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Electrochromic devices (ECDs) with reversible change of optical properties applying an external voltage, are the
promising candidate for smart windows technology. In order to solve the unsafety of Li+ based electrolytes and
the corrosiveness of acids, the Mg2+ has been used as the efficient insertion ion used in ECDs. However, all
previous studies are present in cathode EC materials, in order to improve the optical modulation of comple
mentary ECDs, it is relevant to study in anodic EC materials. In this work, the NiO films were deposited by ebeam evaporation and the annealing effect on the structure, morphology and optical properties were studied. For
NiO films annealed at RT, the good cyclic stability and lager ΔT were obtained simultaneously. Meanwhile, the
ECDs with the unique structure of ITO/WO3/MgCl2 aqueous solution/NiO/ITO were assembled. The devices
showed the large optical transmittance modulations (50% at 630 nm) and the fast response (5.3 s for bleaching
and 6.4 s for coloring). These findings not only demonstrate NiO films prepared by e-beam evaporation method
are suitable to be applied as complementary EC layer, but also provide the broad prospect for the application of
Mg2+ based ECDs.

1. Introduction
As the energy shortages becoming the problem restricting human
development, exploiting renewable energy and improving energy utili
zation efficiency have become the new focus of the world [1]. Smart
window is the one of new building energy efficiency technologies, which
can control the transmittance of solar energy and visible light [2–4].
Electrochromic device (ECD), which can reversible change its optical
properties applying an external voltage [5–7], is the promising candi
date for the new generation smart window because of its large optical
modulation and active control [3,8,9].
The complementary ECDs are usually comprised of five layers:
transparent conducting layer, EC layer, electrolyte layer, complemen
tary EC layer and the transparent conducting layer. As the key compo
nent of the complementary ECDs, the electrolyte layer can be classified
as solid, gel and liquid state, which is mainly used to provide and
conduct ions [10]. The acids [11] and Li+ based salts [12–15] are the
most widely used electrolytes in ECDs, which can exploit the superior
performance of devices. However, the unsafety of Li+ based electrolytes
and the corrosiveness of acids hinder the development and application

of ECDs [16]. The solution solving these problems is to develop the
secure, low-cost and green electrolytes for ECDs.
Mg2+ based electrolyte may be one of the most promising alterna
tives, which is safe, cheap and environmentally friendly. With the closest
ion radius and located diagonally on the periodic table, Mg2+ and Li +
have the similar chemical properties and fundamental principles, and
thus have received much attention in recent years. For example, Reddy
et al. studied the EC performances of MoO3 [17–20] and Nb2O5 films
[21–23] in Mg2+ based electrolyte and found appropriate amount of
water could improve the performance of the films by forming Mg(OH)2
with Mg2+ [17,21]. Zhao et al. [24] reported the high contrast and
excellent stability Mg2+ based ECDs, which is fabricated with W18O49
films in Mg2+ aqueous electrolyte. However, all these studies are present
in cathode EC materials [17–25], in order to improve the optical mod
ulation of complementary ECDs, it is relevant to study in anodic EC
materials. NiO is the good candidate [26], which is optically and elec
trochemically complementary with the well-known WO3. Here, we
attempt to study the performance of NiO films in Mg2+ based electro
lytes in detail.
In this work, the NiO films were deposited by e-beam evaporation
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and the annealing effect on the structure, morphology and optical per
formance were studied. The EC properties of the NiO films were studied
in MgCl2 aqueous solution. Meanwhile, the complementary ECD with
the unique structure of ITO/WO3/MgCl2 aqueous solution/NiO/ITO was
fabricated and studied.

Fig. 1 that all samples are polycrystalline, exhibiting two diffraction
peaks corresponding to NiO cubic phase (200) and (111) plane orien
tations at 37.1◦ and 43.3◦ , respectively [27,28]. It is also found that all
the NiO films prefer orientation along (200) direction, which is similar
to those reported by other authors [27]. Moreover, the full width at half
maximum (FWHM) of NiO (200) plane decreases at higher temperature,
which indicates that the crystal quality of the NiO film is improved [27].
The grain sizes of NiO film are calculated from the (200) plane according
to the Scherrer’s formula [29],

2. Experimental section
2.1. Deposition of NiO films and assembly of ECD
The ITO glasses (3 cm × 4 cm, 100 Ω/square) were obtained from
Foshanshi Yuanjingmei Glass Co., Ltd and ultrasonically cleaned in
deionized water and alcohol for 10 min, respectively. The NiO films
were deposited on the ITO substrates by e-beam evaporation using NiO
particles (1–3 mm in diameter and 99.9% purity). Prior to the deposi
tion, the evaporation chamber was pumped to the pressure of 1.0 ×
10− 4 Pa. The deposition rate and the thickness of NiO films were 0.1 nm/
s and 200 nm, respectively. After evaporation, the NiO films were
annealed at RT, 100 ◦ C, 200 ◦ C and 300 ◦ C for 120 min in the muffle
furnace. The ECD was fabricated according to our previously reported
method [25]. The NiO films coating ITO glasses were as the counter
electrode.

D=

0.9λ
Acosθ

(1)

where A is the FWHM of the peak, λ is the wavelength of X-rays, and θ is
the Bragg’s angle of the peak. As displayed in Table S1, the calculated
grain sizes of the NiO films are 39.1 nm, 39.8 nm, 40.0 nm and 40.8 nm,
respectively, which indicates that the grain sizes of NiO film increase
with increasing annealing temperature.
The cross-section and surface morphologies of the NiO films were
observed via SEM (Figs. S1 and S2). The thickness of NiO film is
consistent with the setting value, all samples are granular with particles
of uniform size, there is an increase in particles size as the annealing
temperature is raised. Furthermore, when the annealing temperature
reach to 300 ◦ C, there are more particles agglomerating, which is
favorable for ion transport [27,30]. The AFM images of the NiO films are
given in Fig. S3. The surface roughness (Ra) of the samples annealed at
RT, 100 ◦ C, 200 ◦ C and 300 ◦ Care 1.65 nm, 1.13 nm, 1.04 nm and 1.03
nm, respectively. The decrease of Ra is due to the improved crystalline
quality of the NiO films [31].

2.2. Characterization
The crystalline structures of NiO films were analyzed by X-ray
diffractometer (XRD) in the range from 15◦ to 90◦ . The surface mor
phologies of NiO films were studied by SEM and AFM. The trans
mittances of the NiO films were measured by UV–Vis–NIR spectrometer.
The electrochemical and EC properties of NiO films and ECD were
analyzed by electrochemical station with MAYA 2000 fiber - optic
spectrometer. For the three electrode systems, the Pt and Ag wires were
used as the counter and reference electrodes, respectively. The 1 M
MgCl2/H2O solution was used as the electrolyte.

3.2. Optical properties
The optical properties of NiO films in the wavelength range of
300–1100 nm are depicted in Fig. 2. As shown in Fig. 2a, the trans
mittance of NiO films decreases with the increase of the annealing
temperature. The similar phenomena were discussed by Jamal et al. [31]
in NiO films prepared by RF sputtered, which is owing to the improved
crystalline quality associated with higher densification. Due to the
fundamental absorption [32], the transmittance of the NiO films de
creases rapidly at low wavelength region.
The bandgap (Eg) of the NiO films can be calculated from the
transmission spectra according to the Tauc’s relation

3. Results and discussions
3.1. Structural and morphology
The EC performances of NiO films are strongly dependent on the
structures, surface morphologies and optical properties. XRD analysis
was carried out to investigate the crystalline structure of the NiO films
annealed at different temperatures for 120 min. It could be observed in

(αhν) = β(hν − Eg )n

(2)

where α is the absorption coefficient, hν is the photon energy, β is the
constant and n is 1/2, which depends on indirect transition of NiO films.
Fig. 2b shows the plots of (αhν)2 versus hν and the calculated Eg of the
NiO films. As the annealing temperature increases from RT to 300 ◦ C,
the values of Eg narrows from 3.89 eV to 3.83 eV, which are fitting in the
range of standard reported value [31].
3.3. Electrochemical properties
The electrochemical performances of the NiO films can be measured
by means of the standard electrochemical technique of CV. Fig. 3 shows
the CV curves of the samples with the different scan rate in aqueous
Mg2+ based electrolytes. The shapes of CV curves of NiO films in Mg2+
based electrolytes are similar to that in Li+ based electrolytes [27],
which confirms that Mg2+ can intercalate in the NiO films. As shown in
Fig. 3, due to the existence of diffusion effect, the intensities of anodic
(ipa) and cathodic (ipc) peak current increases with the increase of the
scanning rate, indicating that more charges pass through the NiO film.
Since the diffusion processes of Mg2+ in NiO film is semi-infinite, the
relationships between the intensities of ipa/ipc and the square root of
scanning rates are nearly linear, as shown in Fig. S4. The Mg2+ diffusion
coefficients (D) for NiO films can be calculated from the Randles-Servcik

Fig. 1. XRD patterns of the NiO films annealed at different temperatures for
120 min.
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Fig. 2. (a) Transmittance spectra and (b) (αhν)2 versus photon energy (hν) plots of the NiO films annealed at different temperatures for 120 min.

Fig. 3. CV curves of the NiO films in Mg2+ based electrolytes at the different scan rates. (a) RT, (b) 100 ◦ C, (c) 200 ◦ C and (d) 300 ◦ C.

formula:
/
ipa ipc
D1/2 =
(2.69 × 105 ) × SC0 n3/2 v1/2

most of the previous literatures [26–28,30,33], which is caused by the
thinner thickness of NiO films [27], the higher valence of Mg2+ and the
greater electrostatic force between Mg2+ and NiO films [34]. Mean
while, the ΔT of the NiO films decrease with the annealing temperature
increase from RT to 200 ◦ C, which is caused by the increase of grain sizes
of NiO films. However, when the annealing temperature increase to
300 ◦ C, the ΔT of the NiO films shows a slight improvement, originating
from the agglomeration of particles [30].
The in-situ transmittance spectra of the NiO films at 1000 nm are
shown in Fig. S6. It is clearly seen that the NiO films have the good cyclic
stability at the annealing temperatures of RT ~200 ◦ C, while the cyclic
stability decreases sharply at the annealing temperature of 300 ◦ C due to
the agglomerate of particles [26]. Hence, the good cyclic stability and
lager ΔT are obtained at the NiO films annealing temperature of RT. The
switching time, 90% change of overall transmittance modulation, can be
got from the in-situ transmittance spectra [10]. As shown in Fig. S7, the
bleaching (tb) and coloring (tc) switching times of the NiO films
annealing at RT are 1.6 s and 10.1 s, respectively.

(3)

where S is the active area, C0 is the concentration of Mg2+, n is the
number of electrons and ν is the scanning rate. It could be seen in Fig. S4
that the calculated D values of the NiO films are 10− 11–10− 10 cm2 s− 1.
All these results prove that the NiO films have the outstanding electro
chemical performances in Mg2+ based electrolytes.
3.4. EC properties
The in-situ optical transmittance spectra were tested under the
condition of the CA applying 0.8 V and - 0.8 V with 15 s duration to
study the EC properties of the NiO films. The NiO films show the
reversible modulation of transmittance by the electrons and Mg2+
inserting or extracting, as illustrated in Fig. 4. The optical modulation
(ΔT) can be defined by
△T = Tb − Tc

3.5. EC performance of the ECD

(4)

In order to further study the performances for practical application, a
unique designed complementary ECD with the structure of ITO/WO3/

where Tb and Tc are the transmittances of bleached and colored states,
respectively. As depicted in Fig. S5, the ΔT in this work are smaller than
3
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Fig. 4. The bleached (black line) and colored (red line) states transmittances of the NiO films annealed at different temperatures. (a) RT, (b) 100 ◦ C, (c) 200 ◦ C and
(d) 300 ◦ C.

MgCl2 aqueous solution/NiO/ITO was assembled. WO3 and NiO films
are used as the EC layer and complementary EC layer, respectively. The
MgCl2 aqueous solution is used as the electrolyte layer.
CV curves of the ECDs from 2 V to - 2 V with the scan rate of 50 mV
s− 1 at the 10th cycle are shown in Fig. S8. The shapes of the CV curves
for complementary ECD are similar to the previous research [35], which
suggests that the NiO film makes contributions to the devices. CA curves
of the ECD were tested applying - 2 V and 2 V with 20 s duration, as
shown in Fig. S9. During the coloration-bleaching process, the optical
transmittance spectra of ECD at the different states (initial, bleached and
colored) are shown in Fig. 5a. The transmittance of complementary ECD
at the bleached state is higher than the initial state, which is caused by
the increase of the NiO film transmittance with the insertion of Mg2+. In
addition, the ΔT of the ECD at wavelength of 630 nm is approximately
50%. As shown in Fig. S10, the digital photos of ECDs at bleached and
colored states also prove the excellent transmittance modulation capa
bility. The in-situ transmittance spectra of the ECDs at 1000 nm are
shown in Fig. 5b. The tb and tc of the ECDs are 5.3 s and 6.4 s, respec
tively, which are shorter than those of the previously reported Li+ based
ECDs [27]. According to these data, we can infer that the NiO films
prepared by e-beam evaporation can be as the complementary EC layer
for Mg2+ based ECDs.

4. Conclusion
The NiO films are deposited by e-beam evaporation and the
annealing effect on the structure, morphology and optical properties are
studied. XRD patterns demonstrate the polycrystalline phases and grain
sizes of the NiO films increase with increasing annealing temperature.
The Eg of the NiO films narrows from 3.89 eV to 3.83 eV with the
annealing temperature increase from RT to 300 ◦ C. The good cyclic
stability and lager ΔT are obtained in NiO films annealed at RT.
Meanwhile, the complementary ECD with the unique structure of ITO/
WO3/MgCl2 aqueous solution/NiO/ITO is assembled. The ECD shows
the large optical transmittance modulations (50% at 630 nm) and the
fast response (5.3 s for bleaching and 6.4 s for coloring). Therefore, the
NiO film prepared by e-beam evaporation shows a great potential as the
complementary EC layer in Mg2+ based ECDs.
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