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ABSTRACT: In this work, a two-dimensional porous structure of a V-doped NiO film with excellent electrochromic properties on
an ITO substrate was synthesized by a hydrothermal method. The influence of V5+ ions on the NiO film was explored by adjusting
the amount of V doping, including refining the crystal grains, increasing the specific surface area of the film, and accelerating the
diffusion rate of OH− in the film. Compared with the undoped NiO film, a 3 atom % V-doped NiO film comes out with superior
electrochromic properties with large optical transmittance modulation (81.9% at 600 nm), fast response times (1.2 and 0.9 s), and
excellent cycle stability (90.6%). This work creates innovation direction in the field of intelligent energy-saving window materials
with high electrochromic properties.

■ INTRODUCTION

With the increase in the world’s population, environmental
pollution and energy shortages have become the greatest
challenges facing mankind.1,2 At present, many researchers
around the world are seeking new energy-saving strategies to
reduce energy consumption and improve energy efficiency.3−10

Electrochromic materials have the characteristics of low
consumption, high efficiency, environmental friendliness, and
intelligence.11−13 Smart windows made of electrochromic
materials can adjust and control optical transmittance and
heat radiation, making full use of sunlight, effectively
controlling the energy exchange inside buildings, and reducing
energy consumption.14−16 In general, excellent electrochromic
properties, including large optical modulation (ΔT), short
coloring/bleaching response time, good charge and discharge
reversibility, and long cycle stability, are required for
electrochromic materials. Transition metal oxides have
attracted huge attention due to their great potential.17

Among these oxides, nickel oxide (NiO), which can be the
anodic electrochromic layer in an electrochromic device
(ECD), has been extensively studied because it exhibits anodic
electrochromic properties and strong brown coloration.18 It
has many advantages such as good reversibility, low synthesis
cost, great chemical and thermal stability, and high

efficiency.19−21 However, its electrochromic performance still
cannot meet the requirement.22

Recently, it has been discovered that doping other elements
(Li, Mg, Cu, Al, Sn, V, Co, Ag, Ta, etc.) into NiO films can
effectively improve their optical modulation, response time,
and cycle durability.23,24 Zhang et al.25 synthesized a Co-doped
NiO nanoflake array by low-temperature chemical bath
deposition, showing large ΔT (88.3%) and short response
times (3.4 and 5.4 s). Zhao et al.26 prepared Sn-doped NiO
films by one-step magnetron sputtering for superior electro-
chromic performance, showing large ΔT (65.1%) and short
response times (1.3 and 1.4 s). Kim et al.27 produced a Cu-
doped NiO film exhibiting an excellent areal capacitance
(∼14.9 mF/cm2), superior Coulombic efficiency (∼99%), and
high charging/discharging cyclic stability (>10,000 cycles).
Through these studies, it is not difficult to find that it is feasible
to dope metal ions into NiO to improve the electrochromic
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properties of NiO thin films.28 In particular, among the metal
ions already mentioned, the ion radius of V5+ (0.59 Å) is
smaller than that of Ni2+ (0.69 Å), and V5+ can be easily doped
into the NiO lattice. In addition, vanadium pentoxide (V2O5)
has been used in electrochromic devices in the past few
decades due to its good thermal stability, chemical stability,
and electrochromic properties.29 Therefore, we believe that
NiO films can be synthesized by doping V5+ ions to obtain
better electrochromic properties.
There are various physical and chemical methods to prepare

NiO films: hydrothermal method, sonochemical method, sol−
gel method, thermal decomposition method, chemical vapor
deposition method, magnetron sputtering method, precipita-
tion method, etc.30−36 Among them, the sample synthesized by
the hydrothermal synthesis method has the advantages of high
purity, almost no pollution, fine particles, and controllable
morphology, and it does not require expensive equipment. It
has also been reported that the two-dimensional porous
structure can significantly improve electrochemical perform-
ance and electrochromic performance.37

Therefore, we proposed to synthesize a two-dimensional
porous structure of a V-doped NiO film on a glass substrate
with indium tin oxide (ITO) used as an ECD anode material
by the hydrothermal method. The effects of V5+ ion
modification and different V5+ ion doping contents on the
chemical constitution, morphology, and electrochromic
properties of NiO films were studied. The electrochromic
properties of the modified NiO film have been significantly
improved, and to the best of our knowledge, no relevant study
has been reported.

■ RESULTS AND DISCUSSION

Figure 1 illustrates the preparation flow chart of the two-
dimensional porous structure of the V-doped NiO film. The
NiO film after the hydrothermal reaction was uniformly
distributed on the glass substrate, and it presented a white
foggy state. The solution was light green, and the main
component was Ni2(OH)2CO3·nH2O. The V-doped NiO film
was light yellow due to V5+ ions, and the solution was yellow-
green. Annealing was followed to obtain the final sample.
To reveal the lattice structure of different NiO films, XRD

analysis was carried out for different V-doped NiO films on the
ITO substrate (Figure 2). Characteristic peaks of the ITO
substrate appear in the XRD patterns of all prepared films
(JCPDF#39-1058). In addition, we can observe strong
crystalline peaks exhibited by NiO(111), (200), and (220)
reflections,25 indicating a highly crystalline structure. No
additional characteristic peaks corresponding to vanadium

and vanadium compounds or other impurities are detected,
indicating that V is completely incorporated into the NiO
crystal lattice or exists in the amorphous form, and the original
lattice structure of the NiO film is not changed. There is no
observable peak shift in the characteristic peak of NiO,
demonstrating that it is a substitute doping, but as the doping
amount increases, the characteristic peak of NiO gradually
widens. This may be due to the smaller ion radius of V5+ ions,
which can easily replace Ni2+ ions by entering the NiO lattice,
making the crystal grain size smaller. Therefore, we believe that
V5+ ions in the V-doped NiO film have completely entered the
NiO lattice.
For the purpose of exploring the surface composition and

chemical state of the prepared NiO thin film, the sample was
characterized by X-ray photoelectron spectroscopy (XPS)
analysis, as shown in Figure 3. The full spectrum of the NiO-
V3 thin film is shown in Figure 3a. As shown in the illustration,
we detected the characteristic peak of V 2p, which confirms the
successful doping of V5+ ions. The fine XPS spectrum of the V
2p orbital is shown in Figure S1. The vanadium ions are mainly
composed of V5+ ions, including a small amount of V4+

ions.11,38 High-resolution spectra of Ni 2p ionized 2p3/2
spin−orbital component in NiO and NiO-V3 films are
shown in Figure 3b. For NiO, Ni 2p3/2 can be deconvoluted
into three peaks, corresponding to the Ni2+, Ni3+, and satellite
peaks.25 Among them, Ni2+ exists in Ni−O bonds, while Ni3+

exists in Ni−OH bonds.15 Compared with the Ni 2p3/2
assigned binding energies 854.88 eV (Ni2+) and 856.09 eV
(Ni3+) in the NiO film, those in the NiO-V3 film are 855.18 eV
(Ni2+) and 856.48 eV (Ni3+), which are increased by 0.3 and
0.39 eV, respectively, reflecting the interaction between V5+

Figure 1. Preparation process of the V-doped NiO film with a patterned two-dimensional porous structure.

Figure 2. XRD pattern of undoped and V-doped porous nano-NiO
films (NiO-V1: 1 atom % V-doped NiO; NiO-V3: 3 atom % V-doped
NiO; NiO-V5: 5 atom % V-doped NiO).
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ions and NiO. This further confirms the successful doping of
V5+ ions. Otherwise, compared with the undoped NiO (Ni2+/
Ni3+ = 51.39/48.61%) film, the relative content of Ni2+ in the
NiO-V3 (Ni2+/Ni3+ = 63.02/36.98%) film increases, while the
relative content of Ni3+ decreases. According to previous
studies,25,39 this is because V5+ ions replace Ni3+ ions after V
doping, which increases the hole concentration. This also
reduces the charge transfer resistance, enhances the con-
ductivity of the film, and helps to improve its electrochromic
performance.
To explore the influence of different V doping contents on

the surface morphology of the NiO film, we performed
scanning electron microscopy−energy-dispersive spectroscopy
(SEM−EDS) characterization on the surface and cross profile
of the NiO film and the V-doped NiO film, as shown in Figure
4. From the SEM image and the corresponding EDS mappings
of the NiO-V3 film shown in Figure 4e, it can be proved that
V5+ ions were successfully doped into NiO films. The
electrochromic properties of the film are significantly affected
by the surface microtopography since the electrochemical

reaction first occurs on the surface of films. It can be seen from
the SEM images that the two-dimensional porous structure of
the NiO film was successfully prepared, and all of the films
were uniform in appearance and connected to each other in
the shape of a porous neck and provided many capillary
passages for ion intercalation and deintercalation. We found
that, compared to the relatively large nanoflake of the NiO film
shown in Figures 4a and S2a, with the addition of V5+ ions and
the increase in its content, the pore size of the nanoflake shown
in Figures 4b−d and S2b−d gradually decreases, and the grain
size also gradually decreases, resulting in many small pores
being formed. It shows that V5+ ions can further refine the
grain size of the NiO surface, which is also reported by a
previous study.26 It can increase the specific surface area of the
film surface, provide more active sites, improve the reaction
activity, increase the ion storage capacity, and thus improve the
electrochromic properties of the NiO film. In addition,
comparing the microstructure of NiO films with different
doping contents, it can be found that due to the small ion
radius of V5+ ions, it can be attached to the nanowall to modify

Figure 3. (a) Full spectrum of the NiO-V3 thin film, and the inset shows the V 2p spectrum. (b) Ni 2p3/2 XPS spectrum of the NiO film and the
NiO-V3 thin film.

Figure 4. SEM images of NiO films with different V doping contents: (a) undoped NiO film, (b) NiO-V1, (c) NiO-V3, and (d) NiO-V5. (e) SEM
image of NiO-V3 and its corresponding EDS elemental mappings.
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Figure 5. (a−c) TEM images and the corresponding SAED patterns of NiO-V3, and HAADF images and elemental mappings corresponding to
(c).

Figure 6. (a) Tenth CV curves of NiO films with different doping contents; (b) ΔT curves of NiO films with different doping contents in the state
of coloring and bleaching; (c) CA curves of NiO films with different doping contents; (d) in situ transmittance of NiO-V3 at 600 nm (the
illustration shows the corresponding colored and bleached photographs of NiO-V3); (e) CV curves of the 10th and 990th circles of the NiO-V3
film measured at a scanning rate of 50 mV/s under a potential range of 0−0.6 V; and (f) comparison of the ΔT and cycle stability of NiO thin films
with different doping contents.
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the surface morphology of the NiO film, thereby increasing the
specific surface area of the NiO film surface. However, as the
amount of doping gradually increases, as shown in Figures 4d
and S2d, a large number of V5+ ions adhere to the walls and
edges, thereby hindering charge transfer on the surface of the
film. Therefore, we believe that the NiO film doped with an
appropriate amount of V has the best electrochromic
performance.
To further explore the morphological features and micro-

structure of the V-doped NiO film, high-resolution trans-
mission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) technologies were used to
characterize the samples. The HRTEM images shown in
Figure 5a−c reveal the detailed microstructure of the NiO-V3
film. The NiO-V3 film shows a porous interconnected and
well-crystallized structure and clear lattice fringes. The lattice
fringe spacing is 0.149 nm, corresponding to NiO(220).
Meanwhile, the SAED pattern of NiO-V3 shows the (111),
(200), and (220) diffraction rings of NiO (inset of Figure 5c),
indicating that the NiO film is polycrystalline, and these rings
correspond to each crystal face of NiO. In addition, the
distribution of Ni, V, and O in the NiO-V3 film was studied
through EDS mapping. Ni, V, and O are uniformly distributed
on the NiO-V3 film, indicating that V5+ ions are successfully
doped into the NiO-V3 film. Combining the front XRD, XPS,
and SEM results, it can be recognized that V has been
completely incorporated into the NiO matrix and that part of
the Ni2+ ions have been replaced by V5+ ions.
The electrochromic properties of the NiO film are closely

related to its electrochemical properties. Besides NiO films
doped with 1, 3, and 5% V atomic ratios, we also tested the
electrochromic properties of NiO films with higher V atomic
ratios (8 and 15%). We found that the electrochromic
performance enhancement of NiO films with high V doping
ratios is not ideal, as shown in Figures 6, S3, and S4 and Table
1. Therefore, the following results are mainly discussed around

1, 3, and 5 atom % V-doped NiO films. We carried out cyclic
voltammetry (CV) to evaluate the electrochemical perform-
ance of NiO in a potential range of 0−0.6 V at a scanning rate
of 20 mV/s. As shown in Figure 6a, we compared the CV
curves of NiO films with different doping contents in a 1 M
KOH solution. All films show only one pair of redox peaks
obviously, corresponding to the insertion and extraction of the
OH− ions. During the anode scan, Ni2+ is oxidized to Ni3+ and
the color of the NiO film changes to brown. In contrast, when
Ni3+ are reduced to Ni2+, the film turns from brown to
transparent, corresponding to the insertion and extraction of
OH−. This process can be illustrated by the following reaction.

+ ↔ +− −NiO OH NiOOH e (1)

or

+ ↔ + ++ −NiO H O NiOOH H e2 (2)

We can see that with increasing V doping contents, the NiO
film has a higher peak current and larger integration area,
indicating that it has better conductivity, ion/electron transfer
ability, and charge storage ability while still having good redox
reversibility and weak polarization. This shows that V doping
can improve electrode utilization and optimize reaction
kinetics. However, when the V doping amount increases to
5%, the redox peak current and the integral area are reduced.
According to Figures 4d and S2d, excessive V doping may
cause the crystal grains to be excessively refined and hinder the
electrolyte transfer. At the same time, part V5+ ions cannot
enter the NiO lattice structure and form impurities outside,
which affects the specific surface area and reduces the ion
transmission speed. No obvious redox peak corresponding to V
was detected in the potential range, indicating that the V ion
content was too low to participate in the chemical reactions.
The above findings indicate that for the OH− insertion
reaction, the optimal V doping contents in the NiO film is 3
atom %.
ΔT is a very important indicator for evaluating electro-

chromic performance, and ΔT measurement helps to analyze
the stability and reversibility of NiO films. We placed the film
electrode in a 1 M KOH solution for 10 cycles of the CV test
and then measured the optical transmittance of the film from
the colored state and the bleached state of 300−800 nm. As
shown in Figure 6b, we selected a wavelength of 600 nm,
which is extremely sensitive to the human eye. We can see that
V doping can greatly reduce the transmittance of the colored
NiO film and increase the transmittance of the bleached state
to increase the optical modulation range. The electrochromic
properties of undoped and differently doped NiO films are
shown in Table 1. It can be seen that 3 atom % V doping has
the best optical modulation range, with ΔT as high as 81.9%,
compared to 57.9% for undoped NiO films, for which it
increases significantly. Better than previously reported NiO
thin films (Azevedo et al.17 reported 21% optical modulation of
the V2O5 nanoparticle-doped NiO thin film). Subsequently, we
further measured the response time of the film, which
represents the time required to switch between colored and
bleached states. As shown in Figures 6c,d and S4a−e, we used
chronoamperometry (CA) to obtain the corresponding in situ
transmittance, and we defined the response time as 90% of the
time required for full transmittance modulation. All coloring
and bleaching response times are shown in Table 1. The NiO-
V3 film has the fastest coloring and bleaching times of 1.2 and
0.9 s, respectively, while the NiO film requires 4.1 and 3.4 s,
respectively. In addition, compared with those previously
reported by chemical bath deposition (3.4 and 5.4 s),25

chemical precipitation (5.8 and 4.4 s), and electrodeposition (6
and 10 s),40 the coloring and bleaching times of the NiO-V3
film are faster. The NiO-V3 film has an excellent light
modulation range and extremely fast response times due to the
two-dimensional porous nanostructure of refined grains, larger
specific surface area and electrochemically active area, lower
ion transfer resistance, and better conductivity and diffusion
kinetics after V doping to contribute synergistically, which
enhances the electrochromic properties of the NiO film. So we
believe that a proper amount of V doping can improve the
electrochromic performance of the NiO film.

Table 1. Comparison of the Electrochromic Properties of
NiO Films with Different Doping Contents

optical modulation at 600 nm response time

sample Tb (%) Tc (%) ΔT (%) tb (s) tc (s)

NiO 77 19.1 57.9 3.4 4.1
NiO-V1 79.7 10.7 69 1.3 2.4
NiO-V3 88.8 6.9 81.9 0.9 1.2
NiO-V5 79.8 9.1 70.7 2.2 2.6
NiO-V8 78.1 9.8 68.3 2.7 3.3
NiO-V15 72 22.9 49.1 3.6 4
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Since electrochemical stability can be used to reflect the
working life of the NiO films, it is an important index that
determines the commercial use of the NiO films. In this study,
we used the ratio of the integrated area of the 10th and 990th
CV cycles to characterize the cycle stability of the film. As
shown in Figures 6e,f and S3a−e, it can be noted that the
undoped NiO film has good cycle stability (86.1%), which is
because the stable configuration of its two-dimensional porous
nanostructure reduces internal strain and better resists the
volume change caused by the electrochromic process and the
accompanying oxygen evolution reaction (OER) of the NiO
film. Compared with the undoped NiO film, the stability of the
NiO-V3 film is improved. After 990 cycles, the stability of
NiO-V3 is 90.6%, which is better than that of the NiO film.
Due to the improvement of the electronic conductivity of the
NiO-V3 film, the effective electrochemical utilization of the
film can be improved, making the insertion and extraction of
ions more rapid and reducing the damage to the film during
the reaction process. Therefore, the NiO-V3 film has the best
light transmittance modulation and cycle stability (Figure 6f).

■ CONCLUSIONS

Overall, a two-dimensional porous structure of a V-doped NiO
film with excellent electrochromic properties on an ITO
substrate was synthesized by a hydrothermal method. V5+ ions
modified the NiO film, including refining the crystal grains,
increasing the specific surface area of the film, and accelerating
the diffusion rate of OH− in the film. Compared with the
undoped NiO film, the optimized NiO-V3 film has excellent
electrochromic properties, including large transmittance
modulation (81.9% at 600 nm), fast response times (1.2 and
0.9 s), and excellent cycle durability (90.6%). We believe that
this work can create innovation direction in the field of
intelligent energy-saving window materials with high electro-
chromic properties.

■ EXPERIMENTAL SECTION

The chemicals and solvents used in this study were of
analytical grade and could be used directly without further
purification. All aqueous solutions were freshly prepared from
high-purity water (18 MΩ/cm resistance). Nickel nitrate
hexahydrate (Ni(NO3)2·6H2O), urea (CO(NH2)2), ammo-
nium fluoride (NH4F), and ammonium metavanadate
(NH4VO3) were all purchased from Aladdin Chemical Reagent
Co., Ltd. (China).
Synthesis of the NiO Film. Ni(NO3)2·6H2O (3 mmol),

15 mmol of CO(NH2)2, and 6 mmol of NH4F were dissolved
in 700 mL of deionized water and stirred at a constant speed
for 5 min. After that, 70 mL of the uniformly dispersed
solution was added to a stainless steel autoclave lined with 100
mL of polytetrafluoroethylene. Then, a 1 × 2 cm−2 cleaned
ITO conductive glass was placed into it with the conductive
surface facing up. Subsequently, the stainless steel autoclave
was sealed and kept at 120 °C for 5 h. After the hydrothermal
reaction, the ITO conductive glass was taken out after cooling
the stainless steel autoclave to room temperature naturally,
rinsed with deionized water, and then placed in an ultrasonic
machine for 30 s. This step removed the adsorbed substances
that were not grown in situ on the surface of the ITO
conductive glass and made the resulting sample more uniform,
and the desired two-dimensional porous structure was
completely exposed for optimal results. After that, the sample

was placed in a 60 °C drying oven to dry for 30 min and finally
was annealed at 300 °C in an argon atmosphere for 1.5 h to
obtain the final product. The chemical reactions involved are
demonstrated as follows

+ → +H NCONH H O 2NH CO2 2 2 3 2 (3)

+ → +− +CO H O CO 2H2 2 3
2

(4)

· → ++ −NH H O NH OH3 2
4

(5)

+ → [ ]+ − − −xNi F NiFx
x2 ( 2)

(6)

[ ] + + +

→ · +

− − − −

−

n

n x

2 NiF 2CO 2OH H O

Ni (OH) CO H O 2 F
x

x( 2)
3

2
2

2 2 3 2 (7)

·

→ + + +

n

n

Ni (OH) CO H O

2NiO (1 )H O CO (annealing process)
2 2 3 2

2 2
(8)

Synthesis of the V-Doped NiO Film. The doping
solution was prepared by adding 1, 3, 5, 8, and 15 atom %
NH4VO3 into the above nickel solution, followed by
ultrasound for 10 min to completely disperse the powders,
and after stirring at a constant speed for 20 min, the solution
was treated according to the above nickel solution to finally
obtain a V-doped NiO film.

Characterization. To analyze the crystal structures of the
films, X-ray diffraction (XRD) was conducted on a PANalytical
X’Pert Powder (Panalytical B.V.). The film morphology and
thickness were characterized by scanning electron microscopy
(SEM) on a JEOL JSM-7800F. The microstructure and texture
of the film were observed by high-resolution transmission
electron microscopy (HRTEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
selected area electron diffraction (SEAD), and energy-
dispersive spectroscopy (EDS) mapping on a Talos F200S.
The chemical component analysis of the film was performed by
X-ray photoelectron spectroscopy (XPS) on an ESCALAB250-
Xi, and all of the XPS binding energies were calibrated using
the contaminant carbon (C 1s) as a reference. All electro-
chemical measurements were measured on an electrochemical
workstation (CHI660E, Shanghai Chenhua Instrument Co.,
Ltd. China) at room temperature. In addition, the ITO glass
substrate loaded with the NiO film was used as the working
electrode, a platinum sheet electrode was used as the counter
electrode, a Hg/HgO electrode was used as the reference
electrode, and the electrochemical test was carried out in a 1 M
KOH electrolyte at 25 °C. The optical transmittance
modulation change and response time of the films were
studied using a Shimadzu UV−vis−NIR spectrometer on an
electrochemical workstation. The CV measurements were
performed at 20 mV/s in a potential range of 0−0.6 V. The CA
measurements were studied at −1 and 1 V for 30 s. The cycle
stability of the film was measured through 1000 CV cycle tests
and the 10th and 990th cycles were taken as results to avoid
errors.
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