with, for instance, tin-doped
In2O3 nanocrystalline thin films shows robust electrochromic
cycle stability.36 Therefore, the composition of m-WO2.72
nanorods in particular is likely responsible for the degradation.
Indeed, oxygen-deficient tungsten oxide nanowires show high
electrochemical catalytic activity.37 Degradation is much more
pronounced in the sodium electrolyte compared to the lithium
electrolyte (Figure 2f). Therefore, a combination of the
electrode material properties and electrolyte composition
causes poor stability in m-WO2.72 films, consistent with many
examples from the battery field.38,39

3. ALD of Al2O3 Forms a Protective Coating. Protective
oxide coatings, applied by ALD, have been employed in the
battery field to prevent electrolyte decomposition and
mechanical delamination.40−44 Thin ALD-coated oxide
barriers can also prevent parasitic photochromic responses in
electrochromic materials exposed to continuous irradiation.
Wang et al. employed ALD-coated Ta2O5 as a hole-blocking
layer to reduce photochromic responses in nanocrystalline
tungsten oxide films.45 ALD of Al2O3, which has a larger
bandgap (7.1 eV) than Ta2O5 (3.8 eV), can effectively block
hole transfer to the electrolyte. Al2O3 is also optically passive,
allowing us to study modulation properties of Al2O3-coated
tungsten oxide materials.
As-deposited m-WO2.72 films were coated with Al2O3 by

ALD. XPS measurements show an increase in both the Al 2p
peak and Al2O3-related O 1s peak upon deposition of 1 or 2
nm of Al2O3 by ALD (Figure S6). XRD measurements of the
Al2O3-coated films demonstrate the crystal phase of m-WO2.72
was retained after ALD (Figure S3). A slight decrease in optical
transmittance was observed (Figure S7), likely due to the
chemically reducing atmosphere present during ALD.46

ALD coating of a 1 nm Al2O3 layer improves the OCP and
cycling stability of m-WO2.72 nanorod films (Figure 2c,f). An
initial capacity fade occurs upon the first charge cycle, perhaps
due to the activation of AlONa bonding as reported in a
previous study.41 After the first cycle, Al2O3-coated films show
robust charging and optical modulation stability even after 100
cycles in a sodium-based electrolyte (Figure 2b,e). Films
coated with a thicker 2 nm Al2O3 layer show a gradual increase
in charge capacity during the first 10 cycles (Figure S8).
Al2O3 passivation allows the confirmation of our hypothesis

that delamination is not a significant source of capacity fade in
m-WO2.72 nanorod films. Cross-sectional SEM measurements
of bare and 1 nm Al2O3-coated films after 400 cycles reveal
similar roughness and thickness (Figure S5). Therefore, the

stabilizing effects of ALD are not due to improvements in
mechanical robustness.
To determine if electrolyte decomposition is the primary

source of capacity fade, we employed time-of-flight secondary-
ion mass spectrometry (TOF-SIMS) to examine the composi-
tional profile of the films after cycling. This technique has been
employed in the battery field to investigate the reactivity of
electrode−electrolyte interfaces with ultrahigh selectivity and
sensitivity.47−49 TOF-SIMS depth profiling was applied to
both as-deposited and 1 nm Al2O3-coated films after 30 cycles
in 0.5 M NaClO4 in tetraglyme (Figure S9). The analysis
confirms Al2O3 is deposited throughout the entire film upon
ALD, evidenced by the complete penetration of the Al− and
AlWO5

− signals in the Al2O3 coated film (Figure S9).
Degradation products of tetraglyme and NaClO4, represented
by related secondary ions such as C2HO− and Cl−,
respectively, are much more prevalent in the as-deposited m-
WO2.72 films compared to the Al2O3-coated films. Both films
show similar sodium ion depth profiles, indicating complete
penetration of the electrolyte into the film; however, the bare
film has higher sodium ion content. Byproducts of electrolyte
degradation at the nanocrystal surface are expected to inhibit
ion transport through the film. The Al2O3 film effectively
reduces electrolyte degradation and subsequent deposition of
degraded species at the nanocrystal surface.
Electrochemical impedance spectroscopy (EIS) measure-

ments confirm charge cycling of uncoated films leads to poorer
charge transport. Bare m-WO2.72 films, both before and after
cycling, were tested at 1.46 V (versus Na/Na+). Nyquist plots
were fitted with a Randles circuit model (Figure S10). The
high-frequency region is related to the series resistance, the
intermediate frequency region is related to the charge transfer
resistance, and the low frequency region is related to the
Warburg diffusion element (Zw).

50 Substantial increases in
both the charge transfer resistance (42 to 178 Ω) and Warburg
diffusion impedance (43 to 8107 Ω) occurred after cycling the
bare m-WO2.72 nanorod film. Thus, electrolyte degradation
diminishes charge transfer and ion diffusion across the
uncoated nanocrystal surface.
The passivating effects of Al2O3 ALD are further confirmed

by measuring photochromism upon exposure to UV light,
which can limit the practical performance of smart windows.
As-deposited nanorod films in contact with electrolyte show
optical coloration upon exposure to UV-radiation (365 nm)
for 3 h (Figure S7). This coloration occurs across the visible
and near-IR and broadly overlaps the electrochromic
modulation observed during electrochemical reduction (Figure
2). The photochromic effect in tungsten oxide is attributed to
photogenerated holes that transfer to the electrolyte, while
electrolyte breakdown forms protons and electrons that are
transferred to the electrode.45 ALD-coated films show only
slight changes in transmittance upon UV irradiation (Figure
S7). Thus, Al2O3 can effectively block photogenerated hole
transfer from m-WO2.72 to the electrolyte.

4. Spectroelectrochemical Modulation Is Sensitive to
the Electrolyte Cation. The cycle stability of 1 nm Al2O3-
coated m-WO2.72 nanorod films is sufficient to compare
electrochromic responses between electrolytes. To this end, we
tested electrolytes with three different sized monovalent
cations: lithium, sodium, and tetrabutylammonium (TBA)
ions.
The crystal structure of m-WO2.72 (Figure 1d) contains

three distinct interstitial sites, namely hexagonal tunnels,
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square windows, and trigonal cavities. TBA is too large (radius
= 494 pm) to fit in any interstitial sites and is expected to
contribute only double-layer capacitive charge compensation at
the nanorod surface. Lithium (radius = 76 pm) and sodium
(radius = 102 pm) ions can both insert into hexagonal tunnels.
However, only lithium can enter trigonal cavities (center-to-
oxygen distance = 158 pm) by passing through hexagonal
tunnels and square windows sequentially. Previous exper-
imental and theoretical studies have asserted that lithium
occupancy follows a sequential order based on energetic
stability proceeding from trigonal cavities to hexagonal tunnels
and finally to square windows. Sodium is too large to occupy
trigonal cavities or square windows, and earlier studies have
shown sodium ions to preferentially occupy larger hexagonal or
pentagonal sites in substoichiometric tungsten oxide.51,52 Thus,
we expect that the different occupancy and local environment
of lithium, sodium, and TBA ions will impact electrochromic
behavior in m-WO2.72 nanorod films.
Charge capacity and electrochromic modulation range of

Al2O3-coated m-WO2.72 films trend inversely with the electro-
lyte cation size. A consistent reducing potential from the OCP
of the uncharged ALD-coated film (1.2 V from each OCP) was
applied for each electrolyte. The capacity of films charged
using the largest cation, TBA (2 mC/cm2) is an order of
magnitude lower than the capacity with the smallest cation,

lithium (31 mC/cm2). The low capacity with TBA is
unsurprising, considering that TBA is too large to insert into
m-WO2.72 and can only contribute to double-layer capacitive
charging. The characteristic rectangular shape of cyclic
voltammetry (CV) measurements with TBA confirms this
capacitive charging behavior (Figure S11). Sodium, which has
an intermediate radius, yields a capacity of 7 mC/cm2 (Figure
3a). Optical modulation also follows this trend with smaller
cations inducing greater electrochromic coloration (Figure 3b).
The increased optical modulation and charge capacity of
sodium compared to TBA indicate that it may insert into the
m-WO2.72 crystal structure but to a lesser extent than lithium.
The optical modulation per unit charge (i.e., CE) is greater

for sodium ions than lithium ions, as shown in Figure 3d. The
lower absolute charge capacity and modulation in a sodium-
based electrolyte is a consequence of the sodium ion’s large
size that precludes insertion into trigonal cavities or square
windows. Instead, sodium ions occupy hexagonal tunnels upon
insertion. Balaji et al. demonstrated that coloration in lithiated
tungsten oxide is dominated by lithium occupation of
hexagonal tunnels and square windows sites, not trigonal
cavities.17 So, sodium ion insertion favors more optically active
sites, whereas lithium occupies both optically active
(hexagonal) and inactive (trigonal) sites upon insertion.

Figure 3. Spectroelectrochemical properties of 1 nm Al2O3-coated m-WO2.72 nanorod films with different electrolyte cations. (a)
Chronoamperometric charging and discharging with sodium, lithium, and TBA electrolytes with similar applied potentials (1.2 V from each
OCP). (b) Optical density modulation after the electrochemical reduction step shown in (a). (c) Modulation in optical density, collected at a
different state of charge to reach the same peak optical density. (d) Optical density modulation at 1200 nm plotted against accumulated
galvanostatic charge density for 1 nm Al2O3-coated m-WO2.72 films with different electrolytes. Similar potentials (1.2 V from each OCP) were
applied.
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Indeed, we find a significantly greater CE upon charging with
sodium (81 cm2/C) compared to lithium (49 cm2/C).
The different charge densities measured for sodium and

lithium insertion are consistent with the ratio of crystallo-
graphic interstitial sites in m-WO2.72. If each cation selectively
occupies different interstitial sites, the ratio of charge densities
should match the number density ratio between crystallo-
graphic sites. Figure S12 compares the number ratio of trigonal
cavities and hexagonal sites using both geometric and charge
density calculations. Two assumptions were employed for this
comparison. First, we assumed lithium ions do not occupy the
square windows in our moderate potential window (within 2.5
V from the most oxidizing potential).17 Second, we assumed
complete occupation of accessible sites (hexagonal sites for
sodium; hexagonal and trigonal sites for lithium) after
charging. Hexagonal tunnel occupation was estimated by
subtracting double-layer capacitance, calculated from charge
capacity with TBA, from the total sodium ion charge capacity.
Trigonal cavity density was calculated by subtracting the total
sodium charge capacity from the total lithium charge capacity.
The number ratio between trigonal cavities and hexagonal
tunnels is roughly the same between geometric and charge
density approximations for m-WO2.72 (Figure S12), supporting
our site-selective model.
Ion insertion and double-layer capacitance cause distinct

electrochromic responses in m-WO2.72. Figure 3c compares the
spectral line shape for the modulation for each cation. The
smaller inserting cations, sodium and lithium ions, induce
greater visible to near-infrared coloration (500−900 nm) upon
electrochemical reduction than TBA ions. Visible and infrared
absorption in crystalline tungsten oxide is caused by either
Drude responses of free carriers or polaron absorption,
depending on the particular crystal phase, temperature, and
doping.23,53−55 Absorption due to polaron or interband defect
states arising from self-trapped carriers in m-WO2.72 can
manifest as higher-energy absorption features (>1.5 eV or
wavelength <900 nm).23,56 Inserted ions impact the local
structure, polarizability, and phonon interactions that generate
localized polarons. Ion insertion can therefore change the
spectrum or intensity of polaronic optical interactions in the
visible range, more so than carriers introduced by purely
capacitive charging which involves less perturbation to the
crystal. Thus, electrochromic m-WO2.72 appears to be sensitive
to distinct charging processes from capacitance (TBA ions)
and ion insertion (lithium or sodium ions), analogous to such
differences reported in nanocrystalline anatase TiO2.

1

Site occupation by different ions affects not only optical
modulation but also electrochemical properties. Charge storage
kinetics can be derived from CV measurements at different
scan rates. The measured current can be modeled as a
convolution of capacitive-like and diffusion-limited processes
according to the following equation: I (V) = k1v (capacitive) +
k2v

1/2 (diffusion-controlled).57,58

The non-diffusion-limited contribution to charge capacity at
a particular potential can be calculated from k1 by fitting the
current at different scan rates (Figure S13). This capacitive-like
contribution with a sodium-based electrolyte is as high as 92%
(Figure 4). We attribute this to both the high surface-to-
volume ratio in porous nanocrystalline films and the large size
of intracrystalline hexagonal tunnels. Our results contrast
previous studies of aqueous sodium electrolytes, which
concluded that sodium ions cannot traverse hexagonal
tunnels.24 Rather, we observe rapid sodium diffusion through

m-WO2.72 nanorods. It is possible that the difference is related
to the ease of desolvating propylene carbonate as compared to
water.
In summary, we have demonstrated that effective utilization

of different interstitial cavity sites in substoichiometric m-
WO2.72 can be used to enhance CE in electrochromic
nanocrystal films. A robust, fast-switching and cyclable
electrochromic film was prepared by spin coating ligand-
stripped colloidal m-WO2.72 nanorods and using ALD to apply
a protective 1 nm Al2O3 coating. The passivating layer prevents
the rapid degradation of electrolytes during cycling and allows
for a quantitative comparison of the electrochromic perform-
ance using different electrolyte systems. Sodium electrolytes
are found to exhibit enhanced CE by selectively inserting ions
into optically active hexagonal tunnel sites through a capacitive
charging process. More broadly, our results demonstrate the
importance of understanding the precise local structure for ion
occupation in ion-insertion electrodes for electrochromic
materials.
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