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Nickel oxide (NiO) is a well-known electrochromic (EC) material with anodic coloration. However, NiO degrades
significantly upon cycling with Li+/H+-conducting electrolytes. Doping with various additives is the most
effective method to enhance the cycling stability of NiO films. In this study, films of tantalum-doped nickel oxide,
denoted as Ni1-xTax oxide, were deposited onto indium tin oxide (ITO)-coated glass substrates by reactive DC
magnetron co-sputtering from Ni and Ta metal targets for use as counter electrodes in monolithic inorganic EC
devices (ECDs). The influence of the Ta content on the composition, structure, optical properties and EC prop
erties of NiO was investigated. It was found that the microstructure of the Ni1-xTax oxide films was closely related
to the EC performance and cycling stability. With moderate optical modulation, the cycling stability and optical
transmittance of the Ni1-xTax oxide film with x = 0.274 were increased. All-solid-state inorganic ECDs were
fabricated with the configuration ITO/WO3/Ta2O5/Ni1-xTax oxide/ITO/glass. The full ECDs showed different EC
behaviors compared to those of the Ni1-xTax oxide single layers, which was attributed to the different counter
electrode/ion conductor interfaces of the solid–solid and solid–liquid interfaces, respectively. The ECD fabricated
with the Ni1-xTax oxide film with x = 0.065 showed stable transmittance modulation up to 1000 cycles. We
propose a degradation mechanism for monolithic all-solid-state inorganic ECDs based on the observed degra
dation in the EC performance, which can pave the way for highly durable ECDs for various optoelectronic
devices.

1. Introduction
Electrochromic (EC) devices, i.e., devices that can reversibly change
their optical properties under an applied electric field, have attracted
increasing interest for various commercial applications, such as smart
windows for green buildings, optical shutters for transparent displays,
rear-view mirrors and sunroofs for automobiles [1–13]. Recently, pho
toelectrochromic windows are also an emerging technology that could
combine the photovoltaics and smart windows into one single device
[14–17]. EC devices (ECDs) are typically composed of layers consisting
of transparent conducting oxides (TCO), ion conductors (ICs, i.e., elec
trolytes), counter electrodes (CEs), respectively, in a TCO/E
C/IC/CE/TCO configuration [8–19]. Most ECDs are fabricated by
laminating TCO/EC and CE/TCO using a gel-type polymer IC [20].
However, inorganic ECDs monolithically grown on a single substrate

have many advantages compared to those fabricated by lamination,
including more continuous large-area in-line production, higher envi
ronmental durability and lighter weight over an area. These types of
monolithic inorganic ECDs have been commercialized by several com
panies, but their long-term stability still needs to be evaluated.
Nickel oxide (NiO) has been extensively studied as a promising
counter electrode material for complementary ECDs with a pair of
tungsten oxide (WO3) EC materials. The combination of the cathodic
coloration of WO3 and the anodic coloration of NiO maximizes the
transmittance modulation of the entire ECD. However, the low cycling
stability and poor bleached-stated transmittance of NiO with Li+/H+conducting electrolytes have hindered the commercialization of ECDs.
In particular, significant degradation occurs on the surface of the NiO
thin films during extended electrochemical cycling with the H+-con
ducting electrolyte, which results in the decay of the transmittance
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modulation span [21]. The cycling stability of NiO films has been
enhanced by doping with various additives, such as lithium, tungsten,
iridium, zinc, copper, (Li, W), (Li, Al) and (Li, Zr) [22–34]. The variation
in the charge density and the corresponding transmittance during the
extended electrochemical cycling of the doped NiO thin films have
mostly been evaluated in aqueous alkaline electrolytes, such as KOH and
NaOH. Few studies have been reported on the changes in EC properties
when doped NiO single layers are assembled into full inorganic ECDs. In
our previous study, by doping a small amount of tungsten into NiO, we
enhanced the cycling stability of both tungsten-doped NiO thin film and
ECD fabricated with the same CE material; however, a Li-based poly
meric IC was used for device fabrication [32]. Moon et al. recently re
ported high cyclic stability during 10,000 cycles operation using
Cu-doped NiO as a CE, however EC and CE materials of WO3 and
Cu-doped NiO were prepared by a solution process, and an Li+-doped
ion gel was used as an IC layer [33]. Diao et al. reported enhanced EC
properties for Mg and Li co-doped NiO (NiO:(Li, Mg)) films in the full
inorganic ECD of indium tin oxide (ITO)/NiO:(Li, Mg)/Ta2O5/
WO3/ITO. Nevertheless, the cycling stability and degradation mecha
nism of NiO:(Li, Mg) single layers and the full inorganic ECDs have not
been investigated [34]. Li et al. prepared Sn-doped NiO films and
all-solid-state ECDs by magnetron sputtering. These devices showed
large transmittance modulation, high coloration efficiency, fast
switching speed and excellent cycling durability [35]. Nevertheless,
studies on the use of CE materials to improve the EC properties and
cycling stability of monolithic inorganic ECDs are still lacking.
Doping of Ta into NiO has been reported to increase color neutrality,
bleached state transmittance and durability [36–38]. However, there
have been no studies on the changes in EC properties when Ta-doped
NiO is incorporated into ECDs. In this study, we investigate the
cycling stability and EC properties of ECD using films of tantalum-doped
NiO, denoted Ni1-xTax oxide as a counter electrode. We deposited the
Ni1-xTax oxide thin film on ITO-coated glass by reactive DC magnetron
co-sputtering from Ni and Ta metal targets and we investigated the ef
fects of Ta-doping and its optimum content on the crystal structure,
surface morphology and EC properties. Then, we fabricated monolithic
inorganic ECDs with ITO/WO3/Ta2O5/Ni1-xTax oxide/ITO/glass
configuration and evaluated their EC performances. Finally, we estab
lished a degradation mechanism for monolithic inorganic ECDs based on
the observed EC performance.

layer and ITO as the TCO layer were monolithically deposited on Ni1xTax oxide thin films layer by layer at RT. Before every deposition, presputtering using pure Ar atmosphere was performed for 10 min to
eliminate contamination from the targets. As a result, it gave repro
ducible results in terms of the film thickness, surface morphology and
uniformity. Table 1 lists the deposition parameters of each layer.
The elemental composition, crystal structures, surface and crosssectional microstructures of the Ni1-xTax oxide thin films were
analyzed by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Fisher Scientific), X-ray diffraction (XRD, Empyrean, PANalytical) with
a Cu-Kα source and scanning electron microscopy (SEM, Hitachi S-4800,
Hitachi High-Tech), respectively. The surface morphology of the Ni1xTax oxide thin films was also measured by atomic force microscopy
(AFM, NX-10, Park Systems Corp.) The cross-sectional morphology of
the monolithic inorganic ECDs was observed by focused ion beam (FIB)SEM (Quanta 3D DualBeam, FEI). Cyclic voltammetry (CV) measure
ments were taken to evaluate the electrochemical properties of the Ni1xTax oxide films using a potentiostat-galvanostat (PGSTAT 30, AUTO
LAB) at voltage between − 0.5 and 1.0 V at a scan rate of 50 mV/s. Pt foil
and Ag/AgCl were used as the counter electrode and reference electrode,
respectively, and a 0.1 M NaOH solution was used as the electrolyte.
During continuous CV cycling tests, the change in the optical trans
mittance of the Ni1-xTax oxide was simultaneously measured using an in
situ optical transmittance measurement system with a He/Ne laser (532
nm) and a power meter. The optical transmittance changes of the Ni1xTax oxide thin films in their colored and bleached states were measured
in the wavelength range of 300–800 nm using a UV–visible spectro
photometer (clay-60, Agilent). The performance of the monolithic
inorganic ECDs was evaluated during 1000 cycles of continuous po
tential cycling over the potential range of − 1.5–2.0 V for 60 s, and their
transmittance variations were measured using the kinetic mode of a
UV–visible spectrophotometer at a wavelength of 550 nm.
3. Results and discussion
Fig. 1 shows the XPS spectra of the Ni1-xTax oxide thin films depos
ited under different Ta target DC power outputs. As shown in the highresolution spectra of Ta 4f, the magnitudes of x were determined to be
0.065, 0.274 and 0.490 when the DC power outputs of Ta were 100, 300
and 500 W, respectively. Fig. 2 shows the XRD patterns of the Ni1-xTax
oxide thin films. All the films show characteristic peaks of the ITO
substrate. It can be observed that pure Ni oxide shows a crystalline phase
with a strong (111) diffraction peak of the face-centered cubic Ni oxide
(JCPDS No. 04–0835) at approximately 37.0◦ , which indicates the
preferred orientation of the film surface. In order to investigate the in
fluence of Ta doping on the structure, we obtained subtle XRD patterns
of near NiO (111) diffraction peaks. It can be clearly seen that the (111)
diffraction peaks of NiO gradually shifted to a high diffraction angle
with increasing Ta content, which originated from the decreased lattice
parameter of the samples due to the smaller ion radius of Ta5+ (0.64 Å)
compared to that of Ni2+ (0.69 Å). Although the Ta-doped Ni oxide films
maintained the crystal structure of Ni oxide, the (111) peak intensity
gradually decreased as the Ta content increased. Green et al., Avendaño
et al. and Li et al. reported the amorphization of Ni oxide upon doping
with Sn and W, which is associated with the weakening of the long-range
order in the Ni–O matrix [26,27,35]. The large difference between the

2. Materials and methods
Ni1-xTax oxide thin films were deposited on ITO-coated glass sub
strates (sheet resistance: 10 Ω/sq., 3 × 3 cm2) at room temperature (RT)
by reactive DC magnetron co-sputtering using 4-inch-diameter Ni and
Ta metal targets. After initial pump down to <1.5 × 10-7 Torr, sputter Ar
gas with 99.998% purity and reactive O2 gas with 99.998% purity were
introduced into the chamber by a mass flow controller to induce a
working pressure of 3.5 × 10-3 Torr. The DC output power of the Ni
target was fixed at 500 W, while the DC output power of the Ta target
was varied to 0, 100, 300 and 500 W to control the composition of the
Ni1-xTax oxide thin films. Pure Ni oxide thin films were deposited under
Ar (90 sccm) and O2 (10 sccm) atmosphere, while Ta-doped Ni oxide
films were deposited under Ar (80 sccm) and O2 (20 sccm) atmosphere.
To fabricate all inorganic ECDs, Ta2O5 as the IC layer, WO3 as the EC
Table 1
Deposition parameters of the ECDs.
Film

Target

Power source

Ar: O2 (sccm)

Power (W)

Thickness (nm)

Ni1-xTaxO

Ni/Ta

DC

Ta2O5
W
ITO

RF
DC
DC

Ni: 500
Ta: 100; 300; 500
500
500
500

300

Ta2O5
WO3
ITO

90 : 10 (pure NiO)
80 : 20 (Ta-doped NiO)
99 : 1
70 : 30
30 : 0.5

2

700
500
180
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Fig. 1. XPS spectra of Ni1-xTax oxide thin films co-sputtered with different DC power output of the Ta target.

Fig. 2. XRD patterns of Ni1-xTax oxide thin films and subtle patterns of the NiO (111) diffraction peaks.

stable valence states of Ni (2+)–Sn (4+) and Ni (2+)–W (6+) induces a
large perturbation of the lattice and consequently reduces the degree of
crystallinity of the host Ni oxide. The Ta-doped Ni oxide films might
have undergone amorphization for the same reason owing to the large
difference between the stable valence states of Ni (2+) and Ta (5+). The
microstructure of the Ta-doped Ni oxide films was also influenced by
changes in the crystal structure, as shown in Fig. 3. The high porosity
columnar structure of the pure Ni oxide film gradually becomes denser
as the Ta content increases owing to the decreased crystallinity. The
surface microstructures of the Ta-doped Ni oxide films were further
characterized by AFM measurements as shown in Fig. S1. The root mean
square (RMS) roughness calculated from an area of 3 × 3 μm2 in AFM
images were 12.733, 9.527, 4.344 and 4.262 nm for the Ni1-xTax oxide
thin films with x = 0, 0.065, 0.274 and 0.490, respectively. From the
AFM results, pure Ni oxide with a large surface area and high RMS
roughness gradually became smoother and denser with increasing Ta
content, which is consistent with the SEM results (Fig. 3).
The electrochemical properties of the Ni1-xTax oxide thin films with
different Ta contents were determined from the CV measurements. The
CV behavior was reproducible and showed little difference between

samples deposited separately under the same conditions. As shown in
Fig. 4(a), the initial CV curve of pure Ni oxide is broader than that of the
other Ta-doped films. However, a significant decrease in the charge
density exchange was observed during voltammetric cycling, and the CV
curve became flat after 120 CV cycles. With increasing Ta content, the
size of the initial CV curves gradually decreased, as shown in Fig. 4(b)(d). Fig. 5 shows the charge density (mC/cm2) value over 1000 cycles of
Ni1-xTax oxide thin films, which was numerically quantified from the
results of CV measurements in Fig. 4. Although the charge density
during extended electrochemical cycling decreased with increasing Ta
content, the decay of charge density exchange decreased significantly,
which was also confirmed by the small change in the CV curves shown in
Fig. 4.
The transmittance spectra in the colored and bleached states of the
Ni1-xTax oxide thin films with different Ta contents are shown in Fig. S2.
To assess the electrochromic properties of the Ni1-xTax oxide thin films,
the coloration efficiency (represented in cm2/C) was determined using
the change in the optical density (ΔOD), which is calculated as follows:

3
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Fig. 3. SEM images of Ni1-xTax oxide thin films deposited on Si wafer: x = (a) 0, (b) 0.065, (c) 0.274 and (d) 0.490.

Fig. 4. CV measurements of Ni1-xTax oxide thin films immersed in 0.1 M NaOH solution with x = (a) 0, (b) 0.065, (c) 0.274 and (d) 0.490.

ΔOD = log(

Tb (λ)
)
Tc (λ)

Coloration  Efficiency(λ) =

decreased due to the decreased charge density during extended elec
trochemical cycling, as mentioned before. Although initial optical
modulation of the pure Ni oxide was large, the film was fully delami
nated after 120 CV cycles. Whereas the ΔOD and coloration efficiency
values of the Ni1-xTax oxide thin film with x = 0.065 decreased after
1000 CV cycles, those of the Ni1-xTax oxide thin films with x = 0.274 and
0.490 were almost unchanged. The slight increase in ΔOD and colora
tion efficiency values of the Ni1-xTax oxide thin films with x = 0.274 and
0.490 might be due to the increased participation of the diffusing ions
with number of cycles [39].

(1)
ΔOD
Q

(2)

where Q is the charge inserted into or extracted from the Ni1-xTax oxide
layer per unit area and Tc and Tb represent the optical transmittances of
the colored and bleached states, respectively. The Tc, Tb, and calculated
ΔOD and coloration efficiency values are summarized in Table S1. With
increasing Ta content, the ΔOD and coloration efficiency values were
4
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Fig. 5. Inserted and extracted charge density over 1000 cycles of Ni1-xTax oxide thin films measured every 100 cycles with x = (a) 0, (b) 0.065, (c) 0.274 and
(d) 0.490.

Fig. 7 shows the in situ transmittance variation of the Ni1-xTax oxide
thin films at 532 nm during continuous 1000 CV cycling tests. Although
the initial optical transmittance of pure Ni oxide changed from 17.7% to
78.4% from colored to the bleached state, respectively, the optical
modulation was gradually decreased and finally the film was fully
delaminated after 120 CV cycles, as shown in the inset of Fig. 6(a),
which is consistent with the CV, charge density variation and trans
mittance data shown in Figs. 4(a), Fig. 5(a) and Fig. S1(a). The optical

modulation of the Ni1-xTax oxide thin film with x = 0.065 was slightly
reduced upon electrochemical cycling, but delamination occurred at the
edge of the film after 1000 CV cycles, as shown in the inset of Fig. 6(b).
As Ta contents further increased, the initial optical modulation was
reduced, but it became nearly flat with increasing cycle number. In
addition, no delamination was observed in the Ni1-xTax oxide thin films
with x = 0.274 and 0.490 even after 1000 CV cycles. In the case of the
Ni1-xTax oxide thin film with x = 0.274, it was confirmed that stable

Fig. 6. In situ transmittance modulation at 532 nm during 1000 CV cycles and optical images after 1000 cycles for Ni1-xTax oxide with x = (a) 0, (b) 0.065, (c) 0.274
and (d) 0.490.
5
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Fig. 7. Cross-sectional SEM images of monolithic inorganic ECDs fabricated using Ni1-xTax oxide counter electrodes with x = (a) 0, (b) 0.065, (c) 0.274 and (d) 0.490.

cycling performance was maintained up to 10,000 CV cycles despite a
slight decrease in the charge density, as shown in Fig. S3. The response
times during the coloring/bleaching processes of the Ni1-xTax oxide thin
film were quantitatively calculated by normalized transmittance of the
CV cycling, as shown in Fig. S4. The response times were calculated at
the level of a 90% of their full transmittance change. The response time
of pure Ni oxide was the fastest, which is related to the higher surface
area. The response times of the Ta-doped Ni oxide thin films decreased
slightly with increasing Ta content, which is due to the decrease in
transmittance modulation.
The significant degradation of the Ni oxide thin film in both Li-based
electrolyte and alkaline media has been considered to be associated with
either chemical reactions consuming the active ions or the trapping of
inserted ions at the surface or bulk sites [40]. In alkaline media, lattice
expansion and the corresponding evolution from compressive to tensile
stress occur during the transition from coloration to bleaching of the Ni
oxide film [41]. The electrochemical reactions of Ni oxide via the ex
change of H+ and OH- can be summarized by the following reaction
schemes [21,41–43]:
(3)

Ni(OH)2 ↔ NiOOH + H+ + e-

area, aqueous electrolytes tend to more easily penetrate deep into the
film, which can cause delamination between the Ni oxide film and the
substrate interface. In addition, ion trapping can easily occur in films
with columnar microstructures owing to the existence of deep micro
structural trap sites, and consequently result in the degradation of the EC
properties [32,44,45]. On the other hand, enhanced cycling stability and
reduced optical modulation of the Ni1-xTax oxide thin films were
observed with increasing Ta content. This is because the dense micro
structure induces an electrochemical reaction only on the surface of the
thin films in contact with the electrolyte, resulting in a decrease in the
charge density exchange. For the Ni1-xTax oxide thin film, x = 0.274 is
considered to be the optimal condition because it results in high cycling
stability and moderate optical modulation. The Ni1-xTax oxide thin film
with x = 0.490 showed low charge density exchange and optical mod
ulation owing to the large non-EC Ta content, making them unsuitable
for application in ECDs.
To gain more insight into the EC properties and cycling stability of
ECDs according to the various compositions of the CE materials, the Ni1xTax oxide thin films were integrated into monolithic inorganic ECDs.
Fig. 7 shows SEM cross-sectional view images of the monolithic inor
ganic ECDs fabricated with the configuration ITO/WO3/Ta2O5/Ni1-xTax
oxide/ITO/glass. All ECDs were FIB-milled to minimize mechanical
stress and obtain clear interfaces between the constituent layers. It can
be seen that all layers except the Ni1-xTax oxide thin film have a dense
microstructure without voids. The pure Ni oxide exhibits a more loosely
packed columnar structure with many voids and gradually becomes
denser with increasing Ta content, which is consistent with the SEM

-

Ni(OH)2 + OH ↔ NiOOH + H2O + e

(4)

The bleached and colored states are associated with Ni(OH)2 and
NiOOH, respectively, and lattice expansion by proton insertion from
NiOOH to Ni(OH)2 causes tensile stress [41]. Although the columnar
microstructure of the pure Ni oxide film is advantageous for ion diffu
sion and ion insertion/extraction kinetics owing to the large surface
6
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images of the Ni1-xTax oxide thin films shown in Fig. 3. The ECDs
fabricated with Ni1-xTax oxide thin films with x = 0.274 and 0.490 show
a smooth and clear interface without any microstructural defects, which
are shown in Fig. 7(c) and (d).
Fig. 8 shows the in situ transmittance modulation performance of the
ECDs fabricated using Ni1-xTax oxides as CE materials at 550 nm during
continuous pulse potential 1,000 cycling (− 1.5–2.0 V, 60 s). It can be
seen that the transmittance modulation behavior of the ECDs (Fig. 8)
was completely different from that of the Ni1-xTax oxide half-cell
(Fig. 6). The transmittance modulation of the ECD fabricated with
pure Ni oxide film was stable until ~700 cycles and then gradually
decreased, as shown in Fig. 8(a). It can be seen from Fig. 8(b) that the
ECD fabricated using the Ni1-xTax oxide film with x = 0.065 showed
relatively stable transmittance modulation (approximately 3.4%
reduction from 100 to 1,000 cycles). However, the ECDs fabricated
using the Ni1-xTax oxide films with x = 0.274 and 0.490 were not fully
bleached from the colored state over 1,000 potential cycles and showed
only small transmittance modulation (approximately 6.0% modulation).
Fig. 9 shows a schematic of the monolithic inorganic ECDs with Ni1xTax oxides as CE materials. While films of pure Ni oxide and Ni1-xTax
oxide with x = 0.065 were delaminated after CV cycles in an aqueous
electrolyte, the transmittance modulation of monolithic inorganic ECDs
using the same CE materials was not significantly reduced up to 1000
potential cycles. Although pure Ni oxide and Ni1-xTax oxide with x =
0.065 have a porous microstructure, it is difficult for H+ or OH- ions to
penetrate deeper into the film because Ta2O5 used as the IC layer has not
only very low ionic conductivity compared to aqueous electrolytes, but
also a highly dense microstructure [46]. Consequently, stable and
moderate transmittance modulation can be obtained in all-solid-state
ECDs with pure Ni oxide and Ni1-xTax oxide with x = 0.065 as CE ma
terials. The greater reduction in transmittance modulation of pure Ni
oxide compared to that of the Ni1-xTax oxide with x = 0.065 might be
related to proton trapping in the deep microstructural trap sites, as
shown in Fig. 9(a). Repeated pulse potential cycling causes protons to
migrate into the deep trap sites and then become trapped, reducing the
transmittance modulation. Because the microstructure of the Ni1-xTax
oxide with x = 0.065 is less porous than that of pure Ni oxide, it showed

relatively stable transmittance modulation, indicating that doping a
certain amount of Ta in the Ni oxide is beneficial for extending the
cycling stability with minimal charge exchange losses. The very low
optical modulation of ECDs fabricated using Ni1-xTax oxide films with x
= 0.274 and 0.490 might also be closely related to the microstructure of
the films. Owing to the dense microstructure of the IC and CE layers and
the low ionic conductivity of the IC layer, only a limited number of
protons can reach the Ni1-xTax oxide films with x = 0.274 and 0.490
from the WO3 layer, as shown in Fig. 9(c). The EC layer of the WO3 film
was not responsible for the reduced optical modulation because it
showed high-contrast and stable optical modulation in monolithic
inorganic ECDs in our previous study [9].
The EC properties of monolithic inorganic ECD based on optimized
Ni1-xTax oxide with x = 0.065 were further investigated. The ECD
transitioned from transparent (bleached state) to deep blue (colored
state) when constant voltage of − 1.5 V was applied, as shown in Fig. 10
(a). The transmittance spectra of the ECD at bleached and colored states
are shown in Fig. 10(b). The transmittance of the bleached and colored
states was 72.89% and 31.46%, respectively, resulting in optical mod
ulation of 41.43% at 550 nm. As shown in Fig. 10(c), the response times
during the coloring/bleaching processes were quantitatively calculated
by normalized transmittance of the transmittance changes of the pulse
potential cycling data in Fig. 8(b). The response times for coloring and
bleaching of the ECD were 38.61 and 8.31 s, respectively, which is
sufficiently fast considering the active area of ECD (6.0 × 5.5 cm2) and
low ionic conductive Ta2O5 IC layer. The video clip of ECD is shown in
Video S1. Fig. 10(d) shows coloration efficiency of the ECD in the 100th
cycle which is calculated to be 53.8 cm2/C, which is highly comparable
with previously reported values [35,47,48]. The charge density of WO3
calculated from our previous report was about 43 mC/cm2 [9], which is
slightly higher than that of Ni1-xTax oxide thin film with x = 0.065 (38
mC/cm2). Consequently, the charge capacity ratio between the EC and
CE is slightly higher than 1 (~1.13). Since charge balance is very
important in complementary ECD [27], it is necessary to precisely adjust
the charge capacity ratio to 1 by varying the thickness of Ni1-xTax oxide
thin film in our future research.
Supplementary data related to this article can be found at https

Fig. 8. In situ transmittance modulation at 550 nm over 1000 cycles of continuous potential cycling over the potential range of − 1.5–2.0 V for 60 s for the monolithic
inorganic ECDs fabricated using Ni1-xTax oxide counter electrodes with x = (a) 0, (b) 0.065, (c) 0.274 and (d) 0.490.
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Fig. 9. Schematic of the ECDs with Ni1-xTax oxide counter electrodes with x = (a) 0, (b) 0.065, (c) 0.274 and (d) 0.490.

Fig. 10. Electrochromic properties of the ECDs using Ni1-xTax oxide with x = 0.065 as a counter electrode. (a) Photographs, (b) transmittance spectra at the bleached
and colored states. (c) Normalized transmittance during the pulse potential cycling. (d) The variation of optical density relative to charge density measured at
550 nm.
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4. Conclusions
Ta-doped Ni oxides were prepared by reactive DC magnetron cosputtering from Ni and Ta metal targets, and the Ta content was
controlled from x = 0.065 to 0.490 by adjusting the relative output
power ratio of the targets. With an increase in the Ta content, poly
crystalline Ni oxide undergoes amorphization and the columnar
microstructure becomes denser. Upon extended electrochemical cycling,
the charge density of the oxides decreased with increasing Ta content;
however, the decay of charge density exchange also decreased signifi
cantly. For the Ni1-xTax oxides, x = 0.274 was considered the optimal
condition because it led in stable cycling stability and moderate optical
modulation. We investigated the effect of the structure, EC properties
and cycling stability of Ni1-xTax oxide half-cells on the overall perfor
mance monolithic inorganic ECDs with ITO/WO3/Ta2O5/Ni1-xTax
oxide/ITO/glass structure. Unlike the ECDs fabricated with Ni1-xTax
oxide half-cells, those fabricated using Ni1-xTax oxide with x = 0.065
showed optimal conditions with stable and moderate optical modula
tion, indicating that doping a certain amount of Ta in the Ni oxide is
advantageous for extending the cycling stability with minimal charge
exchange losses. The ECDs fabricated using Ni1-xTax oxide films with x
= 0.274 and 0.490 showed very low optical modulation, because only a
limited number of protons could reach the CE layers owing to the dense
microstructure of the IC and CE layers and the low ionic conductivity of
the IC layer. These results suggest that Ni1-xTax oxide with x = 0.065 is a
promising CE material for highly reliable ECDs.
CRediT authorship contribution statement
Sun Hee Lee: Conceptualization, Investigation, Formal analysis,
Data curation, Writing – original draft, Writing – review & editing. Sang
Jin Lee: Conceptualization, Investigation, Formal analysis. Ryounghee
Kim: Investigation, Data curation, Writing – original draft, Validation.
Hyung-Won Kang: Technical assistance, Formal analysis. Intae Seo:
Investigation, Methodology. Bong Hoon Kim: Technical assistance,
Formal analysis. Seung Ho Han: Conceptualization, Supervision,
Writing – original draft, Writing – review & editing, Funding acquisition,
Project administration.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements
This work was supported by the Korea Institute for Advancement of
Technology (KIAT) grant funded by the Ministry of Trade, Industry and
Energy (MOTIE), Republic of Korea (P0017684) and by Creative Mate
rials Discovery Program through the National Research Foundation of
Korea (NRF) funded by Ministry of Science and ICT (NRF2018M3D1A1058972).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.solmat.2021.111435.
References
[1] C.G. Granqvist, Electrochromics for smart windows: oxide-based thin films and
devices, Thin Solid Films 564 (2014) 1–38, https://doi.org/10.1016/j.
tsf.2014.02.002.

9

S.H. Lee et al.

Solar Energy Materials and Solar Cells 234 (2022) 111435

[26] S.V. Green, C.G. Granqvist, G.A. Niklasson, Structure and optical properties of
electrochromic tungsten-containing nickel oxide films, Sol. Energy Mater. Sol. Cells
126 (2014) 248–259, https://doi.org/10.1016/j.solmat.2013.04.001.
[27] E. Avendaño, A. Azens, G.A. Niklasson, C.G. Granqvist, Electrochromism in nickel
oxide films containing Mg, Al, Si, V, Zr, Nb, Ag, or Ta, Sol. Energy Mater. Sol. Cells
84 (2004) 337–350, https://doi.org/10.1016/j.solmat.2003.11.032.
[28] F. Lin, M. Montano, C.X. Tian, Y.Z. Ji, D. Nordlund, T.C. Weng, R.G. Moore, D.
T. Gillaspie, K.M. Jones, A.C. Dillon, R.M. Richards, C. Engtrakul, Electrochromic
performance of nanocomposite nickel oxide counter electrodes containing lithium
and zirconium, Sol. Energy Mater. Sol. Cells 126 (2014) 206–212, https://doi.org/
10.1016/j.solmat.2013.11.023.
[29] J.L. Zhou, G. Luo, Y.X. Wei, J.M. Zheng, C.Y. Xu, Enhanced electrochromic
performances and cycle stability of NiO-based thin films via Li-Ti co-doping
prepared by sol-gel method, Electrochim. Acta 186 (2015) 182–191, https://doi.
org/10.1016/j.electacta.2015.10.154.
[30] F. Lin, D. Nordlund, T.C. Weng, R.G. Moore, D.T. Gillaspie, A.C. Dillon, R.
M. Richards, C. Engtrakul, Hole doping in Al-Containing nickel oxide materials to
improve electrochromic performance, ACS Appl. Mater. Interfaces 5 (2013)
301–309, https://doi.org/10.1021/am302097b.
[31] C. Wang, G. Dong, Y. Zhao, Y. He, Y. Ding, X. Du, X. Zhong, M. Wang, X. Diao,
Enhanced electrochromic performance on anodic nickel oxide inorganic device via
lithium and aluminum co-doping, J. Alloys Compd. 821 (2020) 153365, https://
doi.org/10.1016/j.jallcom.2019.153365.
[32] S.J. Lee, T.-G. Lee, S. Nahm, D.H. Kim, D.J. Yang, S.H. Han, Investigation of allsolid-state electrochromic devices with durability enhanced tungsten-doped nickel
oxide as a counter electrode, J. Alloys Compd. 815 (2020) 152399, https://doi.
org/10.1016/j.jallcom.2019.152399.
[33] S.Y. Kim, T.Y. Yun, K.S. Yu, H.C. Moon, Reliable, high-performance electrochromic
supercapacitors based on metal-doped nickel oxide, ACS Appl. Mater. Interfaces 12
(2020) 51978–51986, https://doi.org/10.1021/acsami.0c15424.
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