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a b s t r a c t
In this paper, Sn-NiO ﬁlms for a superior electrochromic performance were prepared by a simple onestep magnetron sputtering process. The amount of Sn in the Sn-NiO ﬁlms was controlled by adjusting
the sputtering power of the SnO2 target. The modiﬁcation of the microstructure of the NiO ﬁlm by Sn4+
ions reﬁned the grain size, enlarged the electrochemically active surface and promoted the diffusion of
lithium ions, thereby enhancing the electrochromic performances of a NiO ﬁlm. Compared to pure NiO,
the Sn-NiO ﬁlm prepared at a 10 W sputtering power of SnO2 target obtained outstanding electrochromic
performances, including large transmittance modulation (65.1%), high coloration eﬃciency (39.3 cm2 ·C−1 ),
fast switching speed (1.3 s and 1.4 s) and good cycling durability at a wavelength of 550 nm. Besides,
an optimized Sn-NiO ﬁlm was used as an anodic electrochromic layer to prepare inorganic all-solid-state
electrochromic device (ECD) and the ECD displayed excellent electrochromic performance. The strategy of
preparing NiO modiﬁed by Sn4+ ions presents an innovative direction to obtain high-performance electrochromic materials for energy-saving smart windows.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
The development of society and the continuous growth of population have attracted considerable attention to energy conservation and environmental protection [1-3]. In this context, the development of energy-saving technology is of considerable interest. As
a promising energy-saving technology, electrochromism has drawn
extensive attention over the past decades because of its potential
applications in energy-eﬃcient glazing, electrochromic mirrors and
displays with low energy consumption [4-6]. Normally, an ideal
electrochromic material should own the properties of large optical
modulation, fast coloration/bleaching switching speed, and longterm stable charge/discharge reversibility, in principle. According
to previous reports, it has been found that transition metal oxides
generally exhibit excellent electrochromic properties [7-11]. Among
such materials, nickel oxide (NiO) is widely studied as an anodic
electrochromic layer in ECDs due to its low cost, good ion-storage
capacity and high coloration eﬃciency. Despite these advantages, a
series of critical issues such as low switching kinetics, inferior optical modulation, low bleached state transparency and poor cycle
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durability of NiO ﬁlm have negative effects on the electrochromic
performance of the ECDs [12-14].
Recently, it was found that doping metal ions to NiO ﬁlms could
effectively improve their electrochromic properties. For example,
Granqvist et al. reported NiO ﬁlms doping with a series of additives (Mg, Al, Si, V, Zr, Nb, Ag, or Ta), which showed improved optical properties [13]. Tu et al. prepared Co-doped NiO nanoﬂake array ﬁlms via a low temperature chemical bath deposition, exhibiting a large transmittance modulation (88.3%) and high coloration
eﬃciency (47.7 cm2 ·C−1 at 550 nm) [15]. Firat et al. synthesized
Cu-doping NiO ﬁlms via electrochemical deposition, which showed
an enhanced optical modulation (57.1% at 550 nm) and fast coloration/bleaching response speed (1.77 s/2.26 s) [16]. According to
these studies, one can ﬁnd that NiO modiﬁed by metal ions can
improve the electrochromic properties to a certain extent. In addition, we note that Sn4+ and Ni2+ have the same ionic radius
(0.069 nm), a small part of Ni2+ in the NiO lattice can be easily replaced by Sn4+ to form Sn4+ doped NiO ﬁlm. Based on this
consideration, NiO ﬁlms with improved EC performance may be
achieved by Sn4+ ions modiﬁcation. Besides, to the best of our
knowledge, there is no report on the preparation of Sn4+ modiﬁed
NiO ﬁlms via RF magnetron sputtering for electrochromic research
in Li-based electrolytes.
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In this paper, Sn4+ ions modiﬁed NiO ﬁlms have been prepared
by a simple one-step RF magnetron sputtering method using a
SnO2 ceramic target and the content of Sn4+ ions in the ﬁlms can
be easily increased by increasing the SnO2 target sputtering power.
The inﬂuence of Sn4+ ions modiﬁcation on the chemical composition, microstructure and EC performances of the Sn-NiO ﬁlms
has been studied. It is found that the optical properties, switching
speed and cycling durability of NiO ﬁlms are signiﬁcantly enhanced
due to the modiﬁcations of the microstructure of NiO ﬁlm by Sn4+
ions. Furthermore, an inorganic all-solid-state ECD with the structure of ITO/Sn-NiO 10 W/Ta2 O5 /LiNbO3 /Ta2 O5 /WO3 /ITO has been
constructed, which displays excellent electrochromic performances.
2. Experimental
2.1. Preparation of the Sn-NiO ﬁlms
The Sn-NiO ﬁlms were deposited by radio frequency (RF) cosputtering in a gas mixture of Ar and O2 (as illustrated in Fig. S1).
The Ar/O2 mass ﬂow ratio was set at 10:5 and the working pressure was 0.8 Pa. The targets were 2 mm-thick Ni metal plate and
5 mm-thick SnO2 ceramic plate with 50 mm in diameter. The sputtering power for Ni metal target was ﬁxed at 60 W, while the deposition power for SnO2 target was adjusted to 0, 5, 10 and 15 W
to control the Sn element content in the NiO ﬁlms. The deposition time of all ﬁlms was maintained at 180 min. Commercially
purchased ITO coated glass substrates (1 cm × 4 cm, sheet resistance Rs =6 /square) were ultrasonically washed in acetone,
ethanol and deionized water for 20 min, respectively. The distance
between target and substrate was kept at 6.5 cm. There is no additional heating applied to the substrate. Prior to deposition, the
targets were pre-sputtered under pure argon for 10 min to remove
contaminants. The substrate was rotated at 5 rpm in the deposition
process to ensure the homogeneity of the ﬁlms. The initial substrate temperature during the deposition process is room temperature (25 °C), and the substrate temperature rises to about 40 °C
after the deposition process is complete. The obtained Sn-NiO ﬁlms
are denoted as Sn-NiO 0 W, Sn-NiO 5 W, Sn-NiO 10 W and Sn-NiO
15 W. Sn-NiO 0 W represents a pure NiO ﬁlm.

Fig. 1. XRD patterns for Sn-NiO ﬁlms prepared under different SnO2 target deposition power. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

performed on a Horiba Jobin Yvon LabRAM spectrometer equipped
with a ﬁber coupled 532 nm laser.
The electrochromic and electrochemical properties of Sn-NiO
ﬁlms were recorded by a Vis-NIR optical spectrometer (MAYA
20 0 0-Pro, Ocean Optics) and an electrochemical station (CHI660E,
Shanghai Chenhua Instruments, China) using a three-electrode
electrochemical cell. The electrochromic ﬁlm, Ag/AgCl and platinum wire were employed as the working electrode, reference
electrode and counter electrode, respectively. A 1.0 M LiClO4 -PC
(propylene carbonate) solution was used as electrolyte. The cyclic
voltammetry (CV) measurements of the ﬁlms were performed at
various scan rates in the potential range of −1.5 V-1.5 V at room
temperature (~25 °C). The chronoamperometry (CA) measurements
of the ﬁlms were performed by applying −1.5 V and 1.5 V with
30 s duration. The spectral optical transmittance of the ECD was
monitored using the above-mentioned optical spectrometer over
the wavelength range of 40 0–110 0 nm. The transmittance spectra
of the ECD device were measured by applying −2.5 V and 2.5 V
with a duration of 30 s. The response time and durability test of
the ECD were recorded by applying −2.5 V and 2.5 V with 30 s
duration for each state at a wavelength of 700 nm.

2.2. Preparation of inorganic all-solid-state ECDs
ECDs with ITO/Sn-NiO 10 W/Ta2 O5 /LiNbO3 /Ta2 O5 /WO3 /ITO
structure were prepared by sequential deposition on the Sn-NiO
10 W/ITO/glass substrates. Prior to deposition each layer, presputtering for 10 min was applied to avoid cross-contamination.
The substrate was kept rotating at 5 rpm in the deposition process
and the distance between target and substrate was kept at 6.5 cm.
The detailed deposition parameters of the ECDs are listed in the
Table S1.

3. Results and discussion
XRD patterns of the Sn-NiO ﬁlms prepared on the ITO substrate
with different SnO2 deposition power are presented in Fig. 1. All
the prepared ﬁlms show the characteristic peaks of the ITO substrate (JCPDF-#06–0416). Besides, it can be observed that the SnNiO 0 W ﬁlm presents a strong crystallization peak at about 43.2°,
which is assigned to a (200) reﬂection of NiO, indicating a highly
crystalline structure. Moreover, the structure of the NiO ﬁlm is
consistent with a face-centered cubic (space group Fm-3 m (225),
JCPDS no. 47–1049). Although the Sn-NiO ﬁlms maintain the crystal structure of NiO, the diffraction peak (200) becomes weaker
and the full width at half maximum (FWHM) of the peak gradually becomes broader as the SnO2 target deposition power increases from 0 to 15 W, suggesting a reduced grain size of NiO. In
addition, with an increase of the Sn content in the NiO ﬁlms, the
diffraction peak of the (200) crystal plane in Sn-NiO ﬁlms gradually shifts to a lower angle compared to that of the Sn-NiO 0 W
ﬁlm (inset of Fig. 1). This phenomenon may be ascribed to the
fact that Sn4+ and Ni2+ possess the same ionic radius and when
Sn4+ ions enter the NiO lattice, some Ni2+ ions in the lattice will

2.3. Characterization and analysis methods
The morphologies of the as-prepared ﬁlms were characterized
by scanning electron microscopy (SEM, Zeiss supra 55) at an accelerating voltage of 20 kV, and by atomic force microscopy (AFM,
Dimension Fast ScanTM). X-ray diffraction (XRD) data of the ﬁlms
were obtained using an X’ pert Pro-diffractometer (with Cu Ka radiation of λ= 1.5405 Å). The chemical state analyses of the ﬁlms
were evaluated by an X-ray photoelectron spectroscopy (XPS, PHI
5700 ESCA System) with Al Kα (1486.8 eV) as the X-ray source.
The microstructure and elemental mapping of the Sn-NiO ﬁlms
were performed using a transmission electron microscope (TEM,
Tecnai F30, FEI) equipped with an energy dispersive X-ray spectroscope (EDS). The Raman spectral studies of the Sn-NiO ﬁlms were
2
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Fig. 2. SEM images of cross-sectional and top view of Sn-NiO ﬁlms under different SnO2 target deposition power: (a) 0 W, (b) 5 W, (c) 10 W, (d) 15 W.

easily be substituted by Sn4+ ions, leading to the generation of defects (oxygen defects or Ni vacancies) to maintain the charge neutrality in the system, and reducing the crystallinity degree of the
host NiO crystal [17]. Therefore, the diffraction peak will shift to a
lower angle and the diffraction peaks become weaker and broader.
These results are quite similar to a previous report by Wang et al.
[18]. Based these results, one can concluded that Sn has been successfully incorporated into the lattice of NiO. Moreover, no other
characteristic peak corresponding to Sn or Sn compound are detected in the Sn-NiO ﬁlms with Sn element doping, indicating the
Sn complete incorporation into the lattice of NiO or the presence
of Sn compound in the amorphous form in these ﬁlms. In order to
further clarify the existence form of doping Sn and eliminate the
inﬂuence of ITO substrate on the analysis, we prepared Sn-NiO thin
ﬁlms on the quartz glass substrate under the same experimental
conditions (except the substrates are different). As shown in Fig.
S2a, the XRD patterns of the Sn-NiO ﬁlms prepared on the quartz
glass substrate display similar curves with those prepared on the
ITO glass substrate. More importantly, there is still no other characteristic peak corresponding to Sn or Sn compound are detected
in these Sn-NiO ﬁlms. According to the experimental parameters of
the SnO2 target in the process of preparing Sn-NiO 15 W, we further used the SnO2 target to prepare a pure SnO2 ﬁlm and the result has been shown in Fig. S2b. XRD pattern of the pure SnO2 ﬁlm
presents two peaks at about 33.8° and 51.8°, which is assigned to
a (101) and (211) reﬂections of SnO2 , indicating a crystalline structure. According to these results, we can conclude that Sn element
in the Sn-NiO ﬁlms may have been completely incorporated in the
host NiO crystal.
Raman spectra of Sn-NiO ﬁlms are recorded in order to investigate the incorporation of Sn. As shown in Fig. S3, for all ﬁlms
with or without Sn doping, there are two Raman peaks observed,
which is one-phonon longitudinal optical (LO) mode at about 503
cm−1 and two-phonon 2LO phonon modes located at 1090 cm−1
[19]. Notably, the ﬁrst order Raman scattering is usually absent for
stoichiometric NiO. However, in this work, the 1LO peaks appeared

in the Raman spectra of the ﬁlms may be caused by nickel vacancies, oxygen interstitials or surface effects. Besides, it can be found
that the 1LO peak shifts to higher Raman wavenumbers, which is
caused by the substitution of Ni2+ by Sn4+ with a higher oxidation state than that of Ni2+ [20-22]. The substitution of Ni2+ by
Sn4+ may causes an increase in bond strength due to the changes
in the electronic distribution, which in turn results in the increase
of vibrational frequency or wavenumber, indicating a blue shift in
the Raman mode. And the blue shift in the Raman mode becomes
more obvious as the increase of Sn4+ doped in the ﬁlms.
The surface and cross-sectional SEM images of Sn-NiO ﬁlms are
presented in Fig. 2. EC performances are signiﬁcantly inﬂuenced by
the surface morphology of NiO ﬁlm as the electrochemical reactions ﬁrst start on the ﬁlm surface [23]. The surface of the Sn-NiO
0 W ﬁlm is rough and some large particles can be observed (see
Fig. 2a). While the surface particles of Sn-NiO ﬁlms become smaller
and uniform with the increase of deposition power of SnO2 target
(5, 10 and 15 W). In addition, all the as-prepared ﬁlms have a similar thickness of about 250 nm as seen from the cross-sectional
images (Fig. 2a–d, inset). To further study the surface properties of
the ﬁlms, an AFM analysis was carried out in tapping mode. Fig. S4
depicts the two-dimensional and three-dimensional AFM images of
the ﬁlms. It can be clearly seen that the surface of Sn-NiO 0 W ﬁlm
is rough with some large particles. Interestingly, the grains on the
surface of ﬁlms gradually become smaller with an increase of deposition power of the SnO2 target, which indicates that Sn element
modiﬁcation can reﬁne the grain size on the NiO surface. This result is consistent with the related research results in the previous
literature [18]. The reﬁned the grain size of the ﬁlms may help, to
a certain extent, to enhance the electrochemical activity of the surface, improve the charge storage capacity of NiO and enhance the
EC performance of the ﬁlm [24]. In order to better compare the
surface difference of Sn-NiO thin ﬁlms, the surface roughness of
these ﬁlms have been given in Fig. S5. The values of the root mean
square roughness (Rq ) and the mean roughness (Ra ) of the Sn-NiO
ﬁlms are respectively 5.35, 3.05, 2.83, 2.78 and 4.33, 2.45, 2.29,
3
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2.21, corresponding to the SnO2 deposition power of 0 W, 5 W,
10 W, and 15 W. It can be seen that with the increase of Sn in the
Sn-NiO ﬁlms, the surface of the ﬁlms gradually becomes ﬂat. More
importantly, the surfaces of Sn-NiO 0 W and Sn-NiO 15 W demonstrate either larger granular particles or a much ﬂatter morphology,
which will lead to a relatively lower electrochemically active surface and limit the reaction between the active materials and the
electrolyte [24].
In order to further analyze the microstructure and element distribution of Sn-NiO ﬁlms, TEM and EDS mapping tests were carried
out. Fig. S6 shows the TEM images and elemental maps of Sn-NiO
ﬁlms. By comparing the TEM images of Sn-NiO 0 W (Fig. S6a), SnNiO 5 W (Fig. S6d), Sn-NiO 10 W (Fig. S6h) and Sn-NiO 5 W (Fig.
S6l), it can be found that the grain sizes of the Sn-NiO ﬁlms gradually reduce as the content increase of the Sn, which was similar to
the SEM and AFM observations (Fig. 2 and Fig. S4). This indicates
that doping Sn in the Sn-NiO ﬁlms can reduce the grain size on the
host NiO crystal. Additionally, the distributions of Ni, Sn and O in
Sn-NiO ﬁlms are investigated by EDS mapping. It can be seen that
Ni, Sn and O elements are evenly distributed on the Sn-NiO ﬁlms,
suggesting that the Sn are uniformly doped into the NiO ﬁlms. Fig.
S7 illustrates the high-resolution transmission electron microscopy
(HRTEM) images and the selected area electron diffraction (SAED)
patterns of the Sn-NiO ﬁlms prepared under different SnO2 target
deposition power (0, 5, 10 and 15 W in Fig. S7a-d). The HRTEM
image of the Sn-NiO 0 W (pure NiO, Fig. S7a) displays clear lattice
fringes. And the lattice fringes are about 0.209 nm, corresponding
to the (200) plane of NiO [15]. The SAED pattern of the Sn-NiO
0 W exhibits a series of concentric diffraction rings (See the inset in the upper right corner in Fig. S7a), indicating that the NiO
ﬁlm was polycrystalline. With the increase amount of Sn in the
Sn-NiO ﬁlms, for the Sn-NiO 5 W and Sn-NiO 10 W, in addition
to the lattice fringes corresponding to the (200) plane, the lattice
fringes with a spacing of about 0.240 nm can also be found, which
corresponds to the (111) lattice plane of NiO. However, when the
content of Sn in Sn-NiO ﬁlm continues to increase (Sn-NiO 15 W),
only lattice fringes with spacing of 0.246 nm corresponding to the
(111) lattice plane of NiO can be observed. Moreover, by comparing
the (200) and (111) lattice spacings of Sn-NiO ﬁlms with different
Sn contents, we ﬁnd that Sn doping will slightly increase the lattice spacing. This may be caused by the fact that when Sn element
doped in the host NiO crystal, some Ni2+ in the NiO substituted by
doping Sn4+ , which leads to the generation of some defects in the
Sn-NiO ﬁlms [18]. And these defects may cause a slight increase in
the lattice spacings observed in TEM. More importantly, the lattice
fringes corresponding to SnO2 crystal plane cannot be observed in
Sn-NiO ﬁlms. Combined with the previous XRD, Raman and mapping results, we think that the doping Sn is completely integrated
into NiO matrix and Sn4+ substituted Ni2+ .
The relative contents of Ni2+ and Ni3+ in the NiO ﬁlms should
have a signiﬁcant effect on the EC performance of the ﬁlms [25].
In order to study the surface compositions and chemical states of
the as-prepared ﬁlms, XPS analysis was carried out. And the ﬁlms
have been etched under Ar+ ion (3 keV) for 30 s before XPS test
to ensure the accuracy of the results. Ni 2p3/2 and Sn 3d XPS high
resolution spectra of the ﬁlms are shown in Fig. 3a-b and Fig. 3eh. In the Sn-NiO 0 W ﬁlm (pure NiO ﬁlm, see Fig. 3a), the binding
energy at 854.0 eV is assigned to the Ni 2p3/2 peak, and its satellite peak can be found at 861.1 eV. Besides, the Ni 2p3/2 peak could
be ﬁtted to two components, corresponding to the binding states
of Ni2+ (854.0 eV) and Ni3+ (855.7 eV), respectively [15,26]. Interestingly, compared with the binding energies of Ni2+ (854.0 eV)
and Ni3+ (855.7 eV) in the pure NiO ﬁlm, with the increase of Sn
element content, the binding energy of Ni2+ and Ni3+ in Sn-NiO
thin ﬁlms gradually increases (the binding energies of Ni2+ and
Ni3+ in the Sn-NiO 15 W ﬁlm are 854.2 eV and 855.9 eV). The in-

Fig. 3. XPS spectra of as-prepared Sn-NiO ﬁlms under different SnO2 target deposition power: (a-d) the high-resolution spectra of Ni2p3/2 and (e-f) the highresolution spectra of Sn 3d (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

crease of the binding energies reﬂects the interaction between NiO
and the dopant, indicating the doping of Sn into NiO [18]. In addition, compared with pure NiO ﬁlm, the NiO ﬁlms containing Sn
element display a relatively high content of Ni3+ but a lower content of Ni2+ . This is mainly due to the Sn4+ substitution at Ni2+
sites which caused some Ni2+ vacancies in the NiO ﬁlm. And some
Ni2+ are oxidized to Ni3+ in order to maintain charge neutrality
in the system [27]. Fig. 3e-h display the Sn 3d spectra of Sn-NiO
ﬁlms. As expected, no Sn element can be detected in Sn-NiO 0 W
and as the deposition power of the SnO2 target increases (5, 10 and
15 W), the Sn 3d spectra of these ﬁlms exhibit two peaks at about
486.4 eV and 494.8 eV with better symmetry, assigning to Sn 3d5/2
and Sn 3d3/2 , respectively. The distance between the two peaks is
about 8.4 eV, which corresponds to the 3d binding energy of Sn4+
ions [28,29]. These results obviously indicates the doping of Sn4+
into NiO [27]. The molar ratios of Sn/Ni for the Sn-NiO 5 W, SnNiO 10 W and Sn-NiO 15 W ﬁlm are conﬁrmed to be 2.4%, 8.6%
and 20.2%, respectively.
EC performances of the NiO ﬁlms are directly related to their
electrochemical properties. In order to explore the electrochemical
properties of the Sn-NiO ﬁlms, cyclic voltammograms (CV) were
carried out at a scan rate of 50 mV s − 1 in a voltage range of
−1.5 to 1.5 V. As presented in Fig. 4, all the ﬁlms exhibit obvious redox peaks, corresponding to the process for the colored and
4
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Table 1
The comparation of EC performances for the Sn-NiO ﬁlms.
Sample

Sn-NiO
Sn-NiO
Sn-NiO
Sn-NiO

Coloration eﬃciency (cm2 C−1 )

Optical properties at 550 nm Switching time (s)

0W
5W
10 W
15 W

Tb (%)

Tc (%)

࢞T(%)

tb

tc

89.3
91.3
92.8
90.9

49.1
45.2
27.7
43.0

40.2
46.1
65.1
47.9

1.6
1.4
1.3
2.6

1.9
1.4
1.4
3.5

diffusion coeﬃcient (DLi +) were calculated for the Sn-NiO ﬁlms as
summarized in Table S2. It is observed that the values of DLi + of
the ﬁlms increase ﬁrst, followed by a decrease as the SnO2 target
deposition power increase. Sn-NiO 10 W demonstrates the largest
value of DLi + among all ﬁlms. That is, Sn-NiO 10 W has a higher
diffusion kinetics compared to other ﬁlms. This is due to the fact
that the modiﬁcation of NiO ﬁlm by Sn4+ ions could reﬁne the
grain size of the ﬁlm, enlarge electrochemically active surface of
the ﬁlm to a certain extent, and enhance the diffusion of lithium
ions in the ﬁlm.
The transmittances of as-prepared Sn-NiO ﬁlms were shown in
Fig. S9. It can be seen that with the increase of Sn element content
in the ﬁlm, the transmittances of the ﬁlms gradually decrease. this
is mainly due to the increase of Ni3+ in the ﬁlms, Corresponding
to the XPS analysis results of the Sn-NiO ﬁlms.
The transmittance modulation (࢞T) is another important parameter to evaluate the EC properties. The transmittance spectra in
the colored and bleached states of the Sn-NiO ﬁlms are presented
in Fig. 5. The values of the transmittance modulation and transmittance in colored and bleached states for Sn-NiO ﬁlms are given
in Table 1. The NiO ﬁlms modiﬁed by Sn4+ possess a higher transmittance in the bleached state than that of pure NiO. In order to
analyze the causes of this phenomenon, XPS test was carried out
on Sn-NiO ﬁlms in bleached state and all the ﬁlms were etched
under Ar+ ion (3 keV) for 30 s before XPS test to ensure the accuracy of the results. Fig. S10 shows the high-resolution XPS spectra
of Ni2p3/2 of Sn-NiO ﬁlms in bleached state, two peaks located at
about 854.0 eV and 855.7 eV are assigned to the binding states of
Ni2+ and Ni3+ , respectively. Besides, the ratios of Ni3+ /Ni2+ for the
Sn-NiO ﬁlms (0, 5, 10 and 15 W) were calculated as 2.19, 2.12, 1.90
and 2.16, respectively. It can be found that Sn-NiO ﬁlms modiﬁed
by Sn4+ in bleached state possess less Ni3+ and more Ni2+ than
that of pure NiO. In addition, by comparing the transmittance in
colored state of the ﬁlms, it is obvious that ﬁlms modiﬁed by Sn4+
display a lower transmittance in the colored state than pure NiO.
This may be attributed to that the modiﬁcation of Sn4+ ions could
effectively reﬁne the grain size of NiO ﬁlms, enhance the diffusion
of lithium ions in the thin ﬁlms and promote the reaction between
active substances and electrolytes. Notably, it can be found that the
transmittance in the bleached state of the ﬁlms increases ﬁrst and
then decreases with the SnO2 target deposition power increasing,
while the transmittance at the colored state shows the trend of
a decrease followed by an increase. As a result, the transmittance
modulation of the Sn-NiO ﬁlms increases ﬁrst and then decreases.
When the content of Sn element in NiO ﬁlm is too high, relatively
amount of the Ni element in the Sn-NiO ﬁlm will decrease. Because Ni is an active substance participating in electrochromic reaction, the reduction of its relative content will lead to a decrease
of transmittance modulation of the Sn-NiO ﬁlms. The transmittance modulation of Sn-NiO 10 W (65.1%) is the largest among all
the ﬁlms, which is superior than that of previously reported NiO
ﬁlms (i.e. Xu et al. studied an optical modulation of about 56% of
Li-Ti co-doped NiO ﬁlms [34], and Azevedo et al. reported an optical modulation of 21% of V2 O5 nanoparticle doped NiO ﬁlms [35]).
Besides the transmittance modulation ࢞T, response time is also
signiﬁcantly important to assess the EC performances of the ﬁlm.

Fig. 4. Cyclic voltammograms of Sn-NiO ﬁlms under different SnO2 target deposition power (−1.5V-1.5 V, 50 mV•s − 1 ).

bleached states of the NiO ﬁlms. Upon anodic scanning, the Ni2+
will be oxidized to Ni3+ along with the color of the ﬁlm changing
from bleached to colored. Conversely, when Ni3+ ions are reduced
to Ni2+ ions, the ﬁlms are bleached, which could be illustrated by
the following reactions [24]:

NiOX + yLi+ + ye− → Liy NiOX

(1)

Liy NiOX (colored ) + zLi+ + ze− ⇔ Liy+z NiOX (bleached )

(2)

The current densities of the anodic and cathodic peaks vary a little
with the synthesis procedure. Sn-NiO 10 W exhibits a slightly better electrochemical performance than the other ﬁlms, which suggests that more active material participates in the EC reaction [26],
revealing more active units and a stronger charge storage capacity
during the EC process [30].
The electrochemical reaction kinetics is linked to the switching
speed of the electrochromic process. In order to further explore the
electrochemical properties of the ﬁlms, a series of CV curves with
various scan rates of 10, 30, 50, 80 and 100 mV s − 1 were performed to evaluate the diffusion kinetics of these ﬁlms. As shown
in Fig. S8a-d, with increase of scanning rate, anodic and cathodic
peak current densities of all the ﬁlms gradually increase. Moreover,
a linear relationship between the peak current (Ip ) and the CV scan
rates (v1/2 ) of the ﬁlms indicates that the reaction kinetics is controlled by Li ion diffusion (Fig. S8e) [31]. The diffusion coeﬃcient
of the lithium ion can be calculated by the Randles-Sevcik equation
[32,33]:

I p = 2.69 × 105 n3/2 AD1/2 v1/2C0

35.4
37.6
39.3
36.6

(3)

where n represents the number of transferred charges, A is the
area of the electrode (cm2 ), D is the diffusion coeﬃcient of Li+ ,
v is the scan rate (V s − 1 ), and C0 indicates the concentration of
Li+ (mol cm−3 ). According to Equ. (3), the values of the lithium-ion
5
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Fig. 5. Optical transmittances of Sn-NiO ﬁlms under different SnO2 target deposition power in bleached and colored states: (a) 0 W (b) 5 W (c) 10 W (d) 15 W. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

In this work, coloration and bleaching time were deﬁned as the
time required for a 70% change in transmittance modulation, as
suggested in literature [36,37]. In order to explore the response
time of Sn-NiO ﬁlms, the in situ optical response curves of the
ﬁlms at 550 nm were obtained by continuously applying constant
voltages (±1.5 V) for 30 s intervals (as shown in Fig. 6). The coloration and bleaching time of all the ﬁlms are given in Table 1.
Sn-NiO 10 W ﬁlm displays the fastest coloration and bleaching
time of 1.3 s and 1.4 s, respectively, while the pure NiO ﬁlm needs
1.6 s and 1.9 s. Moreover, the coloration and bleaching time of SnNiO 10 W ﬁlm is faster in contrast to those previously reported
NiO ﬁlms prepared by chemical bath deposition (3.4 s and 5.4 s)
[15] and RF magnetron sputtering (18.7 s and 14.5 s) [14]. The fast
switching response of Sn-NiO 10 W ﬁlm is attributed to the synergetic effect contribution from the reﬁned grains of NiO ﬁlm, enlarged electrochemically active surface and enhanced diffusion kinetics after the modiﬁcation of Sn4+ ions. These results are coincident with the AFM, TEM and CV analyses.
Coloration eﬃciency (CE) is another important parameter to
evaluate the performances of EC materials. CE is determined as the
optical density change (࢞OD) per unit of charge (Q) inserted into
(or extracted from) an EC ﬁlm, which can be evaluated according
to the following equations [37,38]:

CE (λ ) = OD/Q

(4)

OD(λ ) = log(Tb /Tc )

(5)

serted charge density during coloration process. The curves of variation in optical density with the injected charge density (Q) for SnNiO ﬁlms are shown in Fig. S11. The calculated values of CE for the
Sn-NiO ﬁlms are listed in Table 1. Obviously, Sn-NiO 10 W exhibits
an optimum CE value as high as 39.3 cm2 C − 1 . The enhanced CE
is a direct consequence of Sn4+ ions modiﬁed, which combines an
enlarged electrochemically active surface, a fast ions diffusion and
a large transmittance modulation.
In order to further prove that the NiO ﬁlm modiﬁed by Sn4+
ions have an enhanced electrochemical stability, the in-situ optical
modulation tests of Sn-NiO 0 W and Sn-NiO 10 W are carried out
using a CA technique at a wavelength of 550 nm (Fig. 7a). Noticeably, the enhanced cycling durability and improved transmittance
modulation of Sn-NiO 10 W can be observed compared with SnNiO 0 W. The transmittance of the bleached state as well as of the
colored state and the transmittance modulations for the Sn-NiO
10 W and Sn-NiO 0 W in the 1st cycle and 500th cycle is listed in
Fig. 7b. As expected, Sn-NiO 10 W exhibits a higher Tb , a lower Tc
and a larger ࢞T than Sn-NiO 0 W. After 500 cycles, the ࢞T of SnNiO 10 W is still as high as 46.7%, maintaining 71.7% of the original
transmittance modulation. However, the transmittance modulation
of Sn-NiO 0 W after 500 CA cycles is 22.0%, which retains merely
54.7% of the initial transmittance modulation. Undoubtedly, the cycling durability of Sn-NiO 10 W is better than that of Sn-NiO 0 W.
Additionally, it is also better than that of NiO ﬁlm reported by Xia
et al. (sustaining 40% after 300 cycles) [39].
Based on the above discussion, Sn-NiO 10 W demonstrates
the largest transmittance modulation, fastest switching speed and
highest CE among all the ﬁlms in this work. More signiﬁcantly, the
EC performance of Sn-NiO 10 W is superior to those of the previ-

where Tb and Tc represent the transmittance of the ﬁlm at
bleached and colored state, respectively, and Q denotes the in6
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Fig. 6. The variation in transmittance based on the response time for the Sn-NiO ﬁlms under different SnO2 target deposition power: (a) 0 W, (b) 5 W, (c) 10 W, (d) 15 W.

Fig. 7. (a) In situ transmittance variation plotted against the CA cycle number of Sn-NiO 0 W and Sn-NiO 10 W. (b) the transmittance properties for Sn-NiO 0 W and Sn-NiO
10 W in the 1st cycle and 500th cycle.

ously reported EC performances of NiO ﬁlms with doped structure
studied in the Li-based electrolytes [24,34,40]. Besides, the transmittance modulation of Sn-NiO 10 W is comparable to some previously reported NiO ﬁlms studied in the KOH aqueous electrolytes
(as shown in Table S3). Overall, the outstanding EC performance of
Sn-NiO 10 W is mainly due to the facts that the Sn4+ ions doped
in the lattice of NiO could effectively reﬁne the grain size of NiO,
promote diffusion of Li ions and enhance the reaction kinetics in
the EC process.
It is well accepted that EC materials need to be assembled to all-solid-state electrochromic devices (ECD) to reﬂect

their practical usefulness. Thus, ECD with a structure of ITO/SnNiO/Ta2 O5 /LiNbO3 /Ta2 O5 /WO3 /ITO were fabricated on the basis of
the optimized Sn-NiO 10 W ﬁlm. The speciﬁc deposition parameters of the ECD are shown in Table S1.
Prior to study the EC properties of device, the microstructure
and chemical composition of some ﬁlms in the device were studied
and analyzed by XRD and XPS. Fig. S12 displays the XRD patterns
of WO3 ﬁlm prepared on the ITO coated glass substrate, Ta2 O5 ﬁlm
and LiNbO3 ﬁlm prepared on the quartz glass substrate. One can
ﬁnd that the WO3 ﬁlm shows the characteristic peaks of ITO substrate (JCPDF-#06–0416). In addition, it can be observed that WO3
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Fig. 8. Electrochromic properties of the ITO/Sn-NiO 10 W/Ta2 O5 /LiNbO3 /Ta2 O5 /WO3 /ITO device. (a) The cross-section morphology of the device; (b) Optical transmittance
curve in full spectra of EC device under operation potential ±2.5 V and bleaching/coloration time as 30 s; (c) Cyclic light transmittance data for the device measured at
700 nm wavelength (±2.5 V, 30 s); (d) The variation of optical density relative to charge density for the device measured at 700 nm; (e) Transmittance measured at 700 nm
for the device as a function of cycle numbers. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

ﬁlm displays quite a broad diffraction peak at 2θ ≈25°, indicating
that an amorphous structure is present in WO3 ﬁlm. For the Ta2 O5
ﬁlm and LiNbO3 ﬁlm, the absence of diffraction peaks in their XRD
patterns indicates an intrinsically amorphous property of the Ta2 O5
and LiNbO3 ﬁlm. In order to analyze the chemical composition of
the WO3 and Ta2 O5 ﬁlm, we carried out XPS for elemental analysis. Fig. S12b and S12c show the high-resolution XPS spectra of W
4f for the WO3 ﬁlm and Ta 4f for the Ta2 O5 ﬁlm, respectively. The
high-resolution spectrum of W 4f for the WO3 ﬁlm shows two obvious peaks located at 35.7 and 37.8 eV corresponding to W 4f7/2
and W 4f5/2 . These match well with the electronic sates of W6+ in
WO3 reported in the literatures [41,42] and conﬁrm the W in WO3
ﬁlms is at the highest oxidation state (W6+ ). The high-resolution
spectrum of Ta 4f for the Ta2 O5 ﬁlm exhibits two peaks located at
around 26.4 eV (Ta 4f7/2 ) and 28.3 eV (Ta 4f5/2 ), which can be attributed to Ta5+ state [43]. This indicates that Ta was fully oxidized
in the deposition process and formed Ta2 O5 .
Fig.
8a
shows
the
cross-sectional
morphology
of
the
device,
which
is
the
structure
of
ITO/Sn-NiO
10 W/Ta2 O5 /LiNbO3 /Ta2 O5 /WO3 /ITO from bottom to top, and
the corresponding thicknesses are 220 nm, 250 nm, 45 nm,
300 nm, 45 nm, 400 nm and 220 nm, respectively. In order to
investigate the transmittance modulation behavior of the device,
an in-situ transmittance test at 700 nm was conducted by applying constant colored/bleached voltages of ±2.5 V. The optical
transmittance spectra of the ECD at bleached and colored states
are presented in Fig. 8b. The red and blue lines represent the
bleached and colored state of the ECD after applying ± 2.5 V for
30 s, respectively. The optical modulation of the ECD reaches 72.3%
at 700 nm, with a transmittance of 87.6% in the bleached state
and 15.3% in the colored state. The inset images are photographs
of the ECD in bleached and colored state. Obviously, a signiﬁcant
difference in color can be observed. The transmittance curves of
the ECD corresponding to the CA test are shown in Fig. 8c, which
displays a fast switching speed, viz., 11.4 s for the coloration
process and 6.2 s for the bleaching process. Additionally, the
video of the ECD is shown in video S1. Fig. 8d shows CE of the
ECD in the 1st cycle which is calculated to be 63.5 cm2 •C − 1 .

The CE of our ECD is superior to those of previously reported
ECDs [44,45]. In order to evaluate the stability of the device, the
transmittance variation versus cycle numbers is tested by applying
a CA test. As shown in Fig. 8e, the transmittance modulation at a
wavelength of 700 nm reaches 77.9% with a good durability of up
to 180 cycles without any loss of transmittance contrast. Our work
demonstrates that the inorganic all-solid-state ECD (ITO/Sn-NiO
10 W/Ta2 O5 /LiNbO3 /Ta2 O5 /WO3 /ITO) using Sn-NiO 10 W as anode
electrochromic layer displays good EC performance.
Conclusion
In summary, Sn-NiO ﬁlms for superior electrochromic performance have been prepared via a one-step sputtering process. The
modiﬁcation of NiO ﬁlm by Sn4+ ions reﬁnes the grain sizes, enlarges electrochemically active surface and facilitates the diffusion
of lithium ions in the ﬁlms, thereby enhancing the electrochromic
properties of NiO ﬁlms. Compared to the pure NiO, optimized SnNiO 10 W obtains outstanding electrochromic performances, including large transmittance modulation (65.1% at 550 nm), high
coloration eﬃciency (39.3 cm2 C − 1 ), fast switching speed (1.3 s
and 1.4 s) and excellent cycling durability. In addition, the Sn-NiO
10 W ﬁlm was used as anodic electrochromic layer to prepare an
inorganic all-solid-state electrochromic device, which displays good
EC performances. We believe that this work will shed light on
the development of NiO electrochromic materials with high performance for promising applications in energy-saving smart windows.
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