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Abstract
Vanadium pentoxide  (V2O5) is one of the most popular electrochromic material for electrochromic devices due to its excel-
lent storage capacity of lithium ions and unique properties of anodic/cathodic coloring. However,  V2O5 generally has low 
conductivity, causing a long coloration/bleaching response time. Consequently, its practical use as a electrochromic material 
in practical industrial applications remains limited. In this paper,  V2O5/Mxene intercalation films (VOM) were prepared by 
sol–gel method with spin-coating technology. The structure and morphology of the intercalation films were characterized by 
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field-emission scanning electron microscopy (FESEM), 
and other testing techniques. The optical properties of the films were characterized by ultraviolet–visible (UV–Vis) spec-
troscopy, and the electrochemical properties were analyzed by cyclic voltammetry (CV) and chronoamperometry (CA). The 
results showed that the Mxene intercalation of  V2O5 xerogel widened the interplanar distance. The bleaching time of the 
intercalation films was 3.20 s and the coloring time was 6.20 s when the Mxene doping was 3 wt%. Meanwhile, the transmit-
tance contrast increased from 7.70 to 49.03% at 372 nm compared with the  V2O5 xerogel films.
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Introduction

Electrochromism is the reversible change of the optical 
properties of a material under the action of an applied alter-
nating voltage [1]. Electrochromic materials have a wide 
range of applications, including smart windows, anti-glare 
car mirrors, military camouflage and, electrochromic dis-
plays. [2–10]. Electrochromic materials can be classified 
into inorganic electrochromic materials, organic electro-
chromic materials, and composite electrochromic materi-
als. Compared with the organic electrochromic materials, 
the inorganic electrochromic materials exhibit better thermal 

and chemical stability, and therefore, their commercial appli-
cations are more valuable [11–14].

Among the transition metal oxides, vanadium oxides are 
the only electrochromic materials with anodic and cathodic 
coloring properties that have been found so far, which 
can achieve a blue-green-yellow color transition by ion 
insertion/extraction processes. In addition,  V2O5 gels are 
receiving more and more attention because of their layered 
structure and large theoretical charge capacity (~ 294 mAh 
 g−1) [15, 16]. However, their poor electrical conductivity 
(~  10–2–10–3 S  cm−1) [17, 18], low diffusion coefficient of 
lithium ions (~  10–12  cm2  s−1) [19, 20], and structural phase 
transitions during redox can cause lattice strain, leading 
to irreversible structural damage and ultimately irrevers-
ible capacity loss, which limits its practical application. 
Researchers have compounded additional materials such as 
carbides, metal oxides, and conducting polymers with  V2O5 
gels [21–26], which can improve the electrical conductivity 
of the materials and effectively improve their electrochro-
mic properties.

Mxene is a general term for transition metal car-
bides, nitrides, and carbon–nitrogen compounds and is 
one of the most promising members of two-dimensional 

 * Quanyao Zhu 
 cglamri@whut.edu.cn

 Danrui Yu 
 danruiyu@whut.edu.cn

1 School of Materials Science and Engineering, Wuhan 
University of Technology, Wuhan 430070, Hubei, China

2 Henan Key Laboratory of Special Protective Materials, 
Luoyang 471023, Henan, China

3 Department of Physics, Changji University, Changji 831100, 
Xinjiang, China

/ Published online: 5 May 2022

Journal of Solid State Electrochemistry (2022) 26:1399–1407

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-022-05171-5&domain=pdf


1 3

materials for research [27]. The chemical formula of 
Mxene is generally written as  Mn+1XnTx (n = 1, 2, 3), 
where M represents transition metal elements (such as 
Ti, V, W), X represents C or N, and Tx stands for the 
various possible terminations (e.g., -OH, -O, or -F). 
The two-dimensional lamellar structure of Mxene has 
received much attention due to its large specific surface 
area, excellent electrical conductivity (~ 8*103–10*103 S 
 cm−1), high mechanical properties, and more stable chem-
ical properties [28–30]. Mxene can be compounded with 
 V2O5 by hydrothermal and physical ultrasonic stirring 
[31]. The confinement between Mxene sheets by  V2O5 
can effectively prevent aggregation, stacking, oxidation, 
and degradation during charge/discharge cycles. Mxene 
can reduce the charge transport potential of  V2O5. For 
example, the three-dimensional hydrated  V2O5/Mxene 
composite prepared by hydrothermal method has a large 
specific surface area and high structural stability, which 
elevate the rate capacity (its specific capacity is 323 
mAh  g−1 at a current density of 0.1 A  g−1) when used as 
cathode material for aqueous zinc ion batteries [32]. The 
two-dimensional heterostructure of  V2O5/Mxene aqueous 
composite ink prepared by self-assembly, combined with 
an inkjet printer for lithium-ion battery cathode material, 
has good cycling stability and high specific capacitance 
(91.7% capacity retention and 96.5% coulombic effi-
ciency after 680 cycles at a discharge rate of 10.5 C) [33]. 
The  V2O5/Mxene@CC prepared by ultrasonication has an 
excellent specific capacity (its specific capacity is 768 F 
 g−1 at a current density of 0.1 A  g−1) and good cycling 
performance (93.3% specific capacity was maintained 
after completing 6000 constant current charge and dis-
charge tests) when used as a working electrode in a half-
cell configuration [34]. The above studies fully demon-
strate the potential of  V2O5/Mxene composites in the field 
of electrochemistry. However,  V2O5/Mxene composites 
have not been reported in electrochromic studies in the 
same field of electrochemistry. On the other hand,  V2O5/
Mxene intercalated films are more focused on the effect 
of optical modulation and the study of electrochemical-
optical relationships can better provide theoretical data 
for their electrochemical performance studies. For these 
reasons, it can be expected that intercalation of Mxene 
into  V2O5 gels can lead to homogeneous films suitable 
for electrochromic devices.

In this paper,  V2O5 sols were prepared by Livage’s 
Method [35], and the composite sols were obtained by 
ultrasonically making Mxene fully dispersed in  V2O5 
sols, and the intercalated films were prepared on indium 
tin oxide (ITO) coated substrates by spin coating method 
and heat treated at 180 °C. The structural, morphological, 
electrochemical, and optical properties of Mxene interca-
lated  V2O5 xerogel films were investigated.

Experimental

Materials

All chemical reagents used are analytically pure; no 
further purification is required.  V2O5 was purchased 
from Shanghai Shanpu Chemical Co. Ltd (China), 30% 
hydrogen peroxide  (H2O2) solution, sodium hydroxide 
(NaOH), acetone, ethanol, propylene carbonate (PC), and 
lithium perchlorate trihydrate  (LiClO4·3H2O) were sup-
plied by Sinopharm Chemical Reagent Co. Ltd (China). 
Single-layer Mxene dispersion with a solubility of 4 mg/
mL  (Ti3C2Tx, based on Fig. S1 FTIR spectra  Tx = -O, 
-OH, -F,) was purchased from Hangzhou Nano-Mall 
Technology Co. Ltd. (China). The thickness of  Ti3C2Tx 
nanosheets is 1.5 nm. Figure S2 shows the XRD patterns 
of  V2O5 powder; all diffraction peaks of the  V2O5 powder 
detected are consistent with orthorhombic  V2O5 (JCPDS 
#41–1426). The XRD data of the spin-coated Mxene film 
is displayed in Fig. S3 and agrees well with the literature 
[33]. In addition, the TEM images of (a) V2O5 powders 
and (b) single-layer Mxene dispersion can be referred to 
Fig. S4.

V2O5/Mxene composite suspension

Weigh 3.64 g of  V2O5 powder as a vanadium precursor 
dispersed in 184.0 mL of deionized water, slowly add 
16.0 mL of 30%  H2O2 dropwise to the  V2O5 suspension, 
stir uniformly for 30 mins, and then sonicate for 8 h to 
obtain brown  V2O5 sol. The single-layer Mxene disper-
sion was mixed with a certain amount of  V2O5 sol at a 
ratio of 0,1, 2, 3, 4, and 5 wt% of Mxene relative to  V2O5 
precursor, and the dispersion was sonicated for 20 mins 
by an ultrasonic cell crusher to obtain a homogeneous 
 V2O5/Mxene composite suspension. Figure S5 shows TEM 
images of (a)  V2O5 sol and (b)  V2O5/Mxene (3%) suspen-
sion. We took a drop of samples on the micro-grids and 
thoroughly dried those before the TEM studies. Figure S5a 
shows that the morphology of the particles in the  V2O5 
sol is nanowire-like with an average width of 15 nm and a 
length spanning micrometers. Figure S5b shows that the 
morphology of vanadium pentoxide in the  V2O5/Mxene 
(3%) suspension is also nanowire-like with an average 
width of 5 nm and a length spanning micrometers, while 
that of Mxene is in the form of a monolayer of nanosheets. 
The particles in the suspension are more neatly arranged. 
The images of the Tyndall effect in Fig. S6 show the good 
dispersion of  V2O5 and  V2O5/Mxene composite in deion-
ized water, which is favorable to the formation of uniform 
films [36].

1400 Journal of Solid State Electrochemistry (2022) 26:1399–1407



1 3

V2O5/Mxene intercalation films

The ITO glass used in the experiments is 40.0-mm long, 
10.0-mm wide, and 1.1-mm thick, with a square resistance 
of about 7.0 Ω  sq−1. Before coating, it needs to be cleaned 
to remove the surface stains of ITO glass and to ensure the 
uniformity and adhesion of the film. The specific opera-
tion is as follows: the ITO glass was immersed and soni-
cated for 15 min in 0.5 mol/L NaOH solution, acetone, 
ethanol, and deionized water in turn, and then placed in a  
petri dish to dry at room temperature. The  V2O5/Mxene 
composite suspension was spin-coated on the ITO glass 
three times at 3000 rpm/s, dried at room temperature, and 
then placed in an electric constant temperature oven and 
heat-treated at 180 °C for 24 h to obtain a uniform  V2O5/

Mxene intercalation film. The films were named as VOM-
1, VOM-2, VOM-3, VOM-4, and VOM-5 according to the 
mass content of Mxene in vanadium precursor of 1, 2, 3, 
4, and 5 wt%, respectively.

Characterization

The crystal structure of the films were characterized by 
XRD (Empyrean, PANalytical, the Netherlands) by using 
Cu-Kα (Kα = 1.5418  Å) radiation. XPS (ESCALAB 
250Xi, Thermo Fisher Scientific, USA) was used to 
analyze the valence states of the elements. The surface 
morphology of the films was observed by FESEM with 
a built-in EDS capability (JSM-7500F, JEOL, Japan) and 
atomic force microscopy (AFM) (Nanoscope IV, VEECO, 
USA) measurements were done on 5 μm * 5 μm sample’s 
area and the detection principle is tapping mode. The 
microstructure of samples was analyzed by TEM (JEM-
1400Plus, JEOL, Japan). The transmittance and absorp-
tivity spectra of the films under different polarization 
voltages were recorded ex situ on a UV–Vis spectropho-
tometer (Lambda 750 S, PerkinElmer, USA), and the opti-
cal band gap of the films was calculated.

All the electrochemical measurements were performed in 
a three-electrode cell configuration with the electrochemi-
cal workstation (IviumStart, IVIUM, the Netherlands). CV 
and CA were performed using a three-electrode cell con-
figuration. The films prepared on ITO glass were used as 
the working electrode, the platinum electrode was used as 
the counter electrode, and the saturated calomel electrode 
was used as the reference electrode. The electrolyte solu-
tion was made of 1 M  LiClO4 dissolved in PC. The voltage 
scanning range of CV was −1.0 V to approximately 1.0 V, 

Fig. 1  XRD patterns of  V2O5 xerogel film and VOM-3 on ITO sub-
strate

Fig. 2  (a) XPS patterns of the  V2O5 xerogel film and VOM-3, (b) high-resolution XPS spectra of V 2p of VOM-3
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and the scanning rate was 50 mV  s−1. CA applied voltages 
of −1.0 V and 1.0 V with an interval period of 30 s.

Results and discussion

Morphology and structure

Figure 1 shows the XRD patterns of  V2O5 xerogel film and 
VOM-3 deposited on ITO glass after heat treatment. The 
diffraction peaks of the  V2O5 xerogel film at 8.18°, 24.69°, 

33.29°, and 41.54° correspond to the (001), (003), (004), 
and (005) crystal planes of  V2O5·nH2O, respectively, and the 
phase structure of the films is typical of the  V2O5 xerogel 
films of  V2O5·nH2O [37–39]. The diffraction peaks of  V2O5 
xerogel film are strong and narrow, indicating that the film 
is highly crystalline. The strongest peak is shifted to a lower 
angle compared to the  V2O5 xerogel films for VOM-3, and 
by using the Bragg–Brentano equation: 2dsinθ = nλ , where 
d is the interlayer distance, θ is half of the diffraction angle, 
n is the diffraction order, and λ is the wavelength of the 
X-ray. The interplanar distance can be calculated as 10.81 Å 

Fig. 3  Surface FESEM images 
of (a)  V2O5 xerogel film, (b) 
VOM-3. Cross-sections FESEM 
images of (c)  V2O5 xerogel film, 
(d) VOM-3. (e–h) EDS map-
ping images of VOM-3
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for the  V2O5 xerogel films and 10.87 Å for VOM-3. In addi-
tion, the diffraction peaks of VOM-3 become wider, indicat-
ing that Mxene, in addition to being embedded between the 
 V2O5 xerogel layers, leads to a decrease in the crystallinity 
of the intercalated films in the c-axis.

Figure 2a shows the XPS patterns of  V2O5 xerogel film 
and VOM-3. The general XPS survey spectrum of  V2O5 
xerogel film shows V and O peaks. For VOM-3, peaks cor-
responding to V, O, C, and Ti are detected, which confirms 
that  V2O5 and Mxene hybrids were successfully synthesized. 
The regional XPS spectra were all calibrated with the bind-
ing energy of the adventitious C 1 s peak. Figure 2b shows 
the high-resolution XPS spectra of V 2p, it can be divided 
into two obvious peaks located at 517.50 eV and 525.10 eV, 
referring to V  2p3/2 and V  2p1/2 of  V2O5, respectively. In 
the V  2p3/2 level,  V4+ and  V5+ was positioned at binding 

energies of 517.18 eV and 517.52 eV [40]. What is more, 
the content ratio of  V5+ and  V4+ can be determined as 5:4 
by the peak area at V  2p3/2.

Figure 3 shows the surface FESEM images of (a)  V2O5 
xerogel film and (b) VOM-3. The  V2O5 xerogel film is a 
porous mesh structure, which may be formed due to dehy-
dration during the heat treatment of the xerogel. In contrast, 
the surface of VOM-3 is uniform with no obvious holes, 
cracks, and other types of defects. From AFM analysis 
(Fig. S7), it is possible to observe roughness images of (a) 
 V2O5 xerogel film and (b) VOM-3 generated by the Nano 
Scope Analysis. The root mean square (RMS) roughness of 
 V2O5 xerogel film is 3.51 nm, while the RMS of VOM-3 is 
3.24 nm. Figure 3 shows the cross-sections FESEM images 
of the (c)  V2O5 xerogel film and (d) VOM-3, the thickness 
of the  V2O5 xerogel film is about 128 nm, and the thickness 

Fig. 4  Ex situ transmittance 
spectra at bleached/colored 
states of (a)  V2O5 xerogel film, 
(b) VOM-1, (c) VOM-2, (d) 
VOM-3, (e) VOM-4, and (f) 
VOM-5
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of VOM-3 is about 98 nm. In addition, Fig. 3e–h shows the 
EDS mapping images of VOM-3. As shown in the figure, the 
V, O, C, and Ti elements are uniformly distributed, which 
indicates the uniform dispersion of Mxene on VOM-3, and 
high-quality homogeneous intercalated films can be obtained 
by spin-coating method.

Optical properties

Figure 4 shows the ex situ transmittance spectra of (a) 
 V2O5 xerogel film, (b) VOM-1, (c) VOM-2, (d) VOM-3, 
(e) VOM-4, and (f) VOM-5 in the wavelength range of 300 
to 800 nm at voltages of −1.0 V (colored state), 0.0 V and 
1.0 V (bleached state). The films were subjected to polariza-
tion voltage for 30 s before measurement and the transmit-
tance measured ex situ with the air as reference (baseline). 
The color change is the most visual manifestation of the 
electrochromic materials. The  V2O5 xerogel film and VOM 
vary in color from light gray to yellow between voltages 
of −1.0 V and 1.0 V. All films in the bleached state show 
high transmittance in the spectral region of 500 ~ 800 nm, 
with a transmittance of about 80%. In the visible wavelength 
range (350 to 780 nm), the transmittance contrast (∆T) for 
the  V2O5 xerogel film, VOM-1, VOM-2, VOM-3, VOM-
4, and VOM-5 at 372 nm were 7.70%, 23.36%, 43.46%, 
49.03%, 38.77%, and 30.61%, respectively, which shows 
that the addition of Mxene increases the optical modulation 
range of the films. Among them, VOM-3 showed the maxi-
mum transmittance contrast (∆T = 49.03%), which increased 
the range by about 6.37 times compared to  V2O5 xerogel film 
transmittance contrast (∆T = 7.70%). Therefore, VOM-3 was 
used as a target for subsequent characterization studies.

Figure 5 shows the energy gap  (Eg) of  V2O5 xerogel film 
and VOM-3. The  Eg of the film satisfies the Tauc equation 
[41]: (�h�)

1

2 = A(h� − Eg) , where A is a constant, hγ is the 
energy of the incident photon and Eg is the energy gap. The 
 Eg obtained by extrapolating linear fits to (αhυ)1/2 = 0. The 
 Eg of  V2O5 xerogel film is 2.15 eV, while the  Eg of VOM-3 
is 2.04 eV. The photon energy to cause intrinsic absorption 
must be equal to or greater than the  Eg of the semiconductor. 
The smaller the  Eg, the easier it is for the electrons to transi-
tion within the material. The reduction of the energy gap 
means that the electrons in the intercalation film are more 
likely to transition, which is beneficial for the redox reaction.

Electrochemical properties

Figure 6 shows the CV curves of (a)  V2O5 xerogel film and 
(b) VOM-3 cycled 100 cycles between −1.0 V and 1.0 V at a 
scan rate of 50 mV/s. In the same potential region, the redox 
peaks of VOM-3 and  V2O5 xerogel film are approximately 
similar. The three reduction peaks of the  V2O5 xerogel film 
are at −0.54 V, −0.21 V, and 0.46 V, and the three oxidation 
peaks are at −0.29 V, 0.08 V, and 0.75 V. The three pairs 
of reduction peaks of VOM-3 are at −0.60 V, −0.29 V, and 
0.51 V, and the three pairs of oxidation peaks are at −0.29 V, 
0.17 V, and 0.68 V, respectively. The lithium ion insertion/
extraction process is accompanied by a bleaching/coloring 
process and a reversible phase transition. Three pairs of 
redox peaks, corresponding to the three phases of the redox 
reaction, are related to the phase transition between the α, 
β, and γ phases of  V2O5. The larger area of the CV curve for 
VOM-3 indicates a larger charge capacity and faster diffu-
sion kinetics.

Figure 6 shows the results of cathodic  (Qc) and anodic 
 (Qa) charge densities of (c)  V2O5 xerogel film and (d) 
VOM-3 during 100 cycles. The better cycling stability of 
VOM-3 (85.46% capacity retention after 100 cycles) com-
pared to the  V2O5 xerogel film (75.05% capacity retention 
after 100 cycles) is attributed to the good mechanical prop-
erties of Mxene, which buffer the volume expansion and 
inhibit the aggregation of  V2O5 xerogel, suppressing the 
structural deformation of the film during cycling. This phe-
nomenon is similar to the improved cycling stability of the 
composites due to  V2CTx-Mxene doping with  V2O5 xerogel 
[42].

Figure 7 shows the CA curves of (a)  V2O5 xerogel film 
and (b) VOM-3. The response time, including both the 
coloring time and bleaching time, is defined as the time 
required for a 90% change of current [43]. The coloring  
time of the  V2O5 xerogel film was 9.20 s and the bleach-
ing time was 7.20  s. The coloring time of VOM-3 was 
6.20 s (32.61% improvement) and the bleaching time was 
3.20 s (55.56% improvement). This VOM-3 exhibited faster 
switching response in comparison to other vanadia systems. 

Fig. 5  Energy gap of  V2O5 xerogel film and VOM-3
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Tong et al. reported that the color-switching time of a  V2O5 
nanofiber film to be approximately 8.9 s for coloration and 
7.4 s for bleaching [44]. Chang et al. reported that  MoO3/
V2O5 hybrid nanobilayers prepared by sol–gel method and 

spin coating technique exhibited 8.2 s and 6.3 s for colora-
tion and bleaching, respectively [45]. Karaca et al. prepared 
 V2O5-PEDOT hybrid films with a coloring time of 10 s and a 
bleaching time of 14 s [46]. The faster response of VOM-3 is 

Fig. 6  CV curves of (a)  V2O5 xerogel film and (b) VOM-3. Charge densities of (c)  V2O5 xerogel film and (d) VOM-3

Fig. 7  CA curves of (a)  V2O5 
xerogel film and (b) VOM-3
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due to the expanded electrical conductivity and layer spacing 
of Mxene in the film, which improves the diffusion coef-
ficient of lithium ions.

Conclusion

In this article,  V2O5 xerogel films and  V2O5/Mxene interca-
lation films with electrochromic properties (yellow-green-
light gray) were prepared by sol–gel method combined 
with spin coating technology. Compared with  V2O5 xero-
gel films, VOM-3 shows a 1.12-fold increase in capacity 
retention after 100 cycles, a 0.57-fold increase in switching 
time, a 6.73-fold increase in transmittance contrast, and 
a 0.11 eV reduction in the energy gap. When 3% Mxene 
intercalated vanadium pentoxide xerogel, its electrochemi-
cal stability, response rate, and optical modulation range 
were improved, and  V2O5/Mxene intercalated material was 
very attractive as an electrochromic material.
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