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ABSTRACT: Electrochromic materials exhibit switchable
optical properties that can find applications in various fields,
including smart windows, nonemissive displays, and semi-
conductors. High-performing nickel oxide electrochromic
materials have been realized by controlling the material
composition and tuning the nanostructural morphology. Post-
treatment techniques could represent efficient and cost-
effective approaches for performance enhancement. Herein,
we report on a post-processing ozone technique that improves
the electrochromic performance of an aluminum-containing
nickel oxide material in lithium-ion electrolytes. The resulting
materials were studied using X-ray diffraction (XRD), scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), ultraviolet−visible−near-infrared (UV-vis-NIR)
spectroscopy, and X-ray absorption spectroscopy (XAS). It was observed that ozone exposure increased the Ni oxidation
state by introducing hole states in the NiO6 octahedral unit. In addition, ozone exposure gives rise to higher-performing
aluminum-containing nickel oxide films, relative to nickel oxide containing both Al and Li, in terms of switching kinetics,
bleached-state transparency, and optical modulation. The improved performance is attributed to the decreased crystallinity and
increased nickel oxidation state in aluminum-containing nickel oxide electrochromic films. The present study provides an
alternative route to improve electrochromic performance for nickel oxide materials.
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■ INTRODUCTION

Since the initial reports by Deb in 19691 and 1973,2 inorganic
electrochromic materials have been investigated intensively for
smart windows, automobile rear-view mirrors, and nonemissive
display applications. Electrochromic materials perform via the
reversible modulation of optical characteristics upon charge/
discharge of ions (e.g., Li+, H+) and charge-compensating
electrons. Thus far, many transition-metal oxides (e.g., nickel
oxide, tungsten oxide, titanium oxide) have been reported to
possess electrochromic properties,3−5 as well as some organic
materials (e.g., conjugated polymers).6 Inorganic electro-
chromic materials have received tremendous attention, because
of their stability against sunlight exposure and ease of
fabrication using conventional sputtering techniques. A typical
inorganic electrochromic device configuration is shown in
Scheme 1, where tungsten oxide and nickel oxide are the
cathodic and anodic electrodes, respectively.7,8 This config-
uration affords a more neutral color in the dark state and
enhances occupant comfort (aesthetic appeal) and productivity
in buildings.8 In addition, the electrochromic coloration

efficiency is increased for this device configuration, because of
the dual contributions from two active electrodes.9

The practical operation of inorganic electrochromic devices
is reliant on the development of tungsten oxide and nickel
oxide electrochromic materials. To date, significant efforts have
been successfully dedicated to achieve high-performing
tungsten oxide cathodic materials via various deposition
techniques.3,10−12 In contrast, nickel oxide anodic materials
still tend to suffer from relatively poor performance (i.e.,
inferior optical modulation, slow switching kinetics, poor
bleached-state transparency), thus limiting large-area window
applications.8,13−16 Specifically, residual absorption between
400 and 500 nm in the bleached state leads to an aesthetically
unpleasant yellowish color and reduces the collection of
sunlight.17 Avendano et al. reported improved transparency in
the visible wavelength range in nickel oxide films containing
Mg, Al, Si, Zr, Nb, or Ta in aqueous alkaline electrolytes.17
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Optical spectroscopy studies suggested that these additives
were indeed dopants in the conventional sense with the ability
to form oxides with large optical band gaps.8,17 Furthermore, in
a recent report by Gillaspie et al., a thin film nickel oxide-based
electrode with multiple additives was prepared from a
composite ceramic sputter target produced from Li2CO3,
NiO, and WO3 powders.9 Here, the authors demonstrated
that the bleached state of the Li1.2NiW0.1Ox nanocomposite
counter electrode was ca. 35% higher than that of a similarly
prepared LiNiOx film at 670 nm. Even though high-performing
nickel oxide materials have been obtained by controlling
material composition9,18 or tuning nanostructural morphol-
ogy,19,20 these processes typically involve time-consuming
procedures (e.g., ceramic target preparation)9,18 and wet-
chemical solution processing steps.21 Alternatively, efficient
post-processing techniques could facilitate improvements in
material properties and provide a general route for enhancing
electrochromic performance.
Post-processing treatments are typically performed at low

temperatures in order to inhibit the crystallization (particle
growth) of electrochromic materials. Electrochromic materials
that possess low crystallinity (small particle size) tend to have

fast charge/discharge rates (i.e., fast switching kinetics or
response times), potentially offering faster switching electro-
chromic coatings.22,23 A low-temperature ozone exposure
technique was previously employed to modify the stoichiom-
etry and surface crystallinity and enhance the electrochromic
performance for tungsten oxide materials.12 Moreover, the
treatment of as-deposited nickel oxide films with ozone was
found to alter the surface species (chemistry), resulting in
higher oxidation states of nickel.24,25 It is anticipated that the
electrochromic properties of nickel oxide-based films will be
strongly correlated with the surface states, as dictated by post-
processing treatments. Alternatively, lithium doping (incorpo-
ration of hole states) has also been shown to increase the
oxidation state of nickel in nickel oxide.26,27 Here, the hole
states in the Li-doped nickel oxide material were associated
with the NiO6 octahedral unit.26 Electrochromism in nickel
oxide is expected to arise from the reversible Ni2+/Ni3+ redox
couple.8 Therefore, the incorporation of hole states in as-
deposited nickel oxide materials are expected to play a
significant role in the electrochromic process.
Herein, we report on post-processing treatments that

introduce hole states and enhance the electrochromic proper-
ties in nickel oxide materials. Ozone exposure and in situ
lithiation (i.e., lithium doping) are shown to increase hole states
and significantly improve optical modulation for Al-containing
nickel oxide electrochromic films. Comprehensive electro-
chromic evaluation demonstrates that ozone exposure is
superior to in situ lithiation, in terms of maintaining fast
switching kinetics, high bleached-state transparency, and large
optical modulation, because of the decreased crystallinity and
increased nickel oxidation state.

■ EXPERIMENTAL METHODS
Fabrication of Electrochromic Films. The sample preparation is

schematically presented in Scheme 2. Radio-frequency magnetron
sputtering (Angstrom EvoVac deposition system housed in a glovebox
under an argon atmosphere) was employed to deposit electrochromic
films ∼300 nm thick, using either a Ni metal target, Ni−Al alloy target
(Ni/Al 90/10 at%), or Ni−Al alloy target (Ni/Al 90/10 at%) and Li2O
ceramic target for nickel oxide, Al-containing nickel oxide, and Li-
doped Al-containing nickel oxide, respectively. The Ni metal and Ni−
Al alloy targets were purchased from ACI Alloys, while the Li2O
ceramic target supported on a molybdenum backing plate was
purchased from Plasmaterials, Inc. The gun powers for metallic targets
(e.g., Ni, Ni/Al) and ceramic target (i.e., Li2O) were 120 and 45 W,
respectively. It is noted that the Li2O co-sputtering process is hereafter
denoted as in situ lithiation. The electrochromic films were deposited
onto either F-doped SnO2 (F: SnO2) coated glass (TEC 15, Hartford

Scheme 1. Electrochromic Device Structure, Cathodic
Electrode/Electrolyte/Anodic Electrode, Where the Anode
(Green) and Cathode (Blue) Are Sandwiched between Two
Transparent Conducting Oxide Layers (Gray)a

aThe solid (yellow) and dashed (purple) arrows represent the
coloration and bleaching processes, respectively.

Scheme 2. Schematic Illustration of the Preparation for Electrochromic Films
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Glass Co., Inc.) or regular microscope glass (VWR Scientific). The
substrates were cleaned successively with soapy water, acetone,
isopropanol, and deionized (DI) water, and subsequently dried
under a N2 gun. The target−substrate distance was held constant at
10 cm and no additional heating was applied to the substrate. The base
pressure and total deposition pressure were 10−7 Torr and 3 mTorr,
respectively. The Ar/O2 ratio was fixed at 4/1 throughout the study.
Low-temperature ozone exposure was described elsewhere.12 Briefly,
the process was performed in a UV surface decontamination system
equipped with a heat controller (Novascan Technologies, Inc.). The
sample chamber was purged with pure oxygen for 1 min prior to
initiating heating and UV irradiation. The samples were exposed to
ozone for 30 min at 100 °C. For simplicity, the Al-containing nickel

oxide, Li-doped Al-containing nickel oxide, and ozone-exposed Al-
containing oxide are hereafter denoted as NiAlOx, LiNiAlOx, and
NiAlOx/ozone, respectively.

Characterization of Electrochromic Films. The crystal
structures of the resulting films were characterized on a Philips X-
ray diffractometer (Model PW1729) operated at 45 kV and 40 mA,
using Cu Kα radiation. Transmittance and reflectance measurements
were performed on a Cary 6000i UV-vis-NIR spectrometer. Scanning
electron microscopy (SEM) was done on a JEOL Model JSM-7000F
field-emission scanning electron microscope with an EDAX Genesis
EDS. X-ray photoelectron spectroscopy (XPS) was performed on a
Kratos Axis HSi Ultra X-ray photoelectron spectrometer, using an Al
Kα X-ray source operated at 14 kV and 10 mA. X-ray absorption

Figure 1. (a) XRD patterns for the as-deposited electrochromic films and (b) the magnification for the NiO (111) peaks of NiAlOx and NiAlOx/
ozone electrochromic films.

Figure 2. Cross-sectional SEM images for the as-deposited electrochromic films: (a) NiOx, (b) NiAlOx, (c) LiNiAlOx, and (d) NiAlOx/ozone, where
the samples were tilted 15°. The layer identification is exemplified in panel a.
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spectroscopy (XAS) measurements were performed on the 31-pole
wiggler beamline 10-1 at the Stanford Synchrotron Radiation
Lightsource (SSRL), using a ring current of 350 mA and a 1000
mm−1 spherical grating monochromator, with a 20-μm entrance and
exit slits providing an energy resolution of 0.1 eV. All data were
acquired in a single load at room temperature and under ultrahigh
vacuum (10−9 Torr) in total electron yield (TEY) mode and
fluorescence yield (FY) mode. For TEY, we collected the sample
drain current, and a silicon diode (IRD AXUV-100) was used to
collect the FY positioned near the sample surface. Contributions from
visible light were carefully minimized before the acquisition, and all
spectra were normalized by the current from freshly evaporated gold
on a fine grid positioned upstream of the main chamber. Samples were
mounted on an aluminum holder attached to the main chamber
manipulator.
Electrochromic Evaluation. Electrochromic performance was

evaluated in a liquid electrolyte half-cell where the electrolyte was 1 M
lithium perchlorate (LiClO4) dissolved in propylene carbonate (i.e.,
LiClO4−PC). Cyclic voltammetry (CV) was carried out using a
BioLogic VMP3 multichannel potentiostat with a scan rate of 20 mV/s
and a voltage range of 1.7−4.2 V vs Li/Li+. In situ transmittance was
measured using a diode laser at 670 nm with a blank F:SnO2 coated
glass for background correction (i.e., 100% transmittance). Switching
kinetics (i.e., coloration, bleaching) were evaluated under chronoam-
perometry (CA) cycling from 1.7 V to 4.2 V vs Li/Li+, where each
potential step was maintained for 2 min to ensure the saturation of
current (i.e., Li+/electron saturation). The switching kinetics measure-
ment was continued for 300 cycles. The switching speed is defined as
the time required to achieve ∼90% of total transmittance change
within a potential step. The samples were transferred between the
sputtering chamber and testing cells without exposure to air or
moisture. All electrochemical measurements were carried out under an
argon atmosphere in a glovebox.

■ RESULTS AND DISCUSSION

Figure 1 presents the XRD patterns for the as-deposited
electrochromic films. The patterns are consistent with the
standard face-centered cubic NiO (Joint Committee for
Powder Diffraction Standards (JCPDS) File Card No. 65-
2901, Fm3 ̅m (225)).28 The NiOx electrochromic film shows
distinct crystal orientation relative to the other electrochromic
films (NiAlOx, LiNiAlOx, and NiAlOx/ozone). The NiO (100)
plane of NiOx is oriented horizontally, with respect to the
substrate surface, while NiAlOx, LiNiAlOx, and NiAlOx/ozone
films are horizontally oriented along the NiO (111) plane. It is
likely that the addition of Al affected the growth orientation of
nickel oxide. No major difference was observed for the
LiNiAlOx and NiAlOx electrochromic films, indicating that Li
does not further alter the growth behavior of the NiAlOx
electrochromic film. Importantly, the NiAlOx electrochromic
film is amorphized (i.e., crystallinity decreases) after ozone
exposure, as indicated by the increase of full width at half-
maximum (fwhm) of the NiO(111) peak (Figure 1b). This is
consistent with our previous finding, where a low-temperature
ozone exposure technique was used to optimize the electro-
chromic performance of WOx nanorod materials.12 Further-
more, the lattice size of NiAlOx/ozone electrochromic film is
decreased, relative to that of the NiAlOx electrochromic film
indicated by the shift of diffraction angle (Figure 1b). The exact
mechanism for the change in lattice size is unclear at this point.
The morphologies of the as-deposited electrochromic films

are shown in Figure 2. A strong adhesion is observed between
film and substrate for all samples, which is critical for electron
transport from the external circuit to electrochromic films (as
shown in Scheme 1) and mechanical stability.18 The electro-
chromic films show a uniform thickness of ∼300 nm. This

uniform film thickness is crucial for conducting a direct
comparison between different films since electrochromic
performance metrics are typically dependent on film thick-
ness.29 The degree of surface roughness (surface area) increases
after Al addition (Figure 2a vs Figure 2b), thus enhancing
electrolyte−electrode interactions and possibly leading to faster

Figure 3. XPS spectra of the NiOx (black), NiAlOx (red), LiNiAlOx
(blue), and NiAlOx/ozone (green) electrochromic films: (a) Ni 2p
and (b) O 1s.

Figure 4. Transmittance and reflectance spectra for the as-deposited
electrochromic films, and the solid and dashed spectra represent the
transmittance (T) and reflectance (R), respectively. The black, red,
blue, and green spectra represent NiOx, NiAlOx, LiNiAlOx, and
NiAlOx/ozone electrochromic films, respectively.
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charge/discharge rates in the electrochromic film. The cross-
sectional particle agglomeration converts from a column-like to
blade-like morphology for the electrochromic film prepared
with in situ lithiation (see Figure 2b vs Figure 2c). Interestingly,
the morphology of the NiAlOx film remains unaltered after
ozone exposure, compared to the NiAlOx film (see Figure 2b vs
Figure 2d), unlike for UV processed TiO2

30 and SnO2
31 thin

films.
High-resolution XPS spectra are sensitive to the chemical

oxidation states present on the surface of a thin film. XPS Ni 2p
and O 1s spectra have been previously used to determine nickel
oxidation states of complex surface species in nickel oxide-
based materials.32−34 Several studies have shown that the
relative concentration of Ni2+ and Ni3+ could be modified with
compositional engineering26 and post-processing treatments.24

These studies shed light on the interpretation of the present
XPS data. The Ni 2p and O 1s spectra are shown in Figures 3a
and 3b, respectively. The 2p photoelectron spectra of first-row
transition metals typically show additional energy loss features
in addition to the 2p spin-orbit doublets.35 The Ni 2p3/2
spectrum of NiOx displays a lower binding energy feature at
853.7 eV, which is attributed to the Ni2+ species (e.g., NiO) in
the NiOx electrochromic film.36 This is consistent with our
XRD result (Figure 1) that NiO is the dominant phase in the
nickel oxide-based films. In situ lithiation and ozone exposure
decrease the relative intensity of this lower binding energy peak
(853.7 eV), as opposed to higher binding energy peaks (855.4
eV) originating from the Ni3+ oxidation state.34,35 The XPS O

1s spectrum also provides useful information pertaining to the
oxidation state of nickel.32 The peak ascribed to O 1s of NiO is
observed for all electrochromic films between 529.1 eV and
529.3 eV. In addition, a higher binding energy peak is observed
between 531.1 eV and 531.4 eV, which is attributed to the O 1s
of trivalent nickel oxide (e.g., Ni2O3, NiOOH).32,34 The
increase in intensity of the O 1s signals at 531.4 eV for
LiNiAlOx and 531.0 eV for NiAlOx/ozone suggest that there is
an increase in the concentration of Ni3+ species in these
samples. The peak at the higher binding energy (532.6 eV) is
attributed to physisorbed H2O in the NiOx film.24 The
physisorbed H2O is significantly decreased for the electro-
chromic films containing additional additives (NiAlOx,
LiNiAlOx, and NiAlOx/ozone) relative to the pristine NiOx.
Based on the discussion above, we tentatively conclude that in
situ lithiation and ozone exposure increase the concentration of
Ni3+ species in the Al-containing nickel oxide electrochromic
materials. Since XPS is a surface-sensitive technique, features in
the O 1s spectra can be related to the adsorption (formation)
of oxygen-containing surface species (e.g., CO3

2−) and cannot
be ruled out. In addition, we note that the interpretation of the
Ni 2p and O 1s spectra for nickel oxide has remained a topic of
intense study.37,38 Therefore, to substantiate our claim that in
situ lithiation and ozone exposure increase the concentration of
Ni3+ species in the Al-containing nickel oxide electrochromic
materials, additional characterization techniques including UV-
vis-NIR transmittance spectroscopy and XAS were employed
and discussed below.
UV-vis-NIR transmittance spectroscopy is an informative

technique to study the bulk chemical properties of nickel oxide
and has the ability to differentiate between Ni2+ and Ni3+

species in nickel oxide films.25,39,40 Aluminum is known to act
as an electron donor and fill the hole states in NiOx; therefore,
a low absorption in NiAlOx is expected.

17 As shown in Figure 4,
the addition of Al in NiOx leads to a significant increase in
transmittance. The in situ lithiation of NiAlOx results in
decreased transmittance, since Li acts as a p-type dopant (i.e.,
increases Ni oxidation states) for nickel oxide material.41 Ozone
exposure also decreases the transmittance of the NiAlOx
electrochromic film, because of the increase in Ni3+

concentration.24 Therefore, both ozone exposure and in situ
lithiation increase the concentration of hole states (i.e., increase
in Ni3+ concentration) in NiAlOx films, but it should be noted
that the LiNiAlOx films exhibit a lower hole concentration than
the NiAlOx/ozone films. Our present study confirms previous
experimental and theoretical studies on the nature of the hole
states in nickel oxide, where holes are associated with (localized
on) the octahedral NiO6 unit.

26,27 Finally, it is noted that the
reflectance properties of the nickel oxide-based films are slightly
altered, depending on material composition (dashed curves in
Figure 4).
To probe the nickel oxidation states and hole doping in the

nickel oxide-based electrochromic films in more detail, XAS was
performed for Ni L-edge in both total electron yield (TEY)
(surface-sensitive) and fluorescence yield (FY) (bulk-sensitive)
modes to validate the analysis above. The Ni L-edge
corresponds to the dipole allowed transitions from Ni 2p to
Ni 3d states, including Ni 2p3/2 and Ni 2p1/2 spin-orbit final
states. It is noted that the Ni L-edge XAS spectra for the as-
deposited electrochromic films are consistent with previously
reported spectra (see Figure 5).26,42 The spectra clearly exhibit
the characteristic features for spin-orbit effects, Ni 2p−Ni 3d
electrostatic interactions, and crystal field effects. The features

Figure 5. Ni L-edge X-ray absorption spectra for the Al-containing
nickel oxide electrochromic films: (a) total electron yield (TEY) mode
and (b) fluorescence yield (FY) mode. The red, purple, blue, and
green spectra represent NiAlOx, air-exposed NiAlOx, LiNiAlOx, and
NiAlOx/ozone, respectively.
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in Figure 5 denoted by the arrows are sensitive to the formal Ni
oxidation state. Generally, an increase in the intensities of these
features indicates an increase in the hole concentration on the
NiO6 octahedral unit (i.e., increase in Ni3+ concentration).26,42

The Ni L-edge XAS results are in agreement with the
corresponding XPS and UV-vis-NIR spectroscopy results,
namely, that in situ lithiation and ozone exposure increase

the concentration of Ni3+ species in the Al-containing nickel
oxide materials. In addition, XAS indicates that ozone exposure
is more efficient at increasing the concentration of hole states in
NiAlOx, in agreement with the UV-vis-NIR spectroscopy data
(Figure 4). It is important to note that air exposure does not
affect the nickel oxidation states in NiAlOx (Figure 5). Finally,
the similarities in the Ni L-edge XAS performed in both TEY
(surface-sensitive) and FY (bulk-sensitive) modes for the
various Al-containing nickel oxide materials suggest that ozone
exposure is capable of modifying the hole concentration
throughout the entire electrochromic film. We attribute the

Figure 6. CV curves (100th cycle) for (a) NiOx, (b) NiAlOx, (c) LiNiAlOx, and (d) NiAlOx/ozone, where the arrows indicate the cathodic peaks.

Figure 7. Dependence of in situ transmittance on CV cycle number,
where B (the dashed curve) and C (the solid curve) represent
bleached and colored states, respectively; the difference between these
two transmittance values is interpreted as the optical modulation. The
in situ transmittance is taken at 670 nm.

Figure 8. Absorbance spectra for the electrochromic films after the
discharge process (i.e., Li+/e− intercalation).
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efficient diffusion of ozone throughout the film to the
morphology observed in Figure 2.
Cyclic voltammetry (CV) and in situ transmittance measure-

ments were used to investigate the redox and coloration/
bleaching properties of the nickel oxide films. Figure 6 shows
the CV curves (100th cycle) for the as-deposited electro-
chromic films. The addition of Al leads to significant decreases
in the cathodic and anodic peak currents (see Figure 6a vs
Figure 6b), indicating that the diffusion of Li+ is compromised
under the CV cycling conditions.43 In contrast, in situ lithiation
and ozone exposure increase the peak currents, resulting in
much higher charge/discharge capacities (see Figures 6c and
6d). The increase in peak current is beneficial for decreasing
operating potentials and reducing electrical energy consump-
tion and potentially imparting durability to the device.43 The
intercalation (cathodic) peak voltages for the LiNiAlOx and
NiAlOx/ozone electrochromic films are indeed shifted to lower
voltages, relative to the cathodic peak for the NiOx electro-
chromic film.
The in situ transmittance values for the bleached and dark

states are shown in Figure 7, as a function of cycle number. A
significant increase in transmittance for both bleached and dark
states is observed for all samples during the thin film activation
period (initial 25 cycles).18 The addition of Al into NiOx allows
the film to cycle at an elevated transmittance range; however,
the optical modulation of the resulting film is compromised.
This observation indicates that the addition of Al to nickel
oxide is suitable for lowering bleached-state absorption in nickel
oxide-based electrochromic materials functioning in lithium-ion
electrolytes. Nevertheless, the optical modulation of NiAlOx is
not practical for device operation. In situ lithiation increases
optical modulation but decreases the bleached-state trans-
parency in LiNiAlOx. It should be noted that a further increase
in lithium concentration leads to a further decrease in the
bleached-state transparency for the LiNiAlOx film (data not
shown). Conversely, the NiAlOx/ozone film exhibits the largest
optical modulation, in addition to a superior bleached-state
transparency. Based on our previous discussion, we suggest that
ozone exposure is superior to in situ lithiation, because of the
amorphization of the surface species on the nickel oxide
crystallites. Note that the stability of the optical modulation in
these electrochromic films has not been optimized but may be

improved through the addition of a surface barrier layer or
coating (e.g., Al2O3

44 and LiAlF4
45,46).

In order to investigate the full-spectrum bleached-state
transparency and the effectiveness of ozone exposure for
removing the residual absorption in the bleached state, the
electrochromic films were cycled with chronoamperometry
(CA) at 1.7 V vs Li+/Li for 5 min and analyzed by UV-vis-NIR
spectroscopy (Figure 8). Spectral absorptance, A(λ), was
calculated from eq 1:

λ λ λ= − −A T R( ) 100% ( ) ( ) (1)

where T(λ) and R(λ) are the transmittance and reflectance,
respectively. The strong absorbance below 350 nm is attributed
to the band-gap absorption of nickel oxide materials. A
significant decrease of A(λ) is observed with the addition of
Al, especially in the 400−550 nm wavelength region (high-
lighted in Figure 8). This observation is similar to a study by
Avendaño et al., where transition-metal additives also lowered
the bleached-state absorption in nickel oxide.17 The low
absorptance is maintained for the NiAlOx/ozone electro-
chromic film but increases for the LiNiAlOx electrochromic
film. The extent of hole removal in the NiO6 unit through
interaction with intercalated electrons and Li ions determines
the quality of the bleached-state transparency. Even though the
LiNiAlOx electrochromic film exhibits a lower hole concen-
tration than the NiAlOx/ozone electrochromic film in the as-
deposited state (Figures 4 and 5), the existing Li ions from in
situ lithiation inhibit the subsequent Li+ intercalation in
LiNiAlOx during the electrochemical discharge process,
resulting in an inferior bleached-state transparency.
Electrochromic switching kinetics is another important

parameter that is used to evaluate charge transfer and Li+

diffusion in electrochromic materials and must be considered
during device fabrication. Here, switching kinetics (bleaching
and coloration times) for the nickel oxide-based films was
measured using a CA cycling technique (Figure 9). Overall,
bleaching kinetics are faster than coloration kinetics for all of
the studied electrochromic films after 150 CA cycles.
Surprisingly, the addition of Al into NiOx accelerates the
bleaching kinetics of NiOx by a factor of ∼70 (see Figure 9a)
and the coloration kinetics increase by a factor of ∼4 (see
Figure 9b). The switching kinetics was compromised after in

Figure 9. Dependence of (a) bleaching kinetics and (b) coloration kinetics of electrochromic films on the number of potential step cycles. The black,
red, blue, and green data represent information regarding NiOx, NiAlOx, LiNiAlOx and NiAlOx/ozone electrochromic films, respectively.
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situ lithiation and ozone exposure were applied to NiAlOx.
Nevertheless, the post-processing ozone technique is more
effective for maintaining fast switching kinetics than the in situ
lithiation approach. We have clearly demonstrated that ozone
exposure is superior to in situ lithiation for optimizing the
extent and rate of hole removal in nickel oxide-based materials,
subsequently enhancing bleached-state transparency and
bleaching kinetics, respectively. Based on our material
characterization discussion, the superior performance is most
likely due to the amorphization of the nickel oxide crystallites
afforded by ozone exposure. The amorphization of transition-
metal-based electrochromic materials has been shown to
facilitate (improve) lithium diffusion.13,47

■ CONCLUSION

Nickel oxide-based electrochromic films were prepared via
magnetron sputtering. The performance of these electro-
chromic films was evaluated in a Li-ion electrolyte. Electron-
donating elements (e.g., Al) decrease bleached-state absorption
of nickel oxide electrochromic films but do not create/increase
reasonable optical modulation in Li-ion electrolyte. In situ
lithiation and ozone exposure increase the hole states in the
NiAlOx electrochromic film and enhance optical modulation.
Nickel oxide films containing Al exhibit superior electrochromic
properties after ozone exposure, relative to nickel oxide films
containing Al and Li (in situ lithiation). We infer that ozone
exposure creates hole states (i.e., Ni3+ species) mainly on the
surface of the nickel oxide crystallites (particles), thus
shortening the diffusion length of the intercalating electrons.
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