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ABSTRACT: The development of electrochromic metal oxide
nanocrystals holds promise for improving the sluggish switching
kinetics of conventional electrochromic smart windows. Never-
theless, the microscopic processes controlling switching kinetics in
nanocrystals may differ from those in traditional bulk materials
where ion diffusion following intercalation is often rate limiting.
Herein, by systematically investigating the electrochromic response
of Sn-doped In,O; nanoparticles, orthorhombic Nb,O; nanorods,
and monoclinic Nb;,0,, nanoplatelets, we elucidate how different
charge storage mechanisms, including capacitive charging, surface
redox, and intercalation, affect the switching kinetics of electro-
chromic nanocrystals. The nanocrystals were reduced in both
lithium- and tetrabutylammonium-based electrolytes at various
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Surface redox - NRs/NPLs (TBA*)
Intercalation - NRs/NPLs (Li*)
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potentials to determine which charge storage mechanism governs their electrochromic response, and the optical switching kinetics at
a reducing potential were quantified by fitting with an exponential-growth model based on the charging behavior of capacitors. For
the surface-dominated capacitive charging and surface redox mechanisms, dual-stage switching kinetics were observed regardless of
the materials, switching rapidly at the early stage of reduction and becoming slower over time as charge accumulates in the electric
double layer. As for the intercalation mechanism, single-stage switching kinetics controlled by the reaction rate of ion intercalation
were observed. By using spectroelectrochemical methods, we demonstrated approaches to define the charge storage mechanisms in
electrochromic metal oxide nanocrystals and investigated how these mechanisms affect the switching kinetics of the electrochromic

response.

B INTRODUCTION

To mitigate the increasing building energy consumption for
maintaining a comfortable indoor environment, electrochromic
smart windows are designed to reduce the energy use
associated with lighting, heating, and cooling."” By applying
an external potential bias to the electrochromic smart windows,
the active electrochromic layers change their transmittance
according to the electrochemical reactions, and thus, the solar
spectrum transmitting through the windows can be modu-
lated."* To date, thin films of bulk transition-metal oxides are
the dominant materials for commercialized electrochromic
smart windows due to their broad electrochromic spectral
change across the visible and near-infrared regions and ideal
electrochemical and optical stabilities.” However, the switching
kinetics of bulk transition-metal oxides are significantly limited
by the ion diffusion rate during the intercalation of ions
following redox reaction.*”® The sluggish ion diffusion often
leads to undesired long switching time up to minutes in lab-
scale electrochromic devices or more than 10 min in large-scale
electrochromic smart windows. To address this, methods
focusing on altering the electrochemical mechanisms have
been proposed to improve the switching kinetics. Nanocrystals
of transition-metal oxides were synthesized and applied as
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electrochromic layers to mitigate the influence of Li*
intercalation by minimizing diffusion path length.””'* In this
regard, electrochromic coloration mechanisms can differ from
the Li" intercalation typically operating in bulk transition-metal
oxides, with other mechanisms such as capacitive charging and
surface redox becoming dominant in some cases.”' "
Alternatively, plasmonic metal oxide nanocrystals were
synthesized with the ability to modulate their transmittance
spectrum by capacitive charging only, which circumvents the
slow ion diffusion rate in bulk transition-metal oxides."> Both
approaches rely on the precision of colloidal nanocrystal
synthesis that offers better control over crystal structure,
crystallite morphology, and electrochromic properties com-
pared to conventional film deposition methods.”'® As a
consequence of altering the electrochemical mechanisms, in
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terms of switching kinetics, the microscopic processes limiting
the overall rate can be drastically different for nanoscale
materials.'” It is necessary to consider the contributions from
both the typical Li" intercalation and other surface-dominated
mechanisms that are more prominent on the nanoscale. Yet,
the complex relationship between the electrochromic switching
kinetics and various electrochemical mechanisms has not been
well understood. Thus, we sought to systematically investigate
the electrochemical mechanisms that determine the electro-
chromic switching kinetics of metal oxide nanocrystals to
better design them for and utilize them in electrochromic
smart windows.

The electrochromic response of metal oxides emerges upon
charge being injected into or extracted from the material
during electrochemical reaction. In cathodic coloring electro-
chromic metal oxides, in which transmittance decreases upon
electron injection, the charge can be stored through various
electrochemical mechanisms and concurrently ions will be
stored for charge balance. The traditional optical mechanism in
transition-metal oxides comes from the electrochemical
reduction of metal ions together with ion intercalation (mostly
Li*),"® commonly activating polaronic absorption, as reported
in tungsten(VI) oxides, niobium(V) oxides, and titanium(IV)
oxides.'”~*' In other cases, the optical response of transition-
metal oxides is triggered by redox reaction, but with little
evidence of ion intercalation.”” This phenomenon has been
described as surface redox with ions only adsorbed on the
surface of the oxides to compensate for the additional charge,
as reported in some anodic coloring electrochromic metal
oxides such as nickel (II) oxides, manganese(IV) oxides,
etc.”””" Finally, in some metal oxide nanocrystals, such as
nanocrystals of doped indium(III) oxide, the optical response
can be activated by localized surface plasmon resonance
(LSPR), where the decreasing transmittance is the result of
collective resonance of charge carriers being injected into the
nanocrystals.”>*> The electrochemical process does not
depend on redox reaction and the additional charge carriers
can be balanced by capacitive charge, where desolvated cations
are adsorbed in the electric double layer (EDL) near the
surface of the nanocrystals and solvated cations are located in
the outer diffuse layer of the EDL.'”

The diverse nature of charging mechanisms makes it difficult
to propose a generalized model for switching kinetics
applicable to all electrochromic metal oxide nanocrystals.
The role of diffusion in governing the switching kinetics of
nanocrystals is unclear since the characteristic diffusion path
length I (I = (2Dt)"/? where D is the diffusion coefficient and ¢
is the characteristic time) is close to the particle size.'” Owing
to this correspondence, ion diffusion can be less influential in
nanocrystals compared to their bulk counterparts. In addition,
the high surface area of nanocrystals amplifies the importance
of surface redox or capacitive charging, which become more
significant charge storage mechanisms. It is also worth noting
that the electrochromic response of metal oxide nanocrystals is
compatible with a broad range of cations, including Li*, Na*,
K*, Al*, and tetrabutylammonium (TBA"), for the purpose of
tuning the electrochromic properties associated with different
charge storage mechanisms.'”">'%**7*® The choice of cations
not only affects the diffusion rate during ion intercalation and
in the bulk electrolyte®”*® but also determines whether
intercalation is allowed based on the relative size of the cation
compared to the size of the interstitial sites in the crystal
lattice.'”"” Previous studies have modeled the electrochromic
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transmittance change over time of conducting polymer films
using an exponential-growth equation derived from the
charging behavior of capacitors.”*> However, the charge
storage mechanisms of metal oxides, and the associated
microscopic processes governing kinetics, are distinct from
organic polymers. To better facilitate the design of metal oxide
nanocrystals for fast switching kinetics, we aimed at under-
standing the interplay between charge storage mechanisms and
switching kinetics of metal oxide nanocrystals when reduced in
the presence of various cations.

For this investigation, we synthesized and fabricated films of
three distinct types of metal oxide nanocrystals, including Sn-
doped In,O; nanoparticles (NPs), orthorhombic Nb,Oj
nanorods (NRs), and monoclinic Nb;,O,, nanoplatelets
(NPLs), for the purpose of systematically exploring the
switching kinetics associated with different charge storage
mechanisms.”'”"® Each of these nanocrystals shows different
electrochromic signatures brought by various charge storage
mechanisms, namely, capacitive charging (in NPs), surface
redox (in NRs and NPLs), or ion intercalation (in NRs and
NPLs), enabling us to explore the switching kinetics of these
mechanisms individually. The electrochromic properties of the
nanocrystals were examined in both Li*-based electrolytes and
TBA*-based electrolytes. Because of the bulky nature of TBA®,
intercalation into the crystal lattice is not allowed and the
desolvated TBA* can only be adsorbed on the surface of
nanocrystals, while for Li*, intercalation dominates the
electrochromism. With this understanding, the dependence
of the electrochromic response of nanocrystals on the
electrochemical redox of metal ions can be used as a feature
to distinguish between capacitive charging and surface redox.
Meanwhile, by using cations with different sizes, electro-
chromic response activated by ion intercalation only can be
observed in Li* but not in TBA", allowing us to determine,
during redox reactions, if the kinetics are governed by ion
intercalation or surface redox. Furthermore, we propose a
kinetic model to fit and analyze the electrochromic response
over time under various charge storage mechanisms in the
presence of Li* and TBA'. By using multiple exponential-
growth equations to fit the dynamic electrochromic response,
we quantitively investigate the electrochromic switching
kinetics of nanocrystals activated by different charge storage
mechanisms. Overall, our goal is to demonstrate how the
charge storage mechanism affects the electrochromic switching
kinetics of various metal oxide nanocrystals and also explore
the underlying processes that can improve the design of
electrochromic smart windows to show rapid switching.

B EXPERIMENTAL SECTION

Materials. Tin(IV) acetate (99.99%), toluene (>99.5%), acetone
(>99.5%), isopropanol (>99.5%), hexane (>99%), N-dimethylforma-
mide (DMF, anhydrous 99.8%), nitrosonium tetrafluoroborate
(NOBF,, 95%), niobium chloride (NbCl;, anhydrous, 99.995%),
oleic acid (90%), oleyl alcohol (85%), octadecene (90%), lithium
perchlorate (LiClO,, 99.99%), tetrabutylammonium perchlorate
(TBACIO,, 99%), and propylene carbonate (PC, anhydrous,
99.7%) were purchased from Sigma-Aldrich. Indium(III) acetate
(>99.99%) was purchased from STREM. Ethanol (90%) was
purchased from Fischer Chemical. Oleylamine (90%) was purchased
from Acros Organics. Before use, oleic acid, oleylamine, and
octadecene were degassed at 120 °C under vacuum using a Schlenk
line and stored in a N, glovebox.
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Figure 1. (3, b, c) Morphological characterization using bright-field STEM images of NPs, NRs, and NPLs. (d, e, f) Structural characterization of
NPs, NRs, and NPLs by experimental XRD patterns (blue), calculated patterns (red), and reference patterns (black).

Nanocrystal Synthesis. The syntheses of NPs, NRs, and NPLs
were carried out under a N, atmosphere using Schlenk line
techniques.

In the synthesis of NPs, or Sn-doped In,O; nanocrystals, a slow-
injection synthetic procedure was used.”*** In brief, the metal ion
precursors were mixed in a molar ratio of 1:9 (Sn/In) and dissolved in
oleic acid to obtain a 0.5 M solution in a flask. The precursor solution
was first degassed at 100 °C under vacuum for 1 h and subsequently
heated and kept at 150 °C for 2 h under a N, atmosphere. In the
meantime, 13 mL of oleyl alcohol was heated and kept at 290 °C in
another flask under a N, atmosphere. By using a syringe pump, 1.5
mL of the as-prepared precursor solution was injected into the hot
oleyl alcohol at a rate of 0.35 mL/min. After the injection, the mixed
solution consisting of nanocrystals was washed using hexane as the
solvent for dispersion and ethanol as the antisolvent for flocculation.
The purified nanocrystals were dispersed in hexane at a concentration
of 50 mg/mlL, referred to as ligand-capped NPs. As characterized in
our previous publication, the Sn% in NPs is 13.2% among all of the
metal ions.>

The synthesis of NRs, or orthorhombic Nb,Os nanocrystals, was
adapted from our previous publication.® In short, 2 mmol NbCls was
dissolved in a mixed solution in a flask containing 11 mmol oleic acid,
40 mmol octadecene, and 2 mmol oleylamine inside a N, glovebox.
The flask was then transferred to a Schlenk line, degassed under
vacuum at 100 °C for 1 h, heated to 240 °C, and reacted for 30 min
under a N, atmosphere. After the reaction, the mixed solution was
washed using hexane as the solvent and isopropanol as the antisolvent.
Thereafter, the purified nanocrystals were redispersed in hexane at a
concentration of 30 mg/mL, referred to as ligand-capped NRs.

The procedure for the synthesis of NPLs, or monoclinic Nb;,0,9
nanocrystals, can be found in our previous publication.'® First, 1.5
mmol NbCl; was dissolved in 15 mmol oleic acid in a flask inside a N,
glovebox. The flask was then transferred to a Schlenk line, heated at
40 °C under vacuum for 30 min, and heated to 120 °C under vacuum.
In another flask, 40 mmol oleic acid and 8 mmol oleylamine were
degassed at 120 °C for 30 min under vacuum and then heated to 300
°C under a N, atmosphere. The precursor solution in the first flask
was switched to a N, atmosphere and was quickly injected into the
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hot solution at 300 °C in the second flask and reacted for 10 min.
Afterward, the mixed solution was washed using hexane as the solvent
and isopropanol as the antisolvent. The resulting nanocrystals were
dispersed in hexane at 15 mg/mL, referred to as ligand-capped NPLs.

Ligand-Stripping Procedure. The ligand-capped nanocrystal
dispersions were diluted to 10 mg/mL, and a solution of NOBF, in
DMF (10 mg/mL) was prepared for removing the ligands from the
nanocrystal surfaces. In a typical procedure, an equal volume of
NOBF, in DMF was gradually added to the nanocrystal dispersion
and stirred for 30 min. The lower-layer solution containing a ligand-
stripped nanocrystal was extracted and washed using DMF as the
solvent and toluene as the antisolvent. After purification, the ligand-
stripped nanocrystals were dispersed in DMF at 50 mg/mL and
stored for film deposition.

Nanocrystal Film Deposition. Sn-doped In,O;-coated glasses
(20 Q/sq, from Thin Film Devices) and Si wafers were used as
substrates for spectroelectrochemical experiments and imaging
purposes, respectively. Before use, the substrates were cleaned by
sequentially sonicating in 2 vol % Hellmanex/deionized water,
acetone, and isopropanol for 30 min each and subsequently treated
with a UV ozone generator for 30 min. Twenty microliters of the
ligand-stripped nanocrystal dispersion in DMF was spin-coated onto
the substrates, at 1500 rpm for NPs and NRs and at 250 rpm for
NPLs. The film-coated substrates were dried at 150 °C for 10 min
before use.

Electron Microscopy Imaging. A Hitachi S5500 microscope was
used for imaging. The films on Si substrates were imaged in scanning
electron microscopy (SEM) mode, and the ligand-capped nanocrystal
dispersion was dropped onto carbon-coated copper grids (400 mesh,
Ted Pella) and dried under vacuum before imaging in scanning
transmission electron microscopy (STEM) mode.

X-ray Diffraction (XRD) Analysis. Precipitated powders of the
nanocrystals were collected by adding excess amounts of ethanol to
ligand-capped nanocrystal dispersion. Afterward, the resulting cloudy
solution was dried and the precipitated powder was mounted onto
cryoloops (Hampton Research) with mineral oil. A Rigaku R-Axis
Spider (1.54 A Cu Ka radiation) was used for measurement. To
support the XRD analysis of the patterns obtained experimentally,
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Figure 2. (a, b) Cyclic voltammograms of the films of NPs (black), NRs (blue), and NPLs (red) measured in 0.5 M LiClO,/PC (vs Li/Li*) and 0.5
M TBACIO,/PC (vs Ag/Ag") at SO mV/s. (c—h) Absorbance change of the films of NPs (black), NRs (blue), and NPLs (red) in 0.5 M LiClO,/
PC (vs Li/Li*) and 0.5 M TBACIO,/PC (vs Ag/Ag*) when reduced at different potentials from 4.0 V (vs Li/Li*) and 1.0 V (vs Ag/Ag") for S min
using chronoamperometry.

simulations were performed based on the Debye scattering formula. Il RESULTS AND DISCUSSION

Details of this calculation method can be found in previous
publications.g’10‘3‘"36 A crystal visualization program, VESTA,*” was
used to generate the atomistic models for the calculations.

Morphological and Structural Characterizations. The
STEM images of ligand-capped nanocrystals, including Sn-
Spectroelectrochemical Measurement. Electrochemical ex- doped In;O;, orthorhombic Nb,Os, and monoclinic Nbj,05,

periments were performed in an Ar glovebox using a Bio-logic are shown in Figure la—c, respectively. Based on their

VMP3 potentiostat. Concurrently, an ASD Quality Spec Pro morphology, the spherical particles of Sn-doped In,O; are
referred to as nanoparticles (NPs), the one-dimensional

orthorhombic Nb,O: as nanorods (NRs), and the two-

spectrometer was used to collect the optical transmittance change
of nanocrystal films during electrochemical reaction. Homemade

electrochemical cells were used for measurements, in which the dimensional monoclinic Nb;,O5 as nanoplatelets (NPLs).
nanocrystal films served as the working electrode, Li foils served as The average dimension of NPs was found to be 12.2 + 1.9 nm
both counter and reference electrodes, and solutions of 0.5 and 0.02 in diameter, the dimension of NRs was 39.2 + 8.7 nm on the
M LiClO, dissolved in PC (0.5 M LiClO,/PC and 0.02 M LiCIO,/ long axis and roughly 1 nm on the short axis, and the
PC) as the electrolyte. In experiments using the TBA-based dimension of NPLs is 91.3 & 28.5 nm on the long axis and 9.5
electrolyte, the nanocrystal films served as the working electrode, Pt + 24 nm on the short axis. The crystal structures of the
foils as the counter electrode, with a commercial fritted Ag/Ag" nanocrystals were characterized by comparing their exper-
reference electrode, and solutions of 0.5 and 0.02 M TBACIO, imental XRD patterns to both calculated patterns and
dissolved in PC (0.5 M TBACIO,/PC and 0.02 M TBACIO,/PC) reference patterns, as shown in Figure 1d—f. The atomistic
as the electrolyte. Electrochemical techniques were applied by the models used for XRD simulations were constructed by using
potentiostat to the cell, including cyclic voltammetry, chronoamper- the unit cell of bixbyite In,Os; orthorhombic Nb,O;, and
ometry, and electrochemical impedance spectroscopy (EIS). monoclinic Nb;,0,9, as presented in Figure S1. The XRD
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pattern of NPs (Figure 1d) aligns well with the calculated
pattern and the reference pattern of bixbyite In,O; (PDF#00-
006-0416), also in good agreement with the previous
publication.”® Both the NRs and NPLs are anisotropic crystals
that extend only along a certain crystallographic direction of
the unit cell.*'” The validation of their crystal structures and
morphologies was through simulations based on the Debye
scattering formula for generating calculated XRD patterns. By
comparing the experimental patterns to both calculations and
references, the pattern of the NRs (Figure le) aligns well with
calculation based on orthorhombic Nb,O; (PDF#00-030-
0873) extending only in the c direction, and the pattern of
NPLs (Figure 1f) aligns with calculation based on monoclinic
Nb;,0,, (PDF#01-073-1610) extending only in the b and ¢
directions, being one unit cell thick in the a direction. The
calculated patterns for simulating the structure of NRs and
NPLs indicate that the anisotropic nature of NRs and NPLs
causes broadening or even disappearance of some reflections in
the reference pattern due to the lack of constructive
interference in certain crystallographic directions.'’ Figure S1
shows the atomistic models used in the XRD calculations that
were designed with similar dimension to the nanocrystals
shown in the STEM images.

Spectroelectrochemical Properties. Before spectroelec-
trochemical analysis, the ligand-capped nanocrystals were
treated with a previously reported ligand—stripping procedure
to increase the conductivity of nanocrystal films.'>*” There-
after, the ligand-stripped nanocrystals were deposited onto
ITO-coated glass substrates as films for spectroelectrochemical
characterization, while the films on Si substrates were used for
SEM imaging purposes (Figure S2).

In the spectroelectrochemical experiments, we aimed at
identifying the charge storage mechanisms, including capacitive
charging, surface redox, and intercalation first by cyclic
voltammetry. The associated coloration mechanisms during
charging, such as redox-based polaronic formation and
nonredox LSPR absorption, were investigated by the
absorbance spectra of the nanocrystals relative to different
applied potentials in a progressive reduction. First, the
nanocrystal films were cycled in both 0.5 M LiClO,/PC and
0.5 M TBACIO,/PC electrolytes for exploring their
spectroelectrochemical properties and the influence of cation
size. The reducing potentials used in different references were
chosen to be approximately the same, relative to their
respective reference potentials. The interpretation of cyclic
voltammograms for the nanocrystal films in different
conditions helps to understand the charge storage mechanisms
first before moving on to the spectroelectrochemical proper-
ties. In the cyclic voltammograms scanned in 0.5 M LiClO,/
PC (Figure 2a), the NPs show a rectangular wave with a weak
signature of a redox peak, meaning the electrochemistry is
dominated by capacitive charging.'” In this mechanism, upon
electrochemical reduction, Li* is desolvated and adsorbed on
the surface of NPs to balance the additional charge.”” The
slight deviation from an ideal rectangular wave could be due to
the reaction of impurities in the PC electrolyte solution such as
a trace amount of water or 1,2-propanediol.”’ In Figure 2b, the
cyclic voltammogram of NPs in 0.5 M TBACIO,/PC is
consistent with the case in Li* and can be attributed to the
same capacitive charging mechanism. On the other hand, in
Figure 2a, the cyclic voltammogram waves of NRs and NPLs
are flat at higher potential (between 4 and 2.2 V (vs Li/Li"))
due to capacitive charging, but show distinctive redox peaks
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with larger absolute current density in the lower potential
region (between 2.2 and 1.5 V (vs Li/Li")), corresponding to
the reduction of Nb>* and the reoxidation of reduced Nb*.**
The cyclic voltammograms of NRs and NPLs in 0.5 M
TBACIO,/PC (Figure 2b) are similar to the case in Li* except
that the two redox peaks in NPLs were merged into one in
TBA* (Figure 2b). Quantitively, the redox of NRs and NPLs in
TBA" shows a decreasing absolute current density from redox
in Li*. The electrochemical reaction of niobium(V) oxide can
be described as the reduction of Nb** in concert with Li*
intercalation.”’ In the lower potential region in Figure 2a, the
reduction of NRs and NPLs can further be separated into two
peaks, a transitional peak at intermediate potential and a
stronger reduction peak at a lower potential, which is
commonly seen in niobium(V) oxides and can be attributed
to the continuous reduction of Nb>* occupying different lattice
sites at decreasing potential along with an increasing amount of
intercalated Li*.**> On the other hand, considering the size of
TBA' (0.415 nm) and the size of basic structural motifs in
niobium(V) oxides, the niobium octahedra (NbO4 ~0.4
nm),**” the intercalation of TBA* is difficult compared to Li*.
We therefore attributed the redox peaks of NRs and NPLs in
the lower potential region in Figure 2b to the reduction of
Nb** balanced by TBA* adsorbed on nanocrystal surfaces. The
proposed surface redox mechanism in NRs and NPLs is
analogous to that described in an earlier study using an
electrochemical quartz crystal microbalance to analyze the
redox mechanism of nanocrystalline anatase TiO, in both Li*
and TBA', where a reversible mass change was observed in
TBA" compared to the irreversible mass increase in Li* due to
intercalation.””

The absorbance spectra of NP, NR, and NPL films at
different potentials were collected by reducing the nanocrystal
films through chronoamperometry. This data set, coupled with
the previously proposed charge storage mechanisms, was used
to identify the coloration mechanism in different nanocrystals.
In Figure 2c—e, the y-axis represents the difference in
absorbance of the nanocrystal films reduced at different
potentials from that in the transparent state at 4.0 V (vs Li/Li*")
in 0.5 M LiClO,/PC. In Figure 2c, a distinctive absorbance
change peak in the near-infrared region rising along with
decreasing potential can be observed in NPs, corresponding to
their LSPR absorption."” Notably, the absorbance change in
Figure 2c¢ increases continuously with decreasing potential and
does not depend on redox reactions, a key feature associated
with the capacitive charging in Figure 2a. The electrons
accumulated during reduction contribute collectively to the
LSPR absorption and the excess negative charge is balanced by
the adsorbed Li* in the EDL. On the contrary, in Figure 2d, the
NRs increase their absorbance mostly in the near-infrared
region after the onset of Nb** reduction at ~1.8 V (vs Li/Li"),
corresponding to the redox peaks in Figure 2a that can be
attributed to polaronic absorption.” A similar progression was
observed in Figure 2c for the spectra of NPLs during
reduction. At potentials lower than 2.2 V (vs Li/Li*), we
observed an increasing absorbance in the near-infrared region
first, and at potentials lower than 1.7 V (vs Li/Li*), the
absorbance increases mostly in the visible region. The dual-
mode electrochromism, which was previously reported, can be
linked to the multiple redox events in NPLs seen in Figure 2a
leading to free carrier and then polaronic absorption.'’
Nevertheless, although the reduction of nanocrystal films in
0.5 M LiClO,/PC elucidates whether the coloration
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Figure 3. State of coloration (SOCo) at 1400 and S50 nm versus the potentials applied through chronoamperometry. The SOCo is defined as the
ratio of absorbance change at a specific state to the maximum absorbance change at 1.5 V (vs Li/Li*) or —2.0 V (vs Ag/Ag"). (a, b, ¢) SOCo of the
films of NPs, NRs, and NPLs reduced/oxidized at various potentials (vs Li/Li*) for S min in 0.5 M LiClO,/PC. (d, e, f) SOCo of the films of NPs,
NRs, and NPLs reduced/oxidized at various potentials (vs Ag/Ag+) for $ min in 0.5 M TBACIO,/PC.

mechanism was brought by redox reactions, the differentiation
between surface redox and intercalation requires additional
evidence.

The aim of comparing the absorbance change spectra in
both Li* and TBA" is to differentiate the aforementioned three
charge storage mechanisms. Figure 2f—h shows the differential
absorbance spectra of nanocrystal films reduced at different
potentials referenced to their respective absorbance spectra at
1.0 V (vs Ag/Ag") in 0.5 M TBACIO,/PC. In Figure 2f, the
increasing absorbance change of NPs is consistent with the
spectra shown in Figure 2c¢ showing features of capacitive
charging that are not sensitive to the size of cations. Similarly,
for NRs (Figure 2g), the absorbance change in TBA* increases
along with the redox peaks shown in Figure 2b. This suggests
that although the TBA" is too large to intercalate into the NRs,
the adsorption of desolvated TBA" on the NR surface can still
balance the additional negative charge from the reduction of
Nb°*. The absorbance changes induced by this redox event
occur at potentials lower than —1.4 V (vs Ag/Ag*) (Figure 2g).
Additionally, the reduction in Li" gives rise to a slightly larger
absorbance change between 1400 and 1600 nm than the
region between 1000 and 1200 nm (Figure 2b), whereas in
TBA" the tilt of the spectral lineshape is the opposite (Figure
2g). This implies that upon the reduction of Nb’*, the
difference in charge storage mechanism can lead to changes in
the spectral features for the polaronic absorption, as
demonstrated here for the difference between surface redox
in TBA* and intercalation in Li*. For the NPLs, when reduced
in TBA" (Figure 2h), the absorbance change increases mostly
in the near-infrared region and is dependent on reduction,
occurring at potentials lower than —1.1 V (vs Ag/Ag"), again
attributed purely to surface redox. When reduced in Li"
(Figure 2e), the absorbance initially rises in the near-infrared
region first, aligning well with the spectral change seen in TBA*
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(Figure 2h). Further reduction in Li* only gives rise to the
secondary absorption that increases absorbance mostly in the
visible region. This visible absorption specifically occurs when
Li" intercalates in the NPLs, which is prohibited by the large
size of TBA". The spectral changes of NRs and NPLs when
reduced in Li* agree well with our previous publications and
the electrochemical reduction of Nb>* in both materials was
verified by X-ray photoelectron spectroscopy.”'® For both NRs
and NPLs, the absorbance change in TBA' is smaller than
under the same conditions in Li*, consistent with the smaller
absolute current density in cyclic voltammograms.

The NPs exemplify the coloring mechanism activated by the
capacitive charge storage mechanism, where charge accumu-
lates and absorbance increases continuously as potential
decreases, regardless of cation size. The coloration mechanism
associated with this phenomenon can be attributed to LSPR
absorption. As for the NRs and NPLs, the visible absorbance
change comes from the redox of Nb**, where we observed
increasing absorbance only at substantially low potential,
leading to the absorption from polaron formation, while at
more moderate reducing potential, free carrier absorption
occurs in NPLs. Precisely, redox processes can be further
separated into two charge storage mechanisms, surface redox
and ion intercalation. By reducing the nanocrystal films in
electrolytes containing cations of different sizes, we demon-
strated in the case of NPLs that the additional electrochromic
absorption in the visible region is only allowed in Li" due to
ion intercalation but not in TBA* due to its bulky nature.
Hence, the seemingly similar charge storage mechanisms in
cyclic voltammograms can be distinguished by observing the
electrochromic spectral change of the nanocrystal films.

The relationship between the applied potential and
absorbance change at a specific wavelength was extracted to
better visualize the difference between the coloration triggered
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Figure 4. (a) Equivalent circuit used to model the electrochemical impedance spectroscopy (EIS) spectra. This circuit was modified from a Randles
circuit, with R, being the serial resistance, R being the charge transfer resistance of redox reactions, M, being the modified restricted diffusion
element of Warburg diffusion, and Q being the constant phase element of the capacitive part in redox reactions. (b, ¢, d) Experimental EIS spectra
(scatter) of the films of NPs, NRs, and NPLs at various potentials (vs Li/Li*) in 0.5 M LiClO,/PC and the fitted spectra (lines) modeled using the

equivalent circuit.

by capacitive charging or redox reaction. The magnitude of the
absorbance change at different potentials, in both reduction
and oxidation, is plotted in Figure 3 where the state of
coloration (SOCo) is defined as the ratio of absorbance change
at a specific state to the maximum absorbance change at 1.5 V
(vs Li/Li* in 0.5 M LiClO,/PC) or —2.0 V (vs Ag/Ag" in 0.5
M TBACIO,/PC). In this experiment, the nanocrystal films
were first gradually reduced from the transparent state to the
most reduced potential and then oxidized back. Regardless of
applied potentials, the SOCo of NPs increases/decreases
steadily along with reducing/oxidizing potentials in both Li*
and TBA* (Figure 3a,d). By contrast, the NRs and NPLs show
increasing SOCo only at a substantially low potential (Figure
3b,ce,f), suggesting that the coloration of NRs and NPLs is
correlated strongly to the reduction of Nb*". The SOCo
change of NPLs films in Li* can be further separated into the
visible (550 nm) and the near-infrared (1400 nm) parts,
corresponding to the dual-mode change in Figure 2e; the
SOCo at 550 nm starts increasing at much lower potentials
(Figure 3c). It is worth noting that in Figure 3, in one
completed cycle of reduction and oxidation, we observed the
SOCo hysteresis in both NRs and NPLs, which we believe is a
signature of redox reactions. Even at the same potential, the
SOCo during the forward scan differs from that at the reverse
scan, consistent with the separation of reduction and oxidation
peaks in cyclic voltammograms.

We collected electrochemical impedance spectroscopy (EIS)
spectra of the nanocrystal films in 0.5 M LiClO,/PC to analyze
their redox behavior at various potentials (vs Li/Li*). The EIS
spectra of the films of NPs, NRs, and NPLs and the equivalent
circuit used to fit the EIS spectra are presented in Figure 4 and
the fitting parameters are reported in Table S1. The EIS
spectra were fit using a modified Randles circuit (Figure 4a),
which is a commonly used model for metal oxide electrodes
that includes a redox reaction and a Warburg diffusion element
in series with the charge transfer resistance from the redox
reaction.*® In Figure 4b, the NPs show almost identical EIS
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spectra at different potentials. A small semicircle was observed
at high frequency, and at low frequency, the impedance
increases linearly with lowering frequency, a signature of
Warburg diffusion. In comparison, in Figure 4c,d, the NRs and
NPLs show similar behavior to NP films at higher applied
potential (2.5 V (vs Li/Li*)), while at lower potentials, we
observed the development of a semicircle, a feature of redox
reaction (which is absent in NPs) due to the reduction of
Nb**. By monitoring the development of a semicircle in the
EIS spectra, we demonstrate the transition of EIS spectra from
capacitive charging to redox reaction in nanocrystal films. In
brief conclusion, by comparing the results in Figures 3 and 4,
the NP films show consistently capacitive charging behavior
throughout the reduction and a continuous increase in SOCo
(Figure 3a), whereas for NRs and NPLs, the initial reduction
gives rise to a capacitive charging feature at 2.5 V (vs Li/Li")
that does not contribute to coloration, and at lower potentials,
the emergence of a semicircle in EIS corresponds to the
reduction of Nb®', triggering increasing SOCo. These
observations form the basis for analyzing the electrochromic
switching kinetics of the three types of nanocrystals.
Electrochromic Switching Kinetics. Next, we sought to
determine the electrochromic switching kinetics of nanocrystal
films with different charge storage mechanisms. In Figures 2, 3,
and 4, we established the charge storage mechanisms of NPs,
NRs, and NPLs that trigger their electrochromic absorption.
Nevertheless, the kinetics of the charging event can be more
complicated. For example, during capacitive charging leading
to the formation of an EDL, the desolvated ions can be both
adsorbed on the surface or into the pores between the
nanocrystals in the film,** leading to the formation of a
nanoconfined EDL. Likewise in redox reactions, we know the
ions can be adsorbed on the surface or intercalating into the
nanocrystals, representing two very different mechanisms with
different implications for charging kinetics. Our goal is to
systematically understand the impact of these mechanisms by
modeling the electrochromic change over time with an

https://doi.org/10.1021/acs.chemmater.2c00930
Chem. Mater. 2022, 34, 5621-5633


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00930/suppl_file/cm2c00930_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00930?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00930?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00930?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00930?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

O
(@]

d

1.0 10} 10
- O -
~ 038 ~ 038 | ~ 08|
€ IS £
c c =
o o o
S os g os} S osf
< < <
- L L
- - -
© 04} NPs @ 04} NRs © 04}
S —0.5 M LiCIO, S —0.5 M LiClO, S —0.5 M LiClO,
Q o2l —oo02mticlo, | Q o | —o.02mlico, | Q o2l ——0.02 M LiClO,
——0.5 M TBACIO, ——0.5 M TBACIO, ! ——0.5 M TBACIO,
——0.02 M TBACIO, ——0.02 M TBACIO, ——0.02 M TBACIO,
0.0+ 0.0 |- 43 0.0 -
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S0 60 70 80 90 100
Elapsed Time (s) Elapsed Time (s) Elapsed Time (s)

Figure S. SOCo over time at 1400 nm for the films of (a) NPs, (b) NRs, and (c) NPLs. The raw data (scatter) were collected by applying 1.5 V (vs
Li/Li") to the nanocrystal films through chronoamperometry in different electrolyte concentrations, including 0.5 M LiClO, (black), 0.02 M
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raw data.

equation that can account for several mechanisms simulta- contribution from a faster switching on a shorter time scale and

neously. We started with the equation that correlates the a slower switching on a longer time scale. This methodology

charge capacity (Q) over time in capacitors charged at a was applied to the switching kinetics of nanocrystal films, as
constant potential*’ discussed in the next paragraph.

e The switching kinetics of nanocrystal films were measured

Q= E"Cy[T exp(—t/7)] (1) by applying 1.5 V (vs Li/Li*) to reduce the films and the SOCo

was recorded in situ over time (Figure 5). We tested the
switching kinetics of films in both Li*- and TBA'-based
electrolytes to determine the influence of ion intercalation. We
also considered the effect of electrolyte concentration, in part
because in eq 3, the time constant 7 is known to be affected by
the resistance R, a parameter describing the bulk electrolyte
resistance that increases for decreasing electrolyte concen-
tration.’® In Figure 5, the raw kinetic data (scatter data) were
fitted by eq 3 (solid lines), and the fitting parameters were
collected in Table S2.

The switching kinetics of NPs show a distinctive dual-stage
signature (Figure Sa). The films reach a high SOCo in a short
time scale (<10 s), but to achieve full coloration (SOCo ~
0.95), a much longer time was required especially for the low

where E is the applied potential, Cy is the EDL capacitance, t is
the elapsed time, and 7 is the time constant (7 = R * C4, where
R is the resistance). In an ideal situation neglecting leakage
current, we assume that the charge injected into a nanocrystal
film equals the increasing concentration of electrochromic
chromophores (AQ = Ac), and according to the Beer—
Lambert law, the absorbance change is proportional to the
increasing concentration of chromophores (AA « Ac). We
further simplified AA by introducing the state of coloration
(SOCo) that equals the fractional absorbance change
compared to the maximum absorbance change during
reduction. The linear relationship between SOCo and AQ
leads to eq 2.

SOCo = a™[1 — exp(—t/7)] (2) electrolyte concentration. As for the influence of cation size, we
observed the same dual-stage switching but faster switching

where a is the pre-exponent factor proportional to E and Cy. eq kinetics when the NPs were reduced in TBA*. Quantifying this
2 describes how SOCo depends on the elapsed time after the observation using fitting based on eq 3, in 0.5 M LiClO,/PC,
initial application of a reducing potential. By using SOCo to we see that the time constant in the first component of eq 3 (7,
analyze the dynamic spectral response, we focus specifically on = 0.36 s) is much smaller than the time constant in the second
the coloration of the nanocrystals, while the overall capacity component (7, = 24.3 s). This result also holds for NPs in
change can also include contributions from leakage current. other conditions regardless of cation size and electrolyte
Considering that there could be a multistage mechanism that concentration (Table S2). The difference between the kinetics
governs the switching kinetics of nanocrystal films, eq 2 can be for varying electrolyte concentrations is ascribed to the
further expanded to eq 3 for modeling kinetics with varying resistance R that increases the time constant. By decreasing
switching rates in different time scales electrolyte concentration, the increasing solution resistance

leads to a slower (larger) time constant, thus slower kinetics.

The TBACIO,/PC electrolyte having a slightly higher ionic

©) conductivity compared to the LiClO,/PC electrolyte could be
ty p 4 yt

SOCo = 4, [1 — exp(—t/7)] + a;[1 — exp(—t/1,)]

Using this multiexponential-growth equation allows for the the result of a faster response, according to literature,
possibility of varying kinetics during electrochromic switching. suggesting that the degree of electrolyte dissociation can be
We use this equation to model the change of SOCo over proportional to the reciprocal of ionic radii.*”*"** For the
time during the application of a constant reducing potential. dual-stage switching, in the earlier discussion, we determined
Fitting based on eq 3 implies that the change of SOCo over that the electrochemical mechanism of NPs is governed by
time is controlled by a series of charging events sharing a capacitive charging. The increasing time constant implies that
similar mechanism to the charging of capacitors. Figure S3 during reduction, the NPs require a longer time to accumulate
shows an example of raw data fitted by eq 3. By separately the EDL and the associated absorbance change. Hence, in NPs,
plotting the two components in eq 3, we can observe the the switching kinetics are controlled by the formation of the
5628 https://doi.org/10.1021/acs.chemmater.2c00930
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Figure 6. Fitting parameters, (a) 7; and (b) 7,, for the switching kinetics of the films of NPs, NRs, and NPLs based on eq 3. The fitting parameters
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bars).

EDL and we propose that the dual-stage switching mechanism
(Figure Sa) arises because of the increased thickness of EDL
during capacitive charging.> At reducing potentials, both
SOCo and surface charge density increase due to the injection
of electrons.®® This process leads to the increase of EDL
thickness over time and results in a secondary, slower process
since the addition of new cations diffusing through the EDL
would be slower compared to the initial stage. Similar
phenomena were observed during capacitive charging in
other electrochemical systems such as charging of porous
electrodes and the formation of EDL by bulky ionic
liquids.”*™>° Typically in porous electrodes with large
capacitance, the charging dynamics can exhibit two relaxation
time scales governed by a traditional capacitor charging and a
diffusion-controlled process, corresponding to the SOCo
change in shorter and longer time scales, respectively.

For NRs and NPLs, redox reactions govern the electro-
chromic switching kinetics and we observe distinctive dual-
stage switching kinetics when reducing the films in TBAT,
while in Li%, a single component accounts for the kinetics
(Figure Sb,c). For the latter case, when fitting to eq 3, the
fitting parameters 7, and 7, are the same. When reducing the
NRs in 0.5 M TBACIO,/PC, a faster switching with 7, = 0.02 s
and a slower switching with 7, = 42.4 s were obtained. Upon
reducing the NRs in 0.5 M LiClO,/PC, only one switching
with 7 = 2.9 s results from fitting. Other parameters for the
fittings in Figure Sb,c were also collected in Table S2. The sole
kinetic constants from the reduction of NRs and NPLs films in
Li* correspond to the slower component of the dual-stage
mechanism, limited by the ion diffusion rate.

The switching kinetics of NRs and NPLs films in TBA"
exhibit dual-stage switching, similar to that seen for NPs,
implying that the aforementioned mechanism based on EDL
formation may still apply. Consistent with this hypothesis,
decreasing electrolyte concentration leads to the increasing
time constant, as before. The most notable difference between
the switching of NRs and NPLs in TBA* compared to the
switching of NPs is that the magnitude of 7, in NRs and NPLs
is much larger than the 7, in NPs. Because the coloring
mechanism of NRs and NPLs is related to surface redox
reactions, their absorbance changes require larger charge
capacity, as evidenced by the larger cathodic current density in
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Figure 2b. The larger 7, suggests that adding additional TBA*
for charge balance at relatively high SOCo is more sluggish in a
surface redox mechanism compared to capacitive charging,
potentially due to the difficulty to have TBA" traveling through
a thicker EDL.

Conversely, the switching kinetics of NRs and NPLs in Li*
show single-stage switching kinetics that can be fitted by only
one exponential-growth component in eq 3. We observe faster
switching in 0.5 M LiClO,/PC (7, = 2.89 for NRs and 2.58 for
NPLs) but much slower switching in 0.02 M LiClO,/PC (z, =
23.5 for NRs and 13.1 for NPLs) due to the decreasing
electrolyte concentration (Figure Sb,c). According to our
earlier analysis, the electrochromic response of NRs and NPLs
in Li* is triggered by redox reactions and the Li* can be
desolvated and intercalated into the crystal lattice of the NRs
and NPLs.** In this case, the additional charge from the
reduction of Nb>* will be mostly balanced by the intercalated
Li*. The involvement of Li" intercalation changes the
mechanism drastically and only one switching rate is observed.
The microscopic processes that govern the kinetics can be the
diffusion of Li*, as traditionally suggested for bulk materials, or
other factors that could change the reaction rate of Nb**
reduction such as electron transport within the nanocrystal
films. Based on the significantly increased 7, at decreasing
electrolyte concentration, the limiting factor of the switching
mechanism can be attributed to the kinetics of electrochemical
redox at the nanocrystal/electrolyte interface.”’

The kinetic data for the oxidation/bleaching process were
collected by applying 4.0 V (vs Li/Li*) to the nanocrystal films
after the reducing step and monitoring the SOCo. The
oxidation switching kinetics are in general much faster than the
reduction process (Figure S4). The nanocrystal films can reach
a significantly low SOCo within 10 s except for the NPLs that
show slightly slower switching kinetics. This asymmetry
implies that, in a reversed situation where the ions are pulled
out from the working electrode, identifying the rate-limiting
factors, such as the removal of EDL or the ion deintercalation,
is relatively difficult compared to the coloring process because
the variables (cation size and concentration) do not play an
important role in limiting the switching kinetics.

For NPLs, monitoring the SOCo at 550 nm instead of 1400
nm when charging and discharging in Li" reveals kinetics
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associated with Li" intercalation that is not allowed in TBA™.
The switching at 550 nm is roughly 3 times slower in 7, when
compared to the switching at 1400 nm, indicating slower
kinetics at higher intercalation levels resulting in the absorption
in the visible region (Figure SS), compared to the lower-level
Li" intercalation giving rise to near-infrared absorption.

The values of fitting parameters 7, and 7, were plotted in
Figure 6a,b to better compare the interplay of charge storage
mechanism, cation size, and electrolyte concentration in the
nanocrystal films. 7, represents the efficient switching kinetics
of nanocrystal films in a shorter time period (<10 s). This
process corresponds to the early stage of EDL formation in the
electrochromic response of NPs supported by capacitive
charging and the electrochromic response of NRs and NPLs
supported by surface redox only in TBA*. The value of 7, is
associated with the ionic conductivity of the electrolyte that
can be controlled by electrolyte concentration and more subtly
by cation size.”””"** When comparing the 7, between
capacitive charging and surface redox, we noticed that the
decreasing electrolyte concentration significantly drags down
the switching kinetics in surface redox, while it shows only
moderate influence in capacitive charging, potentially due to a
larger capacity required to increase the SOCo in surface redox.
The slower kinetic time constant 7, roughly doubles regardless
of materials when decreasing the electrolyte concentration.
The nature of the slower kinetic processes in the surface-
related mechanisms including surface redox and capacitive
charging could be attributed to the increasing thickness of EDL
on a longer time scale. On the contrary, for the 7, of NRs and
NPLs when reduced in Li* (Figure 6b), single switching
kinetics were obtained, corresponding to the reaction rate of
Li* intercalation. In addition, the influence of Li" intercalation
was investigated by comparing the SOCo of the NPLs at 550
nm, where intercalation dominates, to the SOCo at 1400 nm.
Switching at 550 nm has 3 times larger 7, compared to 7, at
1400 nm (Figure SS and Table S2). The pre-exponential
factors a, and a, (Figure S6) determine the relative weight of
the corresponding switching kinetics in the coloration reaction.
For example, the switching of NP films in 0.5 M LiClO,/PC
and 0.5 M TBACIO,/PC is highly efficient and can reach
almost 0.95 SOCo within the first few seconds of reduction
(Figure Sa). Therefore in Figure S6, the said switching kinetics
show a higher a; (~0.9) compared to a, (~0.1). On the
contrary, the reduction of NPs in 0.02 M LiClO,/PC shows
comparable a; (0.46) and a, (0.49), indicating that the slower
kinetics with a much higher time constant become more
prominent during switching. In redox-governed kinetics for
NRs and NPLs, when reduced in TBAY, the said trend is not as
obvious as in NPs. We observed slightly lower a; and slightly
higher a, in the electrolyte with higher concentrations.

The three charge storage mechanisms we observed during
the electrochromic switching of the films of NPs, NRs, and
NPLs are summarized schematically in Figure 7. In the
capacitive charging process during the switching of NPs, the
cations were desolvated and adsorbed on the nanocrystal
surface to balance the negatively charged surface. The charging
process is governed by the formation of an EDL, where the
inner layer consists of desolvated cations, subsequently
balanced by an outer layer consisting of solvated ions attracted
by electrostatic interactions.”” The optical switching kinetics of
NPs thus show dual-stage switching kinetics due to capacitive
charging, where the development of the EDL slows down the
kinetics over time. It is worth noting that the formation of an
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Figure 7. Schematic representation of capacitive charging, surface
redox, and intercalation charge storage mechanisms that drive the
electrochromic response of nanocrystal films.

EDL also occurs in the NRs and NPLs, but as evidenced in
Figure 2, capacitive charging contributes to minimum
absorbance change in NRs and NPLs. Instead, the electro-
chromic responses of NRs and NPLs films are dominated by
redox reactions, either surface redox in TBA™ or intercalation
in Li*. In the surface redox mechanism, we proposed that the
structure found near the nanocrystal surface would be similar
to the EDL structure, meaning the charge brought by the
reduction of Nb>* will be balanced by the inner layer EDL as
well, leading to dual-stage switching kinetics. Although, the
electronic charge can be localized at transition-metal ions near
the surface, unlike the delocalized charging that occurs in NPs
when they are capacitively charged. On the contrary, the
intercalation process involves the insertion of desolvated Li*
into the nanocrystals to compensate for the charge added to
reduce Nb*, leading to single-stage switching kinetics.

By collecting the kinetic data of SOCo over time and fitting
the data in various conditions by eq 3, we concluded several
observations that can be helpful for improving the design of
nanoscale electrochromic materials with a shorter switching
time. The switching kinetics of capacitive charging depend
solely on the ionic conductivity of the electrolyte, and to
minimize the time constant, a higher electrolyte concentration
is preferred. On the other hand, for switching kinetics
governed by redox reactions, it is important to understand
whether intercalation is allowed. If the switching kinetics are
driven only by surface redox, a prolonged switching time will
likely be observed due to the increasing EDL thickness
following increasing nanocrystal surface charge density.
Instead, switching controlled by ion intercalation is often
faster at sufficiently high electrolyte concentration.

B CONCLUSIONS

In this research, we systematically investigated the dynamic
electrochromic response activated by different charge storage
mechanisms in the films of three metal oxide nanocrystals,
including NPs, NRs, and NPLs. By studying the cyclic
voltammograms of the nanocrystals, we identified the signature
of redox reactions in NRs and NPLs compared to the pure
capacitive charging behavior in NPs. Alongside the electro-
chemical analysis, the change of the absorbance spectrum of
the nanocrystals during reduction in both Li* and TBA" was
collected to reveal the electrochromic signature of capacitive
charging and redox reactions. The use of cations with different
sizes enables us to distinguish between surface redox and ion
intercalation, both showing similar electrochemical signatures
but the absorption mode from ion intercalation is only allowed
in Li* but not in TBA". The switching kinetics of capacitive
charging (in NPs), surface redox (in NRs and NPLs when
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reducing in TBA"), and intercalation (in NRs and NPLs when
reducing in Li*) were quantified by fitting the SOCo over time
with an exponential-growth equation, allowing us to compare
the efficiency of each mechanism in various conditions by its
time constant. The measurement of switching kinetics suggests
that in surface-dominated capacitive charging and surface
redox, regardless of the materials and cations, the ionic
conductivity determines the time constants. Notably, we also
observed a dual-stage switching mechanism with faster kinetics
on a short time scale but characteristically slower kinetics on a
longer time scale, corresponding to the accumulation of the
EDL. On the contrary, single-stage switching kinetics were
observed in the electrochromic response governed by Li"
intercalation. Overall, our results provide a methodology to
define the charge storage mechanisms in metal oxide
nanocrystals and study the mechanisms of associated electro-
chromic switching kinetics that can be applied to the design of
electrochromic smart windows for minimizing switching time.
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