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Abstract: Electrochromic materials have attracted much attention due to their promising applications
in smart windows and thermal control. However, NiO is a weak point for a complementary ECD and
needs to be improved due to its low optical modulation and charge density. In this work, the W-doped
NiO films are designed and prepared by RF magnetron co-sputtering to improve the performance of
the NiO. The results shows that the optical modulation of the W-NiO (52.7%) is significantly improved
compared with pure NiO (33.8%), which can be assigned to the increase in lattice boundaries due
to the W doping. The response time of W-NiO is 8.8 s for coloring and 7.2 s for bleaching, which
is similar to that of NiO film. The all-solid-state electrochromic devices (ECDs) that employed
W-NiO as a complementary layer are prepared and exhibit a high-transmittance modulation of
48.5% in wavelengths of 450-850 nm and an emittance modulation of 0.28 in 2.5-25 um, showing
great application potential in the field of smart windows and spacecraft thermal control devices.
The strategy of preparing NiO doped by W indicates an innovative direction to obtain ECDs with
high performance.

Keywords: electrochromic; nickel oxide; tungsten doping; all-solid-state; emittance

1. Introduction

Electrochromism is a phenomenon that the optical properties of materials change
reversibly by applying an external voltage, which involves the double injection/extraction
of electrons and ions (i.e., H*, Li*) [1,2]. Recently, electrochromic materials have been a hot
pot for their applications in smart windows [3,4], camouflage [5,6], rear-view mirror [7,8],
and thermal control devices [9]. The inorganic electrochromic (EC) materials are extensively
studied due to their high thermal stability, easy preparation, as well as low cost [10]. NiO,
one of the anodic EC materials, switching colors between colorless and gray, is usually
used as a complementary layer to match with WOj3; to assemble an electrochromic device
(ECD) [11]. According to the type of electrolyte, the ECDs can be divided into liquid
electrolyte ECDs, semi-solid electrolyte ECDs, and all-solid-state ECDs using solid-state
electrolyte. Among them, all-solid-state ECDs have attracted most attention because of the
excellent weather ability and stability [12].

Previous investigations show that NiO is a weak point for a complementary ECD due
to its low optical modulation and charge density [13]. Therefore, various approaches have
been used to improve the EC properties of NiO including organic-inorganic multi-layered
hybrid films [14], doping [15,16] and microstructural building [17,18]. However, most
approaches are realized by chemical methods, which are unsuitable for the preparation
of the all-solid-state ECDs. NiO-based films can be prepared by electrodeposition [19],
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pulsed laser deposition [20], electron beam thermal evaporation [21], sol-gel process [22],
chemical bath deposition [23], as well as sputtering [24,25]. Sputtering has attracted much
interest due to its clean, harmless work condition, good quality of products, and continuous
production; it is one of the main methods to prepare all-solid-state ECDs and can modify
NiO by doping.

It is necessary to improve the optical modulation and charge density to better match
with the EC layer when using NiO as a complementary layer in all-solid-state ECDs.
Athenian et al. demonstrated that Mg, Al, Si, Zr, Nb, and Ta doping can improve the
EC performances compared to the undoped NiO films [26]. Zhao et al. reported that the
EC performance including optical modulation and the response speed of NiO could be
improved significantly by Sn doping [15].

Here, in order to improve the EC performance of NiO to better match the WO; layer,
W-doped NiO films are prepared by magnetron sputtering, and the EC performances are
investigated and compared with pure NiO. The two films have similar surface morphology
and crystalline structure. XPS results confirm that W was successfully doped into NiO. The
transmittance modulation increases to 52.7% after being doped by W, which is larger than
that of pure NiO film, indicating that W doping can significantly improve the performance
of NiO. The all-solid-state ECD with the structure of glass/ITO/W-NiO/LiTaO3/WO3;/ITO
using W-NiO as a complementary layer are prepared and investigated. The ECD shows
an average transmittance modulation of 48.5% in the wavelength range of 450-850 nm. In
particular, the EC performances of the ECD in the infrared band are also studied, which is
rarely reported in all-solid-state devices.

2. Materials and Methods
2.1. Preparation of the NiO and W-Doped NiO Films

The NiO and W-doped NiO (labeled as W-NiO) thin films were deposited onto ITO-
coated glass (1 cm x 4 cm, sheet resistance Rs = 6 ()/square) by radio frequency (RF)
magnetron co-sputtering using W and a Ni metal target (99.99%) 50 mm in diameter, which
is schematically shown in Figure 1a. W and Ni targets were faced together, the power
ratio was set to 0:80 and 10:70, and the total power was set to 80 W. O, content was set to
10% to ensure the transparency of the film, and the sputtering pressure was 1 Pa. Before
the deposition, the ITO glass substrate was ultrasonically cleaned with acetone, ethanol,
and deionized water for 30 min, respectively. The sputtering chamber was evacuated to
2 x 1072 Pa, and the distance between the target and substrate was 6.5 cm. The substrate
with no additional heating was kept rotating to ensure the uniformity of the as-deposited
films. The target was pre-sputtered for 10 min to remove the surface contamination to
guarantee the film quality.
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Figure 1. Schematic diagram of the equipment used for preparation and measurement. (a) RF

magnetron co-sputtering equipment. (b) In situ spectral-electrochemical testing equipment.
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2.2. Fabrication of the All-Solid-State ECDs

The all-solid-state ECDs with the structure of glass/ITO/W-NiO/LiTaO3/WO3/ITO
were deposited by RF sputtering technology. The active area was 2 x 2 cm?. All layers
were deposited in the same chamber without breaking the vacuum. The as-deposited ECD
was treated at 300 °C in air for 3 h to improve the conductivity of the top ITO electrode.
The deposition parameters for each layer are listed in Table 1.

Table 1. Deposition parameters for the layers in the all-solid-state ECDs.

Layer 03 (%) Pressure (Pa) Power (W) Time (min)
W-NiO 10 1.0 10:70 120
LiTaO3 5 1.0 100 480

NiO 50 1.0 100 150

ITO 1 0.4 50 60

2.3. Analytical Techniques

The investigation on the surface and the cross-sectional morphologies of the as-
deposited NiO, W-NiO films, and all-solid-state ECD was performed by scanning electron
microscopy (SEM) using a Zeiss Supra55 microscope (Carl Zeiss AG, Jena, Germany).
The crystalline structure of the NiO and W-NiO films was studied by X-ray diffraction
(XRD, PANalytical B. V. Model X/ pert Pro, Almelo, Netherland) with a Cu Ka radiation
(1=1.54 A) and a grazing angle of 0.5°. The composition of the NiO and W-NiO films was
investigated by X-ray photoelectron spectroscopy (XPS) using a PHI 5700 ESCA System,
(Physical Electronics Inc., Chanhassen, MN, USA). IR measurements were performed using
Fourier transform IR spectrophotometer (Bruker Vetex 70, Karlsruhe, Germany) with a
gold-coated integrating sphere in reflectance mode.

An in situ spectra-electrochemical test was carried out using an electrochemical station
(CHI 660E, Shanghai Chenhua Instruments, Shanghai, China) and Vis-NIR fiber optic
spectrometer (MAYA 2000-Pro, Ocean Optics, Dunedin, FL, USA) to investigate the EC
performance of the NiO, W-NiO films, and ECD. The test equipment is schematically shown
in Figure 1b. The NiO and W-NiO films were measured in a three-electrode system where
the films, Pt wire, and Ag wire were used as the working electrode, counter electrode,
and reference electrode, respectively. The electrolyte was 0.5 M LiClO4-PC (propylene
carbonate). Chronoamperometry (CA) measurements were performed at £1.5 V with
a duration of 30 s. The potential range of cyclic voltammetry (CV) measurements was
from —1.5 to 1.5 V. The scan rate of CV measurements was 50 mV/s. A two-electrode
system was used for the test of ECD, where the top ITO layer near the WOj3 layer was the
working electrode and the bottom ITO layer was the reference and counter electrode. CA
measurements were performed at +3 V with durations of 60 and 300 s.

3. Results and Discussion
3.1. NiO and W-Doped NiO Films
3.1.1. Structure and Composition of NiO and W-Doped NiO Films

Figure 2a shows the surface and cross-sectional SEM images of the NiO and W-NiO
films. The surface morphology has a significant influence on the EC performance of the
films because the EC reaction first occurs on the surface. The surface of the NiO and
W-NiO films is similar and relatively smooth; it is composed of small particles, which is
beneficial to the stability. From the cross-sectional images (Figure 2b,d), it can be seen that
the thicknesses of the NiO and W-NiO films are about 135 nm.
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Figure 2. SEM images of the NiO and W-NiO films. (a) Surface and (b) cross-sectional SEM images
of the NiO film. (c) Surface and (d) cross-sectional SEM images of the W-NiO film.

The crystal structure of the NiO and W-NiO films on the ITO-coated glass is inves-
tigated by XRD, as exhibited in Figure 3a. Both the prepared films show the diffraction
peaks of the ITO substrate (JCPDS 65-3170) [27]. A characteristic peak at around 43° can
be observed in the patterns of NiO and W-NiO films, which is corresponding to the (200)
plane (JCPDS 73-1519) of cubic NiO [28]. In addition, compared with pure NiO film, the
diffraction peak of the W-NiO (200) plane shows a shift to high angle, indicating that the
interplanar spacing becomes smaller after being doped by W, because the ionic radius of
W (0.62 A) is smaller than that of Ni (0.69 A) [29]. Moreover, no other characteristic peaks
corresponding to W or the W compound are detected in the W-NiO film, which implies
that W is completely incorporated into the lattice of NiO or the W compound exists in
amorphous form in the W-NiO film.
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Figure 3. (a) XRD patterns. (b) CV curves of the NiO and W-NiO films. (c¢) Transmittance spectra of
NiO film. (d) Transmittance spectra of W-NiO film.
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XPS measurement is carried out to analyze the composition and chemical state of the
element of the NiO and W-NiO films, as shown in Figures S1 and S2. The spectra of the
two samples show that the NiO film contains Ni, O, and C, while W-NiO additionally
contains W with a peak at around 35.8 eV corresponding to W 4f. Ni 2p;,, and W 4f XPS
high-resolution spectra of the W-NiO film are presented in Figure S2. The binding energy
at 855.5 eV is assigned to the Ni 2p3,, peak with a satellite peak at 862.2 eV. The Ni 2p3,,
peak can be fitted to two peaks corresponding to two valence states of Ni, which are Ni?*
in Ni-O bonds and Ni** mainly in NiyOj, respectively, as shown in Figure S2a. It can be
seen that Ni in the as-prepared W-NiO is mainly Ni?* [30]. The W 4f XPS high-resolution
spectra can be fitted to W4f;,, and W4fs5,, components, with the binding energies of 34.3
and 36.4 eV, respectively [31]. The results show that the W in the W-NiO film is mainly Wé*
with a proportion of 75.3%.

3.1.2. EC Performances of NiO and W-Doped NiO Films

Figure 3b presents the CV curves of the NiO and W-NiO films performed at a scan rate
of 50 mV/s. Both the films show obvious redox peaks corresponding to the conversion of
Ni?* and Ni** in the films, which is accompanied by the changes of colored and bleached
states of the films. Compared with the NiO film, the W-NiO film exhibits larger current
density, and the charge density obtained by integrating the current density is 19.6 mC/cm?,
which is almost twice as much as that of NiO, indicating that W doping is conducive to
improve the activity of the EC reaction of NiO. Due to the large difference between the
stable valence states of Ni (2+) and W (6+ and 5+), the W ions of high oxidation state (6+
and 5+) will cause a large disturbance in the lattice around the W cation inserted into the
Ni site. Thus, the crystal structure of NiO becomes less dense compared with pure NiO,
which will lead to a large number of lattice boundaries, producing more lattice defects and
active sites for the electrochromic reaction.

The EC performances of the films are measured, and the transmittance spectra of the
NiO and W-NiO films are displayed in Figure 3c,d. The as-prepared W-NiO film shows a
low transmittance in original state, which is about 20% lower than that of NiO. When the
negative voltage to the film is applied, the Li ions are injected into the film, and the film
switches to the bleached state. The films switch to the colored state after the extraction of
Liions, and the transmittance of the colored state of the two films is higher than that of the
original state, which may be related to the mechanism of NiO in Li salts electrolytes. The
optical modulation of the W-NiO film is obviously larger compared with NiO due to more
ions participating in the reaction, which can be seen from the CV results.

The response time, defined as the time required to reach 90% of total transmittance
modulation in the EC process [32], is one of the most important evaluation criterion of
the EC materials. Figure 4a and b show the time-dependent transmittance spectra of the
NiO and W-NiO films. The optical modulation of the NiO film at 550 nm is 33.8% with
the coloring time (t;) of 8.1 s and bleaching time (t,) of 4.1 s. The W-NiO film exhibits an
obvious increase in optical modulation, which reaches 52.7%, while the t. hardly changes.
The t;, increases due to the increase in the optical modulation [33].

Coloration efficiency (CE), which means the change of optical density (AOD) per unit
charge (Q), is an index to evaluate the energy-saving effect of the EC materials. It can be
calculated according to the following equations [34]:

AOD = log(t, /tc) 1)

CE = AOD/AQ. )

The NiO and W-NiO films show similar CE values, which are 36.9 and 37.4 cm?/C,
respectively, as exhibited in Figure 4c,d. The above results indicate that the W doping
can significantly improve the optical modulation of the NiO film without affecting other
performances such as the response speed and CE.
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Figure 4. Time-dependent transmittance spectra (a) and CE (c) of the NiO film at 550 nm. Time-
dependent transmittance spectra (b) and CE (d) of the W-NiO film at 550 nm.

3.2. All-Solid-State ECD Based on W-NiO Film
3.2.1. Morphology of the ECD

The EC performances of W-NiO film confirm that it has the potential to replace NiO as
a complementary layer of WOj3 in all-solid-state ECDs. Therefore, an ECD with structure of
glass/ITO/W-NiO/LiTaO3/WO3/ITO is prepared, and the cross-section morphology of
the ECD is characterized. Figure 5 shows the cross-section SEM image and the scheme of
the ECD. The ECD exhibits a clearly identified five-layer structure, which are ITO, W-NiO,
LiTaO3, WO3, and ITO from bottom to top with the thicknesses of 200, 135, 1190, 440, and
620 nm, respectively. The closely connected interfaces indicate the physical and chemical
stability of the ECD, which is important to the lifetime of the ECD.

LiTaOs e

W-NiO
ITO —

Glass

Figure 5. Cross-sectional SEM image (a) and schematic diagram (b) of the ECD.
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3.2.2. EC Performances of the ECD

The EC performances of the ECD are investigated. Figure 6a displays the transmittance
spectra of the bleached and colored ECD after 150 cycles. The average transmittance spectra
of the bleached state and colored state are 68.9% and 20.4%, respectively, with an average
optical modulation of 48.5%. The time-dependent transmittance spectra in Figure 6b
indicates that the optical modulation of the ECD in 550 nm is 41.7% and the response
speed is 37.5 s for coloring and 24.1 s for bleaching. The cyclic stability of the ECD is
also studied and shown in Figure S3. The transmittance of the bleached state maintains
stability in the first 70 cycles; then, it decreases slightly, and the transmittance of the colored
state slowly goes down and finally tends to be stable. Figure S4 exhibits the transmittance
spectra and digital photos of the ECD with a switching time of 300 s. The transmittance of
the ECD is lower than 10% after 300 s of coloring, and the average optical modulation is
60.8%. The ECD with pure NiO is also prepared, and the performances are presented in
Figures S5 and S6. The initial transmittance modulation at 550 nm is 43.8%, which is much
larger than that of ECD with W-NiO. However, it degrades rapidly due to the obvious
decrease in the transmittance of the bleached state during cycling, indicating that W doping
is beneficial to improve the stability of the ECD. The optical modulation of the ECD with
pure NiO decreases to 30.8% after cycling with response times of 44.4 s for coloring and
26.3 s for bleaching, respectively, which is a little longer than that of the ECD with W-NiO.
The EC performances of the modified NiO films and devices reported previously are listed
in Table S1 for comparison.

100 e
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Figure 6. (a) Transmittance spectra, (b) Time-dependent transmittance spectra, (c) Spectral emittance
curves, and (d) Emissive power curves of the ECD with W-NiO after 150 cycles.

Infrared emittance (), including spectral emittance and emissive power, is one of the
most important parameters for applications in the space thermal control field. However,
there are few reports on the infrared emittance control of inorganic all-solid-state ECDs.
According to Kirchhoff’s law, the absorptivity is equal to the emittance for an object in
thermal equilibrium [35]. The transmittance of the ITO glass substrate is almost zero in
the wavelength range of 2.5-25 pm [35]. Thus, the spectral emittance can be obtained
by the reflectance of the ECD. The spectral emittance of the prepared ECD is illustrated
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in Figure 6¢. The absorptivity increases and the reflectance decreases when the ECD is
colored at —3 V; thus, the ECD exhibits a high emittance of 0.77. The absorptivity of the
ECD decreases, and the ECD switches to the low emittance state (0.49) when the ECD
is bleached at +3 V. The ECD exhibits an excellent emittance regulation ability with an
emittance modulation value of 0.28.

Emissive power is defined as the ratio of the radiant energy of an object at a certain
temperature to the radiant energy of a standard blackbody and can be calculated according
to the equations as follows [35]:

5
By = _aA 3)

o]

Sy (1~ ) BadA "
£ =
f/\max BAd/\

)\min

B, is radiation power at a certain wavelength, and c; and ¢, are the first and second
radiation constant (c¢; = 3.7418 x 108 W-pum*/m?2, ¢; = 1.4388 x 10* um-K).

Figure 6d shows the emissive power spectra of the ECD in different emittance states
and the ideal black-body spectrum at 298 K. The emissive power of the ECD at —3 and
+3 V is 287 and 182 W/m? respectively, which indicates that the regulated emissive power
of the ECD is 105 W/m? when applied in intelligent thermal control.

4. Conclusions

In this work, NiO and W-doped NiO films are prepared by magnetron sputtering
and the surface morphology, crystalline structure, chemical composition, electrochemical
properties, and EC performances of the films are investigated. The results show that the
charge density of NiO film increased remarkably after doping by W element; thus, the
W-NiO exhibits high optical modulation of 52.7%, which is much larger than the value
of NiO (33.8%). Meanwhile, the other EC indexes such as response time and CE are
almost unaffected, indicating that W-NiO film is promising to replace NiO as a component
of all solid-state ECDs. The W-NiO film is applied to an all-solid-state ECD with the
structure of glass/ITO/W-NiO/LiTaO3/WO3/ITO. The ECD shows a relatively high
optical modulation of 41.7% at 550 nm with a response time of 37.5 s for coloring and 24.1 s
for bleaching and excellent emittance regulation ability of 0.28 in wavelength of 2.5-25 um.
The above results demonstrate that the ECD using W-NiO as a complementary layer can
not only be applied in the smart window field but also show great potential in thermal
control devices.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/coatings12020118/s1, Figure S1: XPS spectra of the NiO and W-NiO films, Figure S2: (a) High-
resolution spectra of Ni 2p. (b) High-resolution spectra of W4f, Figure S3: Cyclic stability of the
ECD with W-NiO measured at £3 V with a duration of 60 s, Figure S4: Transmittance spectra and
digital photos of the ECD with W-NiO measured at £3 V with a duration of 300 s, Figure S5: (a) Time
dependent transmittance spectra, (b) Transmittance spectra of the ECD with NiO after 150 cycles,
Figure S6: Cyclic stability of the ECD with NiO measured at +3 V with a duration of 60 s, Table S1:
Comparison of the W-NiO film and ECD with previously reported data.
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