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Nickel oxide (NiO,) films were deposited onto ITO-coated glass at room temperature by DC mag-
netron sputtering and the electrochromic properties were investigated. The effects of film thickness
on structure, morphology, electrochemical and electrochromic properties of NiO, films were system-
atically studied. X-ray diffraction and scanning electron microscopy results indicate NiO, films have
the polycrystalline structure and the crystallinity improves with the increase of thickness. In atomic
force microscopy analysis, the surface roughness of NiO, films increases as the thickness increases
and large roughness is obtained in the films of more than 300 nm. The electrochemical properties
were measured by using conventional three-electrode configuration in 1 M LiCIO,-PC electrolyte
and all the samples show good cyclic stability. A transmittance modulation of 62% between colored
and bleached state at 550 nm wavelength is obtained for 500 nm thick film and the high color
efficiencies of more than 62 cm?C~' are obtained in NiO, films. However, coloring and bleaching
response times increase with the increase of thickness because of the larger depth of charge inser-
tion/extraction. The results confirm that magnetron sputtering technology provides a feasibility for
electrochromic devices with excellent electrochromic performance.
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1. INTRODUCTION

Electrochromic materials exhibit reversible change in color
and optical transmittance upon an electric voltage."?
A typical electrochromic device has the potential applica-
tions in energy efficient eco architecture, mirrors, smart
windows, and displays.»* At present, inorganic elec-
trochromic materials, such as WO; and NiO,, have been
widely investigated because of the good durability, large
transmittance modulation, and low cost.”® WO;, as the
most studied electrochromic material, has shown rather
high efficiency for cathodic coloration and the mechanism
of coloring and blenching is well understood.’ For the pur-
pose of further improving the transmittance modulation,
it is necessary to research the anodic coloration material
that present complementary coloration. A good candidate
is Nickel oxide (NiO,) that is a low cost material with
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the advantages of good cyclic stability and high coloration
efficiency.'®!* However, the reason of the electrochromism
is not settled that the absorption mechanism is poorly
understood and the ionic species involved in the transmit-
tance modulation are ambiguous.' Therefore, NiO, has
attracted great attention in the last decades.

To realize the high performance of electrochromic
device, there are several reports on NiO, films obtained by
different chemical and physical deposition techniques.!32°
Zhou et al. reported the electrochromic properties and
cyclic durability of Li-Ti co-doped NiO, films were
enhanced by sol-gel method.?! Li and Ti doping deteri-
orate the symmetry of NiO, cubic phase, increase lattice
disorder, and change the valence state of Ni in the films.
Nanoporous NiO,/V,05 hybrid films had been success-
fully prepared by combining chemical bath deposition and
electrochemical deposition methods.”? Good cyclic stabil-
ity, better transmittance modulation, and high coloration
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efficiency were obtained. Although NiO, fims prepared by
chemical methods has the good electrochromic properties,
it is not suitable for large scale commercial application due
to the disadvantages of uniformity and small area. Among
the physical routes, magnetron sputtering and thermal
evaporation both have been widely used.?* NiO, films
deposited by thermal evaporation had the large transmit-
tance modulation and short coloring/blenching response
time, however, the durability was less than 200 cycles
without lost of transmittance modulation because of the
loose structure.?® On the other hand, magnetron sputtered
NiO, films had the large transmittance modulation and
good cyclic stability but the long response time due to
the compact structure.?” Consequently, the aim of this
work is to prepare the surface roughened NiO, films
by controlling the sputtering conditions which have the
good electrochromic performance and little response time
(unpublished results). Further on, the effect of thickness
on the electrochromic properties was investigated.

In this paper, NiO, films were deposited on ITO-coated
glass by DC magnetron sputtering. The effects of thick-
ness on structure, morphology, electrochemical properties
and optical properties were studied and analyzed. The
results show that the electrochromic behavior of NiO,
films largely depends on the thickness. The 500-nm-thick
NiO, film has the large transmittance modulation, good
durability, and long response time.

2. EXPERIMENTAL DETAILS

Thin films of NiO, were made at room temperature by DC
magnetron sputtering. The substrates were 2.5 x 2.5 cm?
ITO transparent conductive glass, their sheet resistances
were 30 )/Sq. The target was a 7.62-cm-diameter plate of
metallic nickel (99.995%), and the target-substrate separa-
tion was 10 cm. A mixture of argon (99.995%) and oxygen
(99.995%) was used in the sputtering atmosphere, the ratio
of the oxygen partial pressure was set at a constant value
of 19%. The initial chamber pressure was 1.0 x 1073 Pa,
and the total pressure during sputtering was maintained
at 0.3 Pa. The sputtering power was 100 W. The substrate
was kept uniform rotation during the sputtering process in
order to ensure the uniformity of NiO, films.

The film thickness was determined by surface profilom-
etry using a DektakXT instrument and the thicknesses
were 100 nm, 200 nm, 300 nm, 400 nm and 500 nm,
respectively. The structures were determined by X-ray
diffraction (XRD) using a APEX II DUO. Jsm-6510 scan-
ning electron microscope (SEM) and atomic force micro-
scope (AFM) were used to study the surface morphology
of NiO, films. Visible light transmittance spectra of the
films were studied by Lambda950. Electrochemical work-
station was used to study the electrochemical properties
of NiO, films. The electrolytic cell was the standard three
electrode system and immersed in 1 M LiClO,-PC elec-
trolyte solution, the counter electrode was a Pt foil, the
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reference electrode was Ag/AgCl, and the working elec-
trode was the NiO, film. The voltage range was —0.5 to
1.5 V versus Ag/AgCl, and the voltage sweep rate was
50 mV/s.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of as-
deposited NiO, films. The films give the clear evidence
that NiO, films have the cubic fcc structure (JCDPS No.
47-1049). There has no preferred orientation observed in
the films which indicates NiO, films have a polycrys-
talline structure. Five diffraction peaks corresponding to
(111), (200), (220), (311) and (222) planes are apparent,
and peaks of impurity or other oxidation state of Ni are
not found. The Scherrer’s formula D = 0.89A/(B Cosf)
is applied to determine the crystallite size of NiO, films,
where ( is the full width at half-maximum of an X-ray
diffraction peak and 6 is the diffraction angle.'® The crys-
tallite sizes of 11.63 nm, 12.79 nm, 11.56 nm, 13.67 nm,
and 13.72 nm are obtained for 100 nm, 200 nm, 300 nm,
400 nm, and 500 nm NiO, films respectively from the
(111) peak. The thick films have the large crystallite size
suggesting an improvement of the crystallinity. It is worth
noting that there is no diffraction peak that shows any
higher oxides such as Ni,O; or NiO,, however, the color of
the as-deposited films is dark brown indicating the appear-
ance of Ni*" ions in Ni,O; configuration which exists in
amorphous state. Because the Ni** ions act as the color
centers in NiO, films, the low transmittance of initial state
films and the color of dark brown can prove the existence
of Ni** ions. All the prepared NiO, films have the Ni**
and Ni?t ions, which can result in the large transmittance
modulation.?*

Figure 2 presents the scanning electron microscopy
(SEM) data for NiO, films with the thicknesses of 100 to
500 nm. The surface features strongly depend on the thick-
ness. NiO, films with the thickness of 100 nm and 200 nm

Figure 1. XRD patterns of NiO, films with different thickness.
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Figure 2. SEM images of NiO, films with the thickness of (a) 100 nm, (b) 200 nm, (c¢) 300 nm, (d) 400 nm, and (e) 500 nm.

have the smooth, uniform surface, and small particle size.
300-500 nm thick NiO, films possess large particle size
and porosity, and then the rough surface. It is indicated that
less particles are found as the thickness increases implying
to a certain extent the increase of crystallinity by com-
bining the XRD results. Moreover, the rough surface and
large porosity in NiO, films are beneficial for the inser-
tion/extraction of Lit ions and electrons to obtain a good
electrochemical performance.

The AFM topography of NiO, films are displayed in
Figure 3. The roughness increases from 3.6 nm to 25 nm
as the NiO, thickness increases (Fig. 3(f)), corroborating
the SEM analysis.

Electrochemical properties of NiO, films are given in
Figure 4 by cyclic voltammetry in an electrolyte of 1 M
LiClO,-PC. Two oxidative peaks at the voltages of 0.4 V
and 1 V are apparent which shows the anodic oxida-
tion of Ni** to Ni** and Ni** corresponding to the col-
ored state.”> Meanwhile, two reductive peaks appear at
—0.1 V and 0.75 V and suggest the cathodic reduc-
tion of Ni** and Ni** to Ni** which corresponds to the
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bleached state. A simple two-step electrochemical reac-
tion scheme for Li* insertion/extraction was presented to
illustrate the oxidation-reduction reaction.? It refers to an
initial irreversible bleaching of as-deposited NiO, film,
NiO,+yLi*+ye™ — Li NiO,, where e~ represents elec-
trons, followed by a reversible reaction between bleached
Li;NiO, and colored Li,_,NiO, as shown by Li NiO, <
Li,_.NiO, +zLi" +ze™. The full cycles show qualitatively
similar C-V data after 20 cycles for each film which indi-
cates NiO, films have the good cyclic durability. More
importantly, both the anodic and cathodic currents increase
which suggests that the amount of ions and electrons
inserted into the films increases, implying the electro-
chemical activity of NiO, films is improved with increas-
ing the thickness. Simultaneously, the charge density is
enlarged as the thickness is increased (Figs. 4(a’)—(e’)).
The thicker the NiO, film, the larger the depth of
charge insertion/extraction, which means more amount
of charge transfer takes place and leads to the excel-
lent electrochemical properties. The diffusion coefficient D
of Li* ions is calculated by using the Randles-Sevcik
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Figure 3. AFM images of NiO, films with the thickness of (a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm, and (e) 500 nm. (f) Roughness of NiO,

films as a function of thickness.

equation: i, =2.69 x 10°732AD"2Cv'/?, where i, is the
peak current, n is the number of electrons participating in
the electrochemical reaction which is normally 1, A is the
area of electrode, D is the diffusion coefficient of Li" ions,
C is the concentration of active ions in the electrolyte solu-
tion, v is the sweep rate.”® The peak current is obtained
from the cyclic voltammograms at the different sweep rate
(not shown here). The anodic and cathodic diffusion coef-
ficients for 200 nm NiO, film are 3.46 x 107" cm?s™! and
1.37 x 107'2 cm?s~! respectively, and are increased to the
values of 1.98 x 107! cm?s™! and 2.49 x 1071% cm?s™!
for 500 nm NiO, film. On the other hand, the ionic con-
ductivity (o) was measured by using the Electrochemical
Impedance Spectroscope (EIS). The ionic conductivity of
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374 x 1077 ecm™2s, 7.5 x 1077 cm?s, 1.17 x 107 cm?s,
1.55 x 107 cm?s, and 1.99 x 107¢ cm?s are obtained for
NiO, films with the thickness of 100 nm, 200 nm, 300 nm,
400 nm, and 500 nm, respectively. It is clear that the
electrochemical activity is improved as the film thickness
increases.

In order to evaluate the cyclic durability, cyclic voltam-
mogram of 500-nm-thick NiO, film was performed by
500 cycles which shows the NiO, film has the good cyclic
durability (seen in Fig. 5). Thus, the magnetron sputtered
NiO, films have better cyclic durability than thermal evap-
orated films which have less than 200 cycles.?® It can be
attributed to the compact structure of NiO, film deposited
by magnetron sputtering technology.

J. Nanosci. Nanotechnol. 17, 1-8, 2018
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Figure 4. Continued.
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Figure 4. Cyclic voltammograms of NiO, films with the thickness of (a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm, and (e) 500 nm, immersed in
1 M LiClIO,-PC electrolyte. The voltage sweep rate was 50 mV/s and arrows denote sweep direction. (a'—¢") Charge densities obtained from CV data

in (a—e).

Figure 6 reports the spetral transmittance of NiO, films
in initial state, colored state, and bleached state. The trans-
mittances of colored state and bleached state were mea-
sured by applying £2 V in 1 M LiClO,-PC electrolyte.

Table I.  Color efficiency of NiO, films with different thickness.

Film Transmittance ~ Transmittance Optical Color
thickness (7,) at (T,) at AT  density efficiency
(nm) 550 nm 550 nm (%) (AOD) (cm*C™1)
100 96 62 34 0.19 69.5
200 91 49 42 0.27 67.4
Figure 5. Cyclic voltammograms of the 500-nm-thick NiO, film in 1 M Zgg 2(7) ;g 2; g:g gi;
LiClO,-PC electrolyte. The voltage sweep rate was 50 mV/s and arrows 500 31 19 62 0.63 63.5

denote sweep direction.

Figure 6. Spectral transmittance of NiO, films with the thickness of (a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm, and (¢) 500 nm, in 1 M
LiClO,-PC. The voltages of bleached state and colored state are —2 V and 2 V, respectively. (f) Transmittance modulation of NiO, films at the

wavelength of 550 nm.
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Figure 7. Lifetime cycle measurements of NiO, films with the thickness of (a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm, and (e) 500 nm.

(f) Coloring and bleaching response times obtained from the data of (a—e).

The transmittance of initial state lies modestly between
the colored state and bleached state which shows a good
proportion of Ni?* to Ni**. It can be expected that the
transmittance of initial state at 550 nm decreases with
the increase of thickness. The transmittance modulation
defined as the difference of transmittance between the col-
ored state and bleached state at 550 nm increases as the
thickness increases, being 34%, 42%, 52%, 58%, and 62%
for the NiO, films of 100 nm, 200 nm, 300 nm, 400 nm,
and 500 nm respectively. It can be explained that the
thicker NiO, film has the larger roughness and poros-
ity (seen from the SEM and AFM results) which are in
favor of the insertion/extraction of ions and electrons and
result in the large transmittance modulation. The color effi-
ciency (CE), which is defined as the difference in opti-
cal density per amount of charge exchange (AQ), is given
by the following equations: CE = (AOD/AQ),_ssonm and
AOD = (logT,/T.),_ssoum> Where T, and T, are the trans-
mittance of the films in the bleached state and colored
state respectively at the wavelength of 550 nm, AOD is
the optical density. The values of color efficiency for NiO,
films are presented in Table I. The high color efficiencies
of more than 62 cm?C~! are obtained in NiO, films which
are larger than the other experimental results, 62426
Figure 7 shows the coloring and bleaching response time
obtained from the lifetime cycle measurement for NiO,
films. Coloring and bleaching response times are defined
as the time required for 90% changes in the entire trans-
mittance modulation. Simply speaking, the transmittances
of bleached state and colored state are 88.5% and 38.7%
respectively for 400 nm NiO, film at the wavelength

J. Nanosci. Nanotechnol. 17, 1-8, 2018

of 550 nm. The transmittance modulation is 49.8% and
the 90% change is 44.8%. Accordingly, the coloring and
bleaching response times are the time as the transmittances
of bleached and colored state change from 88.5% to 43.7%
and from 38.7% to 83.5%, respectively. So the coloring
and bleaching response times are 14 s and 5.3 s for 400 nm
NiO, film, respectively. Generally, the coloring response
times are 7 s, 10s, 11's, 14 s, and 17 s, while the bleaching
response times are 2.5 s, 3.5 s, 4.6 s, 5.3 s, and 9.8 s for
NiO, films with the thickness of 100 nm, 200 nm, 300 nm,
400 nm, and 500 nm respectively. It is concluded that the
coloring or bleaching response time enlarges with thick-
ness because of the more rough surface and larger porosity
of NiO, film. Therefore, larger number of Li™ ions partici-
pating in the oxidation-reduction reaction and larger depth
of charge insertion/extraction spend more time. The col-
oring and bleaching response times of 17 s and 9.8 s are
acceptable for 500 nm NiO, film, however, they can be
further decreased by ion-doping.

4. CONCLUSIONS

Nickel oxide (NiO,) films with different thickness were
prepared by DC magnetron sputtering at room temper-
ature. The effect of thickness on the electrochromic
properties was investigated. The observations show that
the structure, morphology, electrochemical properties, and
transmittance modulation are largely dependent on the
thickness. The NiO, film has the larger roughness and
porosity as the thickness increases, which results in
the good electrochemical stability and large transmit-
tance modulation, but the acceptable coloring/bleaching
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response time. Therefore, the results confirm that mag-
netron sputtering technology provides a feasibility for
electrochromic devices with excellent electrochromic
performance.
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