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Abstract

Co-doped NiO electrochromic nanoflake array films grown on FTO with
antireflection ability have been synthesized by low temperature chemical bath
deposition. Co doping has an influence on the growth and electrochromic properties
of NiO nanoflake arrays. Noticeably, all the films show a very high transmittance at
the bleached state in the region of visible light. Compared to the undoped NiO, the 1%
Co-doped NiO nanoflake array film exhibits an outstanding electrochromism,
including large transmittance modulation (88.3%), high coloration efficiency (47.7
cm® C"), fast switching speed (3.4 s and 5.4 s), excellent reversibility and cycling
durability at a wavelength of 550 nm. The enhanced electrochromic performances can
be attributed to the synergetic effect contribution from low crystallization, oblique
nanoflake array configuration and improved p-type conductivity by appropriate Co

doping.
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1. Introduction

Electrochromism is a process by which the color of a material is changed reversibly
and persistently through an electrochemical reaction. ' Since the discovery of
electrochromism, there have been intense research interests on electrochromic
materials (ECs) due to their low power consumption, high coloration efficiency (CE),
and stable memory effect under open circuit condition. Currently, they have been
widely applied in various fields, such as energy-efficient glazing, large area displays,
automobile sunroofs, military camouflage windows, smart mirrors, and so forth.'™.
Therefore, by function-oriented selection of practical application, the ECs with
long-term cyclic stability, high coloration efficiency, large optical modulation and
short switching time under a very low dc voltage are highly expected.

Several kinds of materials such as transition-metal oxides, mixed valence
materials, conjugated polymers, and organic molecules have been reported to exhibit
electrochromic properties.*” Among the transition-metal oxides, NiO is an attractive
anodic EC due to its high electrochromic efficiency, large dynamic range and low

10713 However, difficulties have been encountered in the commercial

material cost.
exploitation of NiO electrochromic film due to its slow switching speed, low color
contrast and poor cycling durability. Recently, it was found that doping of other
elements ( Li, B, Cu, Al, Ni, Cs, W, etc.) to NiO films could enhance their optical

314724 Both NiO and CoO have a cubic structure with lattice

properties and cyclability.
parameters 4.17 A and 4.26 A, and the low lattice mismatch (2.1%) between them is

conducive to substitutional doping. Meanwhile, the similar ion radii of Ni and Co
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would make it possible to dope NiO by Co without causing much lattice strain. Based
on these considerations, Co has been considered a promising doping element for the
NiO-based electrochromic film.

Up to now, numerous methods have been developed to fabricate NiO

6 27,28

electrochromic ~ films including sputtering,”?® electrodeposition, sol—gel

29,30 31,32 33,34

processing, chemical vapor deposition, pulsed laser deposition spray

pyrolysis, 35.36 hydrothermal method,'*"* and chemical bath deposition (CBD) 339
etc. Among these methods, CBD is an advantageous technique due to its low cost, low
temperature required and convenience for large-area deposition. Herein, we report a
one-step method for producing Co-doped electrochromic NiO thin film on
FTO-coated glass by CBD. The effects of Co doping on the microstructure and
electrochromic performance of NiO films were investigated. It was found that the
switching speed and cycling durability were significantly enhanced with appropriate

Co doping in NiO. To the best of our knowledge, it is the first time to report Co-doped

NiO nanoflake array film fabricated by CBD toward electrochromism.

2. Experimental

2.1 Chemical materials

All solvents and chemicals were of analytical grade and used without further
purification. FTO-coated glass was purchased from Zhuhai Kaivo Electronic
Components Co., Ltd. Nickel sulfate, cobalt sulfate, potassium persulfate and aqueous

ammonia (25-28%) were obtained from Sinopharm Chemical Reagent Co., Ltd.
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(China). All aqueous solutions were freshly prepared with de-ionized water.

2.2 Preparation of Co-doped NiO film
The synthetic routes of CBD for the Co-doped NiO nanoflake array films have been
described detailedly in our previous reports. °*° Firstly, fluorine-doped tin oxide
(FTO)-coated glass (4x2 cm’ in size) was washed with acetone, ethanol and finally
deionized water in an ultrasonic bath for 30 min. The back side of FTO was masked
with polyimide tape to prevent the deposition on the nonconductive side. Solution for
CBD was obtained by mixing 0.12 mol NiSO,4 and CoSOy (the atomic percentage of
Co is 0.3%, 0.5%, 1% and 3%), 0.0225 mol potassium persulfate, 30 ml of aqueous
ammonia (25-28%) and 270 ml de-ionized water in a 500 ml pyrex at 30 °C. The FTO
substrates, placed vertically in the freshly resulting solution, were kept at 30 °C for 6
min to deposit the precursor films. For comparison, pure NiO film was also prepared
with the same processes without the addition of CoSO4. After removing the tape
masks, the precursor films were rinsed with distilled water and then annealed in a tube
furnace at 350 °C for 2 h in flowing argon after drying. However, it should be noted
that the so-called doping amounts are nominal compositions of cobalt, based on the
atomic percentage of Co with respect to Ni in the initial reagents. The as-prepared
films were denoted as NiO (for undoped NiO), NiO-Co 0.3, NiO-Co 0.5, NiO-Co 1,
NiO-Co 3, respectively.

The microstructure and surface morphology of the as-prepared films were
analyzed using X-ray diffraction (XRD, RIGAKU D/MAX 2550/PC with Cu

Karadiation), X-ray photoelectron spectroscopy (XPS, AXIS UTLTRADLD equipped

5
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with a dual Mg Ka-Al Kaanode for photoexcitation), field emission scanning electron
microscopy (FESEM, Hitachi SU-70),high-resolution transmission electron
microscopy (HRTEM, Tecnai F20) and inductively coupled plasma mass

spectrometry (ICP-MS, Xeries II).

2.3 Electrochemical measurements

Cyclic voltammetry (CV) and chronoamperometry (CA) measurements were carried
out on a CHI660 Eelectrochemical workstation in a three-electrode electrochemical
cell, with 1 MKOH as the electrolyte, platinum foil as the counter electrode and
Hg/HgO as the reference electrode. The CV tests of the NiO films were performed at
a scan rate of 20 mV s ' between —0.2 and 0.8 V at room temperature (20 £ 1 °C).
Electrochemical impedance spectrum (EIS) tests were conducted on this
electrochemical workstation with a superimposed 5 mV sinusoidal voltage in the
frequency range of 0.01 Hz—100 kHz. The transmittance spectra of the films in the
fully colored and fully bleached states were measured over the wavelength range from
300 to 1000 nm with a SHIMADZU UV-3600 spectrophotometer. The refractive
index measurement from 357 to 800 nm was carried out by a GESS5E spectroscopic
ellipsometer with Cauchy and Drude models. Raman spectra were recorded on
LABRAM HR-800 at an excitation wavelength of 514 nm, and the FTIR spectra were

conducted by Nicolet 5700.

3. Results and discussion

3.1. Structure and Morphology

Page 6 of 40
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The XRD patterns of the powders scratched from the as-prepared films on FTO
substrate are presented in Fig. 1. The diffraction peaks in all the patterns are
corresponding to a cubic NiO phase (JCPDS No. 73-1523). There are no extra peaks
detectable for cobalt oxides or other impurities, implying that Co doping does not
change the original NiO structure. The patterns show no detectable peak shift, which
indicates a substitutional doping. Nevertheless, the diffraction peaks of the Co-doped
NiO films broaden as the doping content increases, indicating that the grain size of
Co-doped NiO is smaller, or lower crystallinity of them. The metal stoichiometries of
the doped films are shown in Table 1. There are some differences in metal
stoichiometry between the precursor solutions and as-prepared films. When the
content of cobalt is low in the precursor solution, the NiO lattices would tend to
accept the addition of cobalt from the solution. Hence, the content of cobalt in the
films is a little higher than the precursor solution. With the increase of cobalt in
solution, the cobalt capacity of NiO lattices might have reached saturation below 3%.
Therefore, the cobalt of NiO-Co3 is less than 3%.

In order to study the surface compositions and chemical states of the NiO films,
we conducted XPS analysis in the present work. The full survey spectrum of NiO-Col
film is shown in Fig. 2a. The Co 2p characteristic peaks of CoO are detected in the
inset of Fig. 2a, indicating the existence of CoO in the Co-doped NiO films. > *-#!
The 3/2 spin-orbit components of Ni 2p ionization region for the NiO and NiO-Col
films are shown in Fig. 2b. The Ni 2ps), signals can be deconvoluted into three peaks,

peak A, B and C corresponding to Ni*", Ni*" and satellite structure, respectively. The
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Ni*" mainly derives from high valence nickel oxides such as Ni,O3-H,0, p-NiO(OH),
or 4Ni(OH),'NiOOH-xH;0 due to the effect of persulfate. 2 The positions of these
peaks are almost the same for NiO and NiO-Col films, however, the intensity ratio of
peak A/peak B decreases obviously after Co doping. According to the previous
work,” pure NiO flim is a n-type semiconductor because of the presence of Ni*".
After Co doping, Co®" partially substitutes Ni*", leading to the increase of holes
concentration. Then the enhanced p-type conductivity was obtained.* It is very
useful to reduce the charge transfer resistance during the electrochromic process. The
Ols spectra of NiO and NiO-Colfilms are displayed in Fig. 2c. The Ols peaks of
both the films mainly include two components, peak D and peak E corresponding to
NiO and Ni-OH bands, respectively. The positions of the peaks in NiO-Col film are
close to those of NiO, with a little shift due to the oxygen vacancy on the surface.
Furthermore, there is one more Ols peak located at 529.6 eV in the spectrum of
NiO-Col film, well corresponding to that observed for CoO. * Meanwhile, the
intensity ratio of peak E / peak D decreases because of Ni** partially replaced by Co*',
which is in accordance with the analysis of Ni 2ps3,; spectra. With the enhanced p-type
conductivity, it is plausible that the Co-doped NiO nanoflake array films should have
excellent electrochromic performance.

The surface and cross-sectional SEM images of the NiO films with and without
Co doping are illustrated in Fig. 3. Except for NiO-Co3, all the films are uniform in
appearance, exhibiting a porous and neck-connected structure (Fig. 3a-¢). These films

are made up of NiO nanoflakes with the similar thicknesses of 7-9 nm (Fig. 3b).
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However, with the increase of Co doping, the thickness of the film become thin and
the pore diameter among the nanoflakes decreases (Fig. 3c-f, inset). Interestingly, it is
found that it cannot form a uniform nanoflake array when the amount of doped Co
reaches 3 % (Fig. 3f). Obviously, the addition of CoSOj4 in the CBD solution exerts an
effect on the growth of NiO film. This phenomenon can be explained that CoSO4
inhibits the transition from B-Ni(OH), to y-NiOOH,* while y-NiOOH with a higher

° In addition, the

valence stateis conducive to the growth of NiO film.’
electrochemically accessible surface area of NiO film with appropriate amount Co
doping should be greater than that of undoped NiO film because of the existence of
small pores. The high specific area coupled with nanoporosity will make it easy for
electrolyte penetration, which is helpful for the improvement in electrochromic
performances.

The HRTEM images shown in Fig. 4 reveal distinct differences of detailed
microstructure between the undoped and Co-doped NiO films. The NiO film exhibits
a porous and well-crystalline interconnected-like architecture (Fig. 4a), with a lattice
spacing of about 0.210 nm corresponding to the (200) plane of NiO (Fig. 4b). With
the increase of Co-doped amount, the wrinkles (nanoflakes) become denser and
vaguer until approximate disappearing (Fig. 4c and e). At the same time, the lattice
spacing corresponding to the (200) plane enlarges (Fig. 4d and f). It can be attributed
to the fact that the Ni ions are replaced by Co ions with large radius, and the

consequent stretcher strain among the lattice results in an increase of the lattice

parameters.
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3.2. Electrochemical and Electrochromic Performances

To compare the electrochemical and electrochromic performances accurately, we
deliberately adjust the deposition time to obtain a similar thickness (about 250 nm) of
the NiO films. The electrochromic performances of the NiO films are evaluated using
CV measurements. Fig. 5 compares the CV curves of undoped and Co-doped NiO
films carried out in 1 M KOH solution with the potential region of —0.2— 0.8 V at a
scan rate of 20 mV s~ for the 10th cycle. Only one pair of redox peaks is observed for
all the films. The anodic/cathodic peaks are assigned to the conversion between NiO
and NiOOH due to OH insertion/desertion. As the OH ions inserting and deserting,
the films are colored and bleached reversibly because of the transformation between
Ni*" and Ni**. The involved reactions can be simply illustrated as NiO + OH «
NiOOH + e . In order to support that electronic change results in the coloration, the
XRD and XPS of the NiO and NiO-Col films in the colored state (0.8 V) were
conducted. The XRD patterns are shown in the Fig. 7a. The characteristic peaks
corresponding to NiOOH (JCPDS 06-00075) can be observed, as well as NiO. The
XRD patterns confirm that most NiO changes into NiOOH in the coloration for both
the films, which is consistent with the proposed reaction in CV analysis. No obvious
difference can be observed between the two films. For the Ni 2ps;, XPS spectra (Fig.
6a), the intensity ratio of peak B / peak C for both the films increases obviously after
coloration, which support the transformation from NiO to NiOOH. What’s more, the
intensity ratio of NiO-Col film increases more obviously, indicating more NiOOH
formation. The same result can be observed from the O 1s spectra, shown in Fig. 6b,

10
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indicating that the proposed reaction mechanism is reasonable. What is noteworthy,
with the increase of Co doping amount, the potential separation between the oxidation
and reduction peaks becomes much narrow, revealing weak polarization and good
reversibility. Meanwhile, the high peak currents and large integral areas of the
Co-doped NiO films are observed. It indicates that Co doping affects the ionic and
electronic conductivity of the active material, leading to a high electrode utilization
and improvement of reaction kinetics.*® Nevertheless, the cathodic and anodic peaks
become low when the Co doping amount increases to 3%. As shown in Fig. 2f,
NiO-Co3 exhibits small pores. It is well known that the large specific surface area can
shorten the path of ionic diffusion, however, the undersized pores may make it
difficult for the electrolyte to infiltrate. On the other hand, when the amount of doped
Co is excessive, part of the Co dopant could not enter the lattice structure of NiO but
constituted an impurity, which might hinder the ionic transfer and diffusion in
return.”” No obvious electrochemical current peaks corresponding to Co can be
observed in the potential range, indicating that the amount of cobalt is too small to be
detected or it has not participated in reaction. The above findings imply that the
optimum Co doping in NiO film for the OH insertion reaction is 1 %.

In order to further verify the formation of NiOOH, the Raman and FTIR spectra of
NiO-Col in both bleached and colored states were conducted. Fig. 7a shows the
Raman spectra of the NiO-Col film. For the bleached film, a broad band centered at
550 cm ' can be observed, which is attributable to NiO.”*® Then the film is cycled by
applying a step voltage of 0.8 V to reach the colored state. The characteristic spectrum

11
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of NiOOH is obtained, exhibiting a Raman profile with a couple of strong bands at
473 and 555 cm ' attributed to stretching vibrational modes involving [Ni**=0] and
[Ni**-0] sites, respectively. ® The FTIR spectra of powders of the NiO-Col film
from FTO substrate are shown in Fig. 7b. A decrease in NiO after coloration can be
observed from the decrease in Ni—O stretching vibrational mode at 465 cm ™' and the
transversal optical vibration mode of the Ni(OH), at 436 cm '. That can be seen
together with the increase of NiOOH due to the v (N o)l bending vibration mode at
about 600 cm '. *° From the above experimental results, we can come to the
conclusion that the film was colored with the formation of NiOOH.

The optical transmittance measurements are conducive to analysis the stability,
reversibility and switching response of the NiO films. The transmittance spectra in the
colored and bleached states from 300 nm to 1000 nm are presented in Fig. 8a, which
are measured after the film electrodes subjected to CV test for 10 cycles in 1 M KOH
solution. As seen in this figure, Co doping leads to a significant decrease in
transmittance of NiO film at the colored state, whereas the transmittance at bleached
state decreases by a large margin when the amount of Co doping reaches 3%. It can be
ascribed to the increase of Ni oxidation states resulting from Co acting as a p-type
dopant.”’ On the other hand, based on the reversible reaction NiO + OH < NiOOH +
¢ and Le Chatelier's principle, the reaction tends to form NiOOH when partly Ni*™ is
replaced by the doped Co?". The phenomenon is in accordance with the report by
Purushothaman et al.** The modulation ranges of transmittance for the undoped and
Co-doped NiO films at 550 nm are given in Table 1. Herein, the transmittance

12
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variation of NiO film exhibits about 71.5 % at 550 nm, while NiO-Co00.5 and
NiO-Col reaches about 89.3% and 88.3% respectively, which is larger than most of
NiO electrochromic films in previously reportedworks.'*®*7* Interestingly, it is
surprised to find that the transmittances of certain spectral regions at bleached state
exceed 100 %. No report has described this phenomenon about NiO film in visible
light region. However, many similar phenomena were reported for other transitional
metal oxide films, such as TiO, and Ta205.55_57 The increased optical transparency
can be attributed to the antireflection. In order to prove the ability of antireflection for
the as-prepared films, the refractive index measurement of NiO-Col film was carried
out as an example. According to the relationship n= (nons)l/ 2 (ns np and ny are the
refractive indices of the antireflection layer, air and the substrate, respectively), and

the refractive index of FTO grass is closer to 1.5— 2.0, 58,59

the value of ny should be
1.2—1.4 on FTO. As shown in Fig. 8b, the refractive index of NiO-Col film is 1.39 at
a wavelength of 550 nm. The above fact can well prove the increased optical
transparency resulting from the antireflection ability, which may be induced by the
NiO nanoflakes. The obliquely standing and porous structures are the key to
effectively reduce the refractive index.”™®" The photographs of NiO-Col film at
bleached and colored states are shown in Fig. 9a and 9b. Meanwhile, bare FTO
substrate is slightly white due to scattering of visible light by rough surface (Fig. 9c,
the top of the grass), but the FTO substrate covered with NiO film shows high
transparency.

With such promising results, we further investigate the switching times of the

13
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films by CA and the corresponding transmittance in situ at 550 nm, as shown in Fig.
10a and b. The switching time is defined as the duration to reach 90% of its full
modulation. The coloration and bleaching times of all the films are listed in Table 1.
NiO-Col film reveals the fastest coloration and bleaching times for 5.4 s and 3.4 s
respectively, while the NiO film needs 8.8 s and 4.4 s. Moreover, the switching times
of NiO-Col film are faster than those NiO films prepared by chemical precipitation
(5.8 s and 4.4 s),? electrodeposition (6 s and 10 s),>* radio frequency magnetron
sputtering (18.7 s and 14.5 s), *° and spray pyrolysis (15 s and 20 s). ** The fast
switching speed of NiO-Col film is attributed to the synergetic effect contribution

from the low crystallization, nanoflake array configuration, and enhanced electronic

conductivity after Co doping, which is coincident with the result of CV measurements.

Hence, it can be concluded that appropriate Co doping can enhance the switching
speed of NiO electrochromic film prepared by CBD.
CE is a useful figure of merit for the comparison of various electrochromic

materials, which is evaluated through the following equations:

CE(/’L)=% (1)
0
T,
AOD(A)= log?b (2)
0=|["jwa 3

where AOD is the chance in optical density at a wavelength, depending on the
transmittances in the bleached (7») and colored (7,) states; Q is the inserted(or

extracted) charge during the coloring period. An ideal EC should maximize its CE,

14
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corresponding to a large modulation range of transmittance induced by a small
amount of charge.63 The calculated values of CE for the NiO films are listed in Table
1. NiO-Col film exhibits an optimum CE value, as high as 47.69 cm® C'. The
enhanced CE value is a direct consequence of Co doping, which combines a high
specific surface area providing good ion access and a large modulation range of
transmittance with a high electric conductivity.

In order to further prove that the NiO film with appropriate Co doping has an
enhanced electric conductivity, the EIS and sheet resistance are measured on NiO and
NiO-Col films. Fig. 11 shows the EIS plots after the film electrodes had been
subjected to CV test for 10 cycles. The Nyquist plots of both films are constituted by a
single depressed semicircle in the high frequency region and an inclined line at low
frequency region. Generally, the semicircle reflects the electrochemical reaction
impedance of the film electrode and the line reflects the diffusion of the electroactive
species. The elements in the equivalent circuit (see inset in Fig. 11) include ohmic
resistance (R;), which is a combinational resistance of electrolyte resistance, intrinsic
resistance of substrate, and contact resistance at the active material/current collector
interface, 64 charge-transfer resistance (R.) caused by the Faradaic reaction, the
capacitance of the double layer (Q.), and Warburg impedance (). These parameters
are calculated through the plots with ZView software and listed in Table 2. The value
of Q. of the NiO-Col film is lower than that of the NiO film. It can be inferred that
the NiO-Col film has larger reaction surface. Meanwhile, the semicircle for the
NiO-Col film in the high frequency range is smaller than that of the NiO film. A

15
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smaller semicircle means a smaller charge-transfer resistance and the calculated R
for the NiO-Col and NiO films are 9.75 and 12.03 Q, respectively. Additionally, the
low-frequency tail represents Warburg impedance related to ion diffusion between
electrolyte and electrode, and the higher slope of inclined line in the high frequency
range means the lower diffusion rate.”® Compared to the NiO film, the lower slope of
inclined line for the NiO-Col film signifies a higher ion-diffusion rate. What” more,
the NiO-Col film has a smaller sheet resistance (Rg) than the NiO film, as shown in
Table 2. The above results amply demonstrate that the appropriate Co doping can
enhance electric conductivity of NiO film.

As we know, the electrochromic NiO film prepared by CBD has a poor cycling
durability, whereas, the cycling stability can be a concern for the practical application
of ECs. Herein, an evaluation of the cycling durability for the NiO and NiO-Col film
electrodes was performed with a 3000-cycle test (Fig. 12a). Noticeably, the improved
cycling durability at 550 nm and enhanced color contrast of NiO-Col film can be
observed comparing with NiO film. After subjected for 900 cycles, the modulation
ranges of transmittance decayed for about 35.4% and 94.4% for NiO-Col and NiO
films, respectively. Furthermore, even subjected to 3000 cycles, the transmittance
modulation of NiO-Col film decayed only for 54.0%. The SEM images of the NiO
and NiO-Col films after 1000 cycles are illustrated in Fig. 12b and 12c. The
nanoflakes become very thin and a large number of active material fell off the NiO
film electrode. However, there is nearly no change with the NiO-Col film after 1000
cycles except for the nanoflakes being a little thinner, which also proves the excellent

16
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cycling durability. The cycling durability of NiO-Col film is more excellent than
those NiO films reported by Cai et al (sustaining 40% after 600 cycles),’ Xia et al
(sustaining 40% after 300 cycles), >’ and Purushothaman er al (remaining 42% at
1210th cycle).®” The degradation mechanism of NiO film for electrochromism in
alkaline medium is associated with structure disintegration, which mainly caused by
volumetric change during the continuous conversion of NiO < NiOOH, and oxygen
bubbles striking generated from the accompanying oxygen evolution reaction (OER)

for NiO film electrode in alkaline aqueous solution.’® ¢

The enhanced cycling
durability of the NiO film with appropriate Co doped can be possibly attributed to the
following reasons. First, during the electrochromic reaction, the doped cobalt ions in
the NiO lattice could play the role of the buffer for volumetric change. Second, the
unique nanoflake array architecture can reduce internal strain and accommodate the

67, 68
vast volume changes.””

Last, the improved electronic conductivity of Co doping
NiO film can maximize the effective electrochemical utilization of the active
materials and ensure a reversible OH insertion/extraction process even at high

current rates.” The interaction of all these factors leads to slow degradation and better

cycling stability.

4. Conclusions

Co-doped NiO nanoflake array electrochromic films with antireflection ability grown
on FTO have been synthesized by CBD method. Co doping significantly affects the
growth of NiO film during CBD process. Compared to the undoped NiO film, the

advisable Co-doped (1%) NiO film exhibits excellent electrochromic performances,
17
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such as large transmittance modulation, fast switching speed, high coloration
efficiency and good cycling durability. These enhanced electrochromic performances
can be attributed to the synergetic effect contribution from low crystallization, oblique
nanoflake array configuration and improved electronic conductivity by appropriate
doping of Co. In view of the noticeable fast switching speed, enhanced reversibility
and cycling durability, it is appreciable that Co doping can promote the

commercialization of NiO based electrochromic film.
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Table caption

Table 1 Electrochromic performances and metal stoichiometries of NiO films with
different Co dopant.
Table 2 EIS parameters and sheet resistances of NiO and NiO-Col film electrodes in

bleached state at 10th cycle.
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Table 1

Co/(Co+Ni)  Modulation range of transmittance ~ Switching speed (s)  Coloration efficiency

Film

(at.%)-ICP (%) at 500 nm f e (em® C™)

NiO - 71.48 4.4 8.8 27.47
NiO-Co00.3 0.397 73.36 4.2 7.6 35.36
NiO-Co0.5 0.627 89.27 4.0 5.6 39.89

NiO-Col 1.167 88.31 34 5.4 47.69
NiO-Co3 1.528 88.03 4.8 7.6 39.84
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Table2

Film R(Q)  Ra(Q) Qc (uF) Ry (Q) Ry (Q/5q)
NiO 3.01 12.03 0.19 15.23 10.41
NiO-Col 2.50 9.75 0.24 11.03 8.46
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1

10

11

XRD patterns of undoped and Co-doped NiO nanoflakes.

(a) XPS wide spectrum of NiO-Col film, the inset is Co 2p spectrum; (b) Ni
2p3» XPS spectra and (c) O 1s XPS spectra of NiO and NiO-Col films.

SEM images of the films: (a, b) NiO, (¢) NiO-Co0.3, (d) NiO-Co0.5, (e)
NiO-Col and (f) NiO-Co3 (cross sectional view presented in inset)

TEM images of (a, b) NiO, (c, d) NiO-Col, and (e, f) NiO-Co3 films (inset
corresponding SAED pattern).

The 10th CV curves of the NiO films at a scan rate of 20 mV s .

(a) XRD patterns, (b) Ni 2p3/2 XPS spectra and (c) O 1s XPS spectra of NiO
and NiO-Col films in the colored states.

(a) Raman and (b) FTIR spectra of Ni-Colfilm in both bleached and colored
states.

(a) Optical transmittance spectra of the NiO films at a wavelength of 550 nm
(colored and bleached states), (b) refractive index curves for NiO-Col
nanoflake array film from 375 to 800 nm.

Photographs of NiO-Col film with a size of 4x2 cm? in (a) bleached state, (b)
colored states, (c) the difference of transparency between the bare FTO area
(top of a substrate) and Co-doped NiO film area.

(a) CA with voltage interval from —0.2 V to 0.8 V, and (b) the corresponding
transmittance in situ of the NiO films at 550 nm.

Nyquist plots of NiO and NiO-Col film electrodes, and the equivalent
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Fig. 12

Journal of Materials Chemistry C

electrical circuit (inset) used to fit the experimental impedance spectra.
Symbols denote experimental data, while the continuous lines represent the
fitted data.

(a) Durability tests of NiO and NiO-Col nanoflake array films for 3000
cycles at 550 nm; (b) SEM images of NiO and (¢) NiO-Col films after 1000

cycles.
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chemical bath deposition, exhibiting improved electrochromic performances.
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