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Electrochromic devices (ECDs) can regulate the indoor solar radiation by adjusting optical transmissive
properties, showing great commercial potential and important social value of green energy saving.
However, the unsafety and high cost of Liþ based electrolyte hinder the large-scale and industrialized
production of ECDs. Other metal ions have been used as electrolyte ions, but they are rarely reported in
all solid state ECDs. In this study, MgF2 ﬁlm is used as the solid electrolyte to construct all solid state ECD
with the structure of glass/ITO/WO3/MgF2/NiO/ITO. The ECD shows the large optical modulation (~83% at
820 nm, with 100 s durations) and fast response (19.2 s for bleaching and 8.3 s for coloring, with 25 s
durations). Moreover, the ECD achieves the extreme transmittance value of colored states Tc z 0%, which
can give an absolute private state. This work not only indicates that MgF2 ﬁlm can be an alternative to Liþ
based electrolyte in all solid state ECDs, but also broadens the applications of all solid state EC smart
windows to private buildings.
© 2021 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Energy shortage has become a serious issue restricting human
development in recent years. About 20e40% of the overall energy
consumption is used in buildings to maintain thermal comfort
[1e3]. The growing demand for energy efﬁcient technologies has
stimulated the interest in smart windows, which can improve
building energy efﬁciency by controlling the transmittance of
visible light and solar energy [4e7]. Electrochromism, which refers
to reversible change of optical properties of the material under the
applied voltage, is considered to be an effective candidate for smart
windows technology because of its active control and large optical
modulation [8e10]. For practical applications, the electrochromic
(EC) materials are usually incorporated into an electrochromic
devices (ECDs). Among all ECDs, all solid state ECDs are the ﬁrst
choice for smart windows due to their excellent durability and
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outdoor applications. The all solid state ECDs consist of ﬁve layers:
transparent conducting layer/cathodic EC layer/electrolyte layer/
anodic EC layer/transparent conducting layer. As an important part
of ECDs, the electrolyte layer play an important role in providing
and conducting ions, and blocking electrons and preventing short
circuit in the device. Liþ based electrolyte is the most widely used
electrolyte in all solid state ECDs [10e14]. However, the unsafety
and high cost of Liþ based electrolyte hinder the large-scale and
industrialized production of all solid state ECDs [15]. This problem
can be solved by searching for the abundant and environmentally
friendly electrolyte, which can replace Liþ based electrolyte to
construct the all solid state ECDs with high performance.
Compared with monovalent insertion ions, multivalent cations,
having the advantages of small ionic radius, environmentally
friendliness and low cost, are promising candidates for the construction of high performance all solid state ECDs [15e21]. Mg2þ
may be one of the most promising alternative because the radius of
the Mg2þ ion is 0.065 nm, which is close to that of Liþ. Moreover,
Mg is environmentally friendly, nontoxic and abundant element in
the Earth’s crust, which is able to meet all of the above criteria,
indicating the advantages for large-scale applications of Mg2þ
based electrolytes.
Magnesium ﬂuoride (MgF2) is an inorganic ion conductor ﬁlm
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with high chemical and electrochemical stability [22]. Due to its
high transmittance in the visible-near infrared (Vis-NIR) region, it is
employed as the Hþ and Liþ ion conductor for EC applications
[23e25]. Moreover, as the ionic compounds, some studies on MgF2
ﬁlms as diffusion source for Mg2þ diffusion in crystal are reported
as well [26,27]. These results suggest that MgF2 ﬁlm has high
application potential to be used as the Mg2þ based electrolyte layer
in all solid state ECDs.
In this study, MgF2 ﬁlm is prepared by evaporation method and
the structural, morphological, optical and electrical properties are
characterized. Then all solid state ECDs glass/ITO/WO3/MgF2/NiO/
ITO based on MgF2 electrolyte are fabricated, which present large
optical modulation (~83% at 820 nm, with 100 s durations) and fast
response (19.2 s for bleaching and 8.3 s for coloring, with 25 s
durations). The ECDs show the potential of Mg2þ based solid
electrolytes layer, which can overcome the disadvantages of unsafe
and high-cost Liþ based solid electrolytes. This work provides a new
way to promote the commercial application of ECDs.

the range from 10 to 80 . The transmittances of the samples were
characterized by Vis-NIR ﬁber optic spectrometer (MAYA 2000-Pro,
Ocean Optics). The electrochemical impedance spectroscopy (EIS)
was used to understand the kinetics of electrochemical reactions at
the electrodes. The EIS of the MgF2 ﬁlm were performed at 0.05 V
over a frequency range of 1 Hze105 Hz using a CHI electrochemical
analyzer with the conventional three-electrode system. An Ag wire
and a Pt wire were used as the reference electrode and counter
electrode, respectively. The liquid electrolyte was 0.1 M MgCl2/H2O
solutions. The active electrode area is 2 cm2. The electrochemical
and EC performances were characterized by CHI 660E electrochemical station with Vis-NIR ﬁber optic spectrometer. The multiple potential measurements of the ECD were performed by
applying 5 V and 6 V with 25 s, 50 s and 100 s duration.

2. Experimental section

Fig. 1a presents the XRD pattern of the MgF2 ﬁlm prepared on
the quartz glass substrate. There is a broad peak in the range of
15e25 of silica glass substrates and no obvious peaks corresponding to MgF2 are observed, indicating that the MgF2 ﬁlm is
amorphous. The transmittance spectrum of the MgF2 ﬁlm on the
quartz glass substrate is shown in Fig. 1b. The MgF2 ﬁlm exhibits the
high optical transmission over 90% at 250e2500 nm, which is
beneﬁcial to improve the overall transmittance of the ECD. Fig. 1c
shows the SEM image of the MgF2 ﬁlm. It is clearly that there are
many islands with different sizes on the surface of MgF2 ﬁlm, which
is similar to surface morphologies of Liþ based electrolytes[28], [29]
and can facilitate the diffusion of Mg2þ between the EC ﬁlms and
MgF2 ﬁlm [28]. Fig. 1d illustrates the AFM surface 3D image of the
MgF2 ﬁlm. The root means quare roughness is 1.0 nm, which can
avoid short circuit to some extent [29].

3. Results and discussion
3.1. Structure, morphology and optical properties of the MgF2 ﬁlm

2.1. Deposition of MgF2 thin ﬁlms
The quartz glass (1 cm  4 cm) and ITO glass (1 cm  4 cm,
100 U/square) substrates were obtained from Ningbo Nanotech
Advanced Materials Co., Ltd. The MgF2 thin ﬁlms were deposited by
resistance evaporation using MgF2 particles. The particles were
1e3 mm in diameter with purity 99.9% and obtained from
ZhongNuo Advanced Material (Beijing) Technology Co., Ltd. Prior to
the deposition, the base pressure of chamber was 5  104 Pa. The
deposition rate is 0.5 Å/s. The details of the deposition conditions
are listed in Table 1. The substrates were rotated at a speed of 20 r/
min to make the ﬁlm uniform. After evaporation, the MgF2 thin ﬁlm
was annealed at 200  C for 60 min in a mufﬂe furnace to improve
the adhesion of ﬁlm.
2.2. Deposition of the ECD

3.2. The ion conducting behaviour of the MgF2 ﬁlm

The ITO glass (3 cm  4 cm, 100 U/square) substrates were obtained from Ningbo Nanotech Advanced Materials Co., Ltd. The
WO3, NiO and top ITO thin ﬁlms were deposited by electron beam
evaporation using WO3, NiO and low density ITO particles,
respectively. The details of the deposition conditions are listed in
Table 1. All single layer ﬁlms were fabricated on the quartz glass and
the ECDs with the structure of glass/ITO/WO3/MgF2/NiO/ITO were
fabricated on the ITO glass. The ﬁlms and devices were annealed at
200  C for 60 min in mufﬂe furnace to study the structures, optical,
electrochemical and EC properties.

To investigate the ion conducting properties of the MgF2 ﬁlm,
the EIS measurements were carried out at 0.05 V in the frequency
range of 1 Hze105 Hz. The Nyquist plots for the MgF2 ﬁlm deposited
on ITO coated glass substrate and ﬁtted line are shown in Fig. 2a. Z0
is the real impedance and Z00 is the imaginary impedance. The
Nyquist plots consist of two semicircles in high frequency region
and a straight line in low frequency region. The equivalent circuit
corresponding to the ﬁtted line is presented as an insert in Fig. 2a.
Rs is the ohmic resistance of electrolyte solution and ITO resistance,
CPE0 and R0 are the capacitance and resistance of MgF2 ﬁlm, CPEdl
and Rct are the double-layer capacitance and resistance of charge
transfer process at the MgF2/electrolyte interface, and CPEw refers
to the diffusion of Mg2þ. The ionic conductivity of the MgF2 ﬁlm is
calculated based on equation of s ¼ d/(R  A), where d is the ﬁlm
thickness, R is the resistance obtained from impedance data ﬁtting,
A is the active area. The value of ionic conductivity is 7.79  109 S/
cm, the same order of magnitude as that of Liþ based solid electrolytes [30]. The current-time dependence for the MgF2 ﬁlm is
recorded by applying a dc voltage of 3 V is shown in Fig. 2b. The
current decreases instantly and then stabilizes around a speciﬁc
current value which is called a leakage current. The electronic
conductivity can be determined according to the equation of se
¼ d  I/(U  A), where d is the thickness of the ﬁlm, I is the leakage
current, U is the applied voltage, A is the active area. As shown in
Fig. 2b, the value of the leakage current is about 0.06 mA/cm2. The
calculated electronic conductivity of the MgF2 ﬁlm is 4.6  1010 S/
cm.

2.3. Characterizations
The morphologies of samples and the cross-section of device
were characterized by scanning electron microscopy (SEM). The
crystalline structures of the samples were characterized by Japan
Rigaku DMax-rb rotation anode X-ray diffractometer equipped
with graphite monochromatized Cu Ka radiation (0.15418 nm) in
Table 1
Deposition conditions for the thin ﬁlms.
Film

Thickness(nm)

Working vacuum (Pa)

WO3
MgF2
NiO
ITO

400
230
180
100

1.5
6.5
2.5
1.1






103
104
103
103

Deposition rate (Å/s)
1.0
1.5
1.0
1.0
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Fig. 1. Characterization of MgF2 ﬁlm. a XRD pattern. b Transmittance spectra. c Surface SEM image. d AFM surface 3D image.

Fig. 2. Electrochemical characterization of MgF2 ﬁlm. a Nyquist plots of EIS data. b The time dependence of the current density with applied potential of 3 V. The active electrode
area is 2 cm2.

3.3. Characteristics of WO3, NiO and ITO ﬁlms

Compared to the top ITO, the ITO glass has the same diffraction
peaks with different intensity, which is mainly due to the different
preparation methods used. The transmittance spectra of these ﬁlms
prepared on the quartz glass substrates are shown in Fig. S1b. The
transmittance of the top ITO, NiO and WO3 ﬁlms are similar to that
of those prepared by magnetron sputtering [31,33], which conﬁrms
that they are suitable for the ECDs.
Fig. S2 shows the SEM images of the WO3, NiO and ITO ﬁlms.
There are many irregular granules and islands with different sizes
in the ITO glass and top ITO ﬁlms, which can facilitate the charge
transfer between the EC ﬁlms and ITO ﬁlms. The surfaces of WO3
are smooth and dense while many granules can be observed on the
surface of NiO ﬁlm due to the crystallization. As shown in Fig. S3,
the root means quare roughness are 0.64, 0.62, 0.57, and 1.63 nm

The performance of whole ECD is also greatly affected by the
structure, optical properties and surface morphologies of the WO3,
NiO and ITO ﬁlms. Fig. S1a presents the XRD patterns of these ﬁlms
prepared on the quartz glass substrates. According to JCPDS 060416, the diffraction peaks of top ITO ﬁlm obtained at 21.5 , 30.6 ,
35.5 , 51.0 and 60.7 can be assigned to the (211), (222), (400),
(440) and (622) plane of cubic ITO. The NiO ﬁlm has the polycrystalline structure with the main orientation peak located at
43.3 , which can be assigned to the (200) plane of face-centered
cubic NaCl-type structure (JCPDS Card (NO. 47-1049)). The WO3
ﬁlm is amorphous structure in nature, which is expected to obtain
the larger optical modulation than the crystalline WO3 ﬁlm [31,32].
1320

X. Chen, W. Li, S. Dou et al.

Journal of Materiomics 7 (2021) 1318e1323

respectively for ITO glass, WO3, NiO and top ITO ﬁlm. When
annealed at 200  C, the structure of top ITO ﬁlm changes from
amorphous to crystalline [34], resulting in the rapid increase of
surface roughness of the ﬁlms. However, the roughness of all ﬁlms
is relatively low, which can effectively avoid the short circuit of the
ECD [29].

which provide an absolute private state and broaden the applications of the EC smart windows to private buildings.
Optical modulation (DT), one of the vital parameters to evaluate
the EC properties of ECDs, is the difference of optical transmittances
between the colored and bleached states of the device [35e37],
which can be expressed as follows,

DT ¼ Tb  Tc

3.4. Electro-optical characterizations of the ECD

here, Tb and Tc are the transmittance at bleached and colored states,
respectively. The optical modulation DT of ECD is higher than 70%
between 600 and 1100 nm with a maximum value of 83.0% at
wavelength of 820 nm, which is superior to most of previously
reported solid state ECDs (Table S1). For shorter switching times
(25 s and 50 s), the Tc of ECD is below 20% and 10%, respectively,
even though the coloring processes are incomplete. The optical
modulation DT at 820 nm is reduced to 66.4% and 79.7%, which are
still better than most of previously reported solid state ECDs
(Table S1). At the same time, the optical modulation DT of the ECD is
higher than that of ECD with the same structure and other MgF2
thickness (Fig. S6), because of the insufﬁcient ions of thinner
electrolyte and the lager interface transfer resistance of the thicker
electrolyte [29].
Another important criterion for the performance of ECDs is
response time, which is deﬁned as the time used to complete 90% of
its full optical contrast [38]. In this study, the switching times are
measured by monitoring the change in transmittance at 800 nm.
Fig. S7 shows the in situ transmittance at 800 nm under the applied
potential of 5 V and 6 V with different time durations. As shown in
Fig. S7, the ECD exhibits a coloring response time (tc) of 31.6 s and
bleaching response time (tb) of 58.9 s with 100 s duration. For
shorter switching time of 25 s, the response time decreases to 19.2 s
for coloring and 8.3 s for bleaching, which is shorter than that of
most of the ECDs with different structures (Table S1) and comparable to the reported ECDs using the gel electrolyte [39].
The EC properties during multiple potential cycling (switching
time of 100 s) are presented in Fig. 4c. The transmittance at
bleached state drops from 82.1% at the ﬁrst cycle to 76.8% at 250th
cycle. The transmittance of the colored state ﬂuctuates slightly and
remains below 5%. As shown in Fig. S8, the cross-section SEM of the
ECD after 250 cycles still has the same morphology as Fig. 3b. The
ECD exhibits high cycling stability, implying the excellent reversible
Mg2þ insertion/extraction processes.
The coloration efﬁciency (CE) is a further parameter that determines the EC performance and represents the change in the
optical density (DOD) per unit charge density (DQ) [35e37]. It can
be calculated by

Fig. 3a and b shows the schematic diagram and the crosssectional SEM image of the ECD with the structure of glass/ITO/
WO3/MgF2/NiO/ITO, respectively. The structure and preparation
process of ECD using MgF2 ﬁlms as the electrolyte are much simpler
than those employing Hþ and Liþ based ionic conductors [23e25].
The ECD shows a ﬁve-layer structure and the thicknesses of top ITO,
NiO, MgF2, WO3 and bottom ITO layer are consistent with the
setting value, which are 100, 180, 230, 400 and 150 nm, respectively. The interfaces are clearly identiﬁed, suggesting that all the
layers are physically and chemically stable [35]. As shown in the
Fig. S4, the surface morphologies of each layer during the preparation process of ECD are similar to that of those prepared on the
quartz glass substrates, which conﬁrms that they are suitable for
the ECDs.
The multiple potential measurements under the applied potential of 5 V and 6 V with different time durations are performed
to study the electrochemical and EC performance, as shown in
Fig. S5. The intercalation/extraction of Mg2þ ions and electrons
between WO3 ﬁlm and NiO ﬁlm can be described by

WO3 ðbleachedÞ þ xMg2þ þ 2xe 4Mgx WO3 ðcoloredÞ

(1)

NiOðcoloredÞ þ yMg2þ þ 2ye 4Mgy NiOðbleachedÞ

(2)

(3)

When the negative voltage (Vc) is applied to the ECD, the Mg2þ
ions extract from NiO ﬁlms and insert into WO3 ﬁlms, the ECD
changes to the colored state. When applying the positive voltage
(Vb), the Mg2þ ions extract from WO3 ﬁlms and insert into NiO
ﬁlms, the ECD changes to the bleached state. The working voltage
and current density of the ECD are much larger than that of many
Liþ based solid state ECDs [29,35,36] due to the multivalence of
Mg2þ. Compared with the one-electron redox reaction of Liþ, Mg2þ
is the two-electron redox reaction, thus, the amount of electrons
required in the insertion/extraction process is twice as much as that
of the former. The corresponding transmittance spectra and digital
photographs of the ECD at initial, bleached and colored states are
shown in Fig. 4a and b. The ECD has a higher transmittance at the
bleached state compared to the initial state, due to the increase of
transmittance of the NiO layer caused by the insertion of ions
[36,37]. Within the switching time of 100 s (Fig. 4a), the coloring
process is complete with extreme transmittance values of Tc z 0%,

DOD ¼ lgðTb =Tc Þ

Fig. 3. The structure of the all solid state ECD. a Schematic diagram. b SEM cross-section image.
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Fig. 4. The EC performances of all solid state ECD. a Optical transmittance spectra. b Digital photos c In situ transmittance measurements at 800 nm during multiple potential
measurements. d Optical density versus charge density of the ECD at 800 nm.

CE ¼ DOD=DQ
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Where Tb and Tc are the transmittances of the ECD in the bleached
and colored states at 800 nm with 100 s duration, DQ is the intercalation charge density. As shown in Fig. 4d, the calculated CE value
of ECD is 27.7 cm2 C1, which is almost comparable to that of some
reported Liþ based solid state ECDs [40].
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4. Conclusions
In this study, the structural, morphological, optical and electrical
properties of the MgF2 ﬁlms deposited by resistance evaporation
are investigated in detail. The results show that MgF2 ﬁlm exhibits
high transmittance, comparable ionic and electronic conductivity,
thus, it is highly suitable for the electrolyte layer of all solid state
ECDs. Moreover, Mg2þ based all solid state ECD (glass/ITO/WO3/
MgF2/NiO/ITO) is prepared and shows the reversible EC behavior
and dynamical modulation of transmittance. The optical modulation DT of ECD is higher than 70% between 600 and 1100 nm with a
maximum value of 83.0% at wavelength of 820 nm. More importantly, the ECD achieves the extreme transmittance values of
colored state Tc z 0% within 100 s, which can broaden the applications of the EC smart windows to private buildings. Additionally,
the ECD shows a shorter response time (19.2 s for bleaching and
8.3 s for coloring, with 25 s durations), good stability and comparable coloration efﬁciency (27.7 cm2 C1). In this work, the abundant and environmentally friendly electrolyte that can replace Liþ
based solid electrolyte are exploited, which expands the industrial
market of EC smart windows for further industrial applications.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmat.2021.02.014.
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