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Boosting Transport Kinetics of Ions and Electrons 
Simultaneously by  Ti3C2Tx (MXene) Addition 
for Enhanced Electrochromic Performance
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HIGHLIGHTS 

• MXene/WO3−x composite film with excellent electrochromic performances was fabricated for the first time.

• The addition of MXene is an effective strategy for simultaneously enhancing electron and ion transport behaviors in the electrochromic 
layer.

• The kinetics of ion diffusion in electrochromic devices are studied in depth based on both experiment and simulation.

ABSTRACT Electrochromic technology plays a significant role in 
energy conservation, while its performance is greatly limited by the trans-
port behavior of ions and electrons. Hence, an electrochromic system 
with overall excellent performances still need to be explored. Initially 
motivated by the high ionic and electronic conductivity of transition 
metal carbide or nitride (MXene), we design a feasible procedure to syn-
thesize the MXene/WO3−x composite electrochromic film. The conse-
quently boosted electrochromic performances prove that the addition of 
MXene is an effective strategy for simultaneously enhancing electrons 
and ions transport behavior in electrochromic layer. The MXene/WO3−x electrochromic device exhibits enhanced transmittance modulation 
and coloration efficiency (60.4%, 69.1  cm2  C−1), higher diffusion coefficient of  Li+ and excellent cycling stability (200 cycles) over the 
pure  WO3−x device. Meanwhile, numerical stimulation theoretically explores the mechanism and kinetics of the lithium ion diffusion, and 
proves the spatial and time distributions of higher  Li+ concentration in MXene/WO3−x composite electrochromic layer. Both experiments 
and theoretical data reveal that the addition of MXene is effective to promote the transport kinetics of ions and electrons simultaneously 
and thus realizing a high-performance electrochromic device. This work opens new avenues for electrochromic materials design and 
deepens the study of kinetics mechanism of ion diffusion in electrochromic devices.

KEYWORDS Electrochromic; Mxene; Transport kinetics; Ionic conductivity; Tungsten oxide

   ISSN 2311-6706
e-ISSN 2150-5551

      CN 31-2103/TB

ARTICLE

Cite as
Nano-Micro Lett. 
(2021) 13:20

Received: 24 July 2020 
Accepted: 30 September 2020 
Published online: 6 November 2020 
© The Author(s) 2020

https://doi.org/10.1007/s40820-020-00544-9

 * Huajing Fang, fanghj@xjtu.edu.cn; Hong Wang, wangh6@sustech.edu.cn
1 State Key Laboratory for Mechanical Behavior of Materials, School of Material Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, 

People’s Republic of China
2 School of Electronic and Information Engineering and State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, 

Xi’an 710049, People’s Republic of China
3 Department of Physics, Southern University of Science and Technology, Shenzhen 518055, People’s Republic of China
4 Department of Materials Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, People’s Republic of China
5 Shenzhen Engineering Research Center for Novel Electronic Information Materials and Devices, Southern University of Science and Technology, 

Shenzhen 518055, People’s Republic of China

e−

e−

Li+

Li+

Ti
C
O
F
H

Diffusion

MXene in EC layer

Electrochromic layer
MXene/WO3-x composite film

Electrolyte

Y

X

e−

e−

Li+

Li+

Ti
C
O
F
H

Diffusion

MXene in EC layer

Electrochromic layer
MXene/WO3-x composite film

Electrolyte

Y

X

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-020-00544-9&domain=pdf


 Nano-Micro Lett. (2021) 13:2020 Page 2 of 13

https://doi.org/10.1007/s40820-020-00544-9© The authors

1 Introduction

With the rapid development of industrial society, the energy 
crisis and environmental deterioration have become seri-
ous problems that humans have to face [1]. As the building 
energy consumption accounts for almost 40% of the total 
energy consumption of the whole society, it has become the 
primary goal of energy conservation [2, 3]. Electrochromic 
technology, which can be applied as smart windows, plays an 
important role in this regard because of the ability for dynami-
cally controlling the indoor temperature and natural lighting 
of the building [4, 5]. The core components of electrochro-
mic technology are electrochromic materials whose color and 
transmittance can be reversibly changed upon an electric bias. 
In recent years, a variety of electrochromic materials have 
been widely studied [6–11]. Among them, tungsten oxide 
 (WO3−x) is considered to be one of the most suitable candi-
dates for commercialization, due to advantages of significant 
color change, non-toxicity, easy preparation, and resistance to 
ultraviolet radiation [12–14]. The electrochromic mechanism 
of tungsten oxide is widely accepted as follow [15]:

Mk+ stands for monovalent ions such as  H+,  Li+, and  Na+, 
or multivalent ions (e.g.,  Mg2+,  Zn2+,  Al3+) [16–18]. It is 
clear that electrochromism of  WO3−x is essentially an inter-
face electrochemical reaction, demanding double injection 
and extraction of cations and electrons. Generally, excel-
lent electrochromic performances include the following four 
parameters: large transmittance modulation, good cycling 
performance, short response time and high coloration effi-
ciency. However, large transmittance modulation means a 
large number of ions inside the electrochromic materials 
which is to some extent opposite to the short response time. 
It can also be reasonably explained when considering dop-
ing in electrochromic materials: shallow doping provides 
a large number of carriers to accommodate ions (large 
transmittance modulation) but reduces the recombination 
rate (long response time); deep doping shows the opposite 
[19]. In addition, the short response time is more related to 
loose structured electrochromic materials. The structure in 
turn greatly reduces the stability of cycling performance. 
Therefore, an electrochromic system with excellent overall 
performances is urgently needed but difficult to achieve.

(1)
WO3−x(transparent state) + �Mk+ + �ke−

↔ M
�
WO3−x(colored state)

Starting with the fundamental electrochemical reac-
tion, electrochromic performances of the  WO3−x depend 
on the transport rate of the cations and electrons as well 
as the ability to accommodate the cations in the film. Dif-
ferent advanced strategies have been studied to improve 
electrochromic performances such as the combination of 
crystalline and amorphous  WO3−x [20, 21], regulation of 
nanotopography [6, 22, 23], element doping [18, 24, 25], 
and construction of composite materials [26, 27]. On the 
one hand, the structure construction of tungsten oxide 
almost concentrates on the transport behavior of cations. 
For example, Lee’s group has fabricated the nanostruc-
tured porous film with large transmittance modulation, 
which improves the ionic conductivity by facilitating the 
electrolyte penetration and shortening the ionic diffusion 
[23]. Huo et al. [28] prepared the hexagonal/amorphous 
tungsten oxide core/shell nanorod arrays with enhanced 
electrochromic and pseudocapacitive properties, where 
the structure provides effective channels and more active 
sites to improve the ionic transport. Also, the element dop-
ing introduces the oxygen vacancies which is beneficial 
to ionic conductivity. On the other hand, hybrid tungsten 
oxide film with other nanomaterials, like reduced graphene 
oxide (rGO) [29–31], carbon nanotubes (CNT) [32, 33], 
and g-C3N4 [34] have been investigated with enhanced 
electrochromic performance. These additives all own 
high-electronic conductivity and large surface area that the 
transport of electrons is facilitated. Restricted by the intrin-
sic characteristics of these materials, such as the interlayer 
space and energy barrier [35, 36], the improvement in ion 
intercalation and diffusion inside the electrochromic film 
is limited, even they can hinder the intercalation pathway 
causing the loss of ionic insertion capability in some cases 
[32, 37]. There is nearly no simple and effective strategy 
to simultaneously boost the transport kinetics of electrons 
and ions in tungsten oxide thin films up to now.

The emergence of a new two-dimensional material, 
transition metal carbide or nitride (MXene) represented 
by  Ti3C2Tx (T=F, OH, etc.,), provides an opportunity to 
solve the longstanding problem in electrochromic technol-
ogy. Since being first reported in 2011, MXene has made 
many important breakthroughs in the fields of batteries, 
supercapacitors, and catalysis [38–42]. This material has 
a metal-like electronic conductivity which can be used as 
transparent conductor in electronic and sensor applications 
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[43]. And the layer structure is maintained by weak van der 
Waals force and the layer spacing is large enough to provide 
highly ordered two-dimensional nanochannels for ion trans-
port [44, 45]. In short, MXene is such materials with both 
high ionic and electronic conductivity. This work is initially 
motivated by the excellent properties of MXene, thereby, we 
design the MXene/WO3−x composite film as electrochromic 
material for the first time. A feasible procedure is adopted 
to synthesize this composite film, and the boosting electro-
chemical kinetics is proven with enhanced electrochromic 
performances. Compared with pure  WO3−x film, the MXene/
WO3−x composite film displays a larger transmittance modu-
lation, a remarkable coloration efficiency, and a much better 
cycling stability. Meanwhile, the electrochemical reaction 
kinetics behaviors have been unraveled by numerical stimu-
lation, which further prove that the increased transport rate 
of the cations is due to the MXene addition.

2  Experimental

2.1  Preparation of Electrochromic Films and Devices

The tungsten oxide precursor was fabricated according to a 
previous work [46]. Briefly, tungsten power (99.8%, Sinop-
harm, China) was added to hydrogen peroxide (30%  H2O2, 
Sinopharm, China) and reacted in an ice-water bath. After 
the supernatant was evaporated and dried, the residue was 
then dispersed ultrasonically and filtered, resulting in the 
clear yellow tungsten oxide precursor exhibiting the Tyndall 
effect, as shown in Fig. S1a. The MXene aqueous solution 
was fabricated via etching, intercalation and delamination 
(detailed information is shown in Supporting Information 
S1). Then the hybrid precursor of MXene  (Ti3C2Tx) and 
tungsten oxide was obtained by adding MXene aqueous 
solution (20 μL) into the 2 mL tungsten oxide precursor 
with a volume ratio of 1:100, then we produced a brownish 
green solution (Fig. S1b).

The 2.5 × 2.5  cm2 FTO glasses were treated by ultra-
sonic cleaning with acetone, ethanol and deionized water 
for 15 min each. Then the pure  WO3−x and MXene/WO3−x 
films were formed by spin coating at 1000 rpm for 20 s with 
corresponding precursor for repeated six times. These films 
were annealed at 200 °C for 40 min. The  LiClO4 (Sinop-
harm, China) salt was dried and then dissolved in the pro-
pylene carbonate (PC) and dimethyl carbonate (DMC) (1:1 

in volume) (Aladdin, China). To fabricate the device, the 
FTO glass with deposited electrochromic film, the  LiClO4: 
PC and DMC electrolyte and another FTO glass electrode 
were assembled, creating a sandwich structure. Between the 
spaces of two FTO substrates, the device was sealed by the 
annular transparent silicone in case of leakage.

2.2  Characterization

Raman spectra of the MXene, pure  WO3−x and MXene/
WO3−x composite films were performed by a Raman spec-
troscopy (LabRAM HR Evolution) at the excitation wave-
length of 532 nm. The X-ray photoelectron spectroscopy 
(XPS, ESCALAB  Xi+) was used to confirm the groups of 
MXene. The morphology of the pure  WO3−x and MXene/
WO3−x films were recorded by SEM (FEI Quanta 250 
FEG). The TEM image of MXene/WO3−x composite film 
was investigated by field emission transmission electron 
microscope (TEM, JEOL JEM-F200 (HR). Conductivity of 
the  LiClO4 in PC and DMC electrolyte was measured by a 
conductivity meter (DDS-307A, REX) which was calibrated 
with conductivity standard KCl solutions at 25 °C. Meas-
urements of the transmittance of the electrolyte, films and 
devices were performed using a spectrophotometer (Mapada 
V-1600PC). Chronoamperometry curve was obtained by a 
digital sourcemeter (Keithley 2410). Cyclic voltammetry 
(CV) measurements were carried out on a Zahner electro-
chemical workstation (Zennium pro).

3  Results and Discussion

3.1  Structure Characterization of MXene/WO3−x 
Composite Film

As shown in Fig. 1a, the schematic diagram presents the 
fabrication of MXene  (Ti3C2Tx)/tungsten oxide films. Then 
we measured the XPS, TEM, and Raman spectra of MXene 
to identify the chemical structure and morphology of the 
MXene. The TEM images of the MXene from top view pre-
sent the separated two-dimensional nanoflakes (Fig. S2). 
The XPS results of the MXene show the existence of H, F, 
O, C, Ti elements and presence of -OH and -F functional 
groups (Fig. S3). Raman results show the corresponding 
surface chemistry and structure of MXene (Fig. S4).
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As illustrated in experimental section, the transparent 
composite film is deposited on FTO substrate (Fig. 1b). Con-
sidering that a small amount of MXene solution is added 
into the  WO3−x precursor, the thickness and crystal structure 
of MXene/WO3−x film do not alter compared with those of 
pure  WO3−x film. As shown in Fig. 1c, the MXene/WO3−x 
composite film is seen to be deposited seamlessly on FTO 
substrate and the thickness is about 430 nm (Fig. 1c), so is 
the thickness of pure  WO3−x film (Fig. S5). And the Raman 
spectra characterization also presents similar structure fea-
tures between pure  WO3−x film and MXene/WO3−x film as 
expected. Beside the immanent character of FTO substrates 
at 235 cm−1, the strong peaks at 792 and 957 cm−1 identified 
in both pure  WO3−x and MXene/WO3−x films are the typical 
features of amorphous  WO3−x. It is assigned to the stretch-
ing mode of W–O bonds and terminal W = O double bonds, 
respectively [47].

To further confirm the morphology and chemical compo-
sition of the MXene/WO3−x composite film, we have firstly 
carried out the SEM measurement. Surface morphology 
(Fig. S6) shows that the small MXene nanoflakes are distrib-
uted in the amorphous  WO3−x substrate, where the size var-
ies from tens to hundreds of nanometers. Furthermore, the 
morphology and element distribution of MXene/WO3−x film 

have been measured by TEM and EDS mapping (Fig. 1e-
h). In the detected area, the MXene are evenly distributed 
over the  WO3−x. The multiple diffractions image is observed 
in the selected area electron diffraction (SAED) pattern in 
Fig. 1i. It consists of the diffraction halo from amorphous 
 WO3−x and sharp diffraction spots arising from MXene. 
Therefore, it can be concluded that MXene nanoflakes are 
closely and uniformly embedded in amorphous  WO3−x [48].

3.2  Configuration and Performances 
of the Electrochromic Devices

In Fig. 2a, the configuration of electrochromic device is 
schematically shown. To obtain excellent performances, 
improvements in both electrochromic material and elec-
trolyte layer should be addressed [49]. The electrochromic 
material is optimized through MXene addition at the opti-
mal ratio of 20 μL (MXene solution): 2 mL (tungsten oxide 
precursor). Also, the thickness (fabrication layer number of 
6) of electrochromic film is also optimally regulated. The 
effects of MXene addition ratio and thickness on electro-
chromic performances are investigated and discussed in 
Figs. S7–S10.
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Fig. 1  a Schematic diagram depicting the fabrication process of MXene/WO3−x films. b A photo of the prepared MXene/WO3−x film on FTO 
glass (2.5 × 2.5  cm2). The scale bar is 1 cm. c Cross-sectional SEM of the MXene/WO3−x film. d Raman spectra of the pure  WO3−x and MXene/
WO3−x films. e TEM image, f–h EDS mapping and i SAED of the MXene/WO3−x films. Scale bar in figure e and h represents the length of 
200 nm
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At the same time, the electrolyte optimization is set-
tled with the outstanding conductivity and appropriate 
viscosity, which facilitates ion transport during the elec-
trochemical process. Herein, we use  LiClO4 with mixture 
solvents of PC and DMC as the electrolyte, as the lithium 
ions play a vital role in electrochromic applications [50, 
51]. The binary solvent system of PC and DMC exhib-
its better characteristics in electrochemical performance 
[52, 53], where the addition of DMC solvent in binary 
solvent system not only reduces high viscosity of PC sol-
vent [53], but also achieves higher ionic conductivity and 
transmittance (Fig. S11). It’s shown to be more suitable 
for the realization of transparent electrochromic devices. 
Furthermore, the conductivity maxima (9.5 mS  cm−1) lies 
in 1.25 mol  L−1 of  LiClO4 concentration by investigating 
the optimal concentration (Fig. 2b), which takes a great 
advantage than  Li+-based electrolyte in previous studies 
[54]. Within the range of the optimal concentration, con-
ductivity is raised by the increasing salt concentration, 
along with a larger number of charge carriers. Whereas in 
the concentration higher than the optimum, conductivity is 

decreased by the reduced number of valid charge carriers 
and restricted mobility of the charge carriers [55]. It can 
be explained more precisely: (1) higher salt concentration 
increases the ion-pairing between molecules, causing the 
reduced number of valid charge carriers; (2) higher salt 
concentration results in formation of higher aggregated 
ions, which increases the migration resistance and restricts 
the mobility of charge carriers.

Next, the electrochromic device of MXene/WO3−x elec-
trochromic film with the optimal electrolyte is fabricated. 
By applying positive and negative bias of 3 V, the dou-
ble injections and extractions of electrons and  Li+ in the 
electrochromic film are reversible progressed. The specific 
equation is as following [56]:

Also, MXene can be functioned as a host for reversible 
 Li+ injections and extractions [57], which is also involved 
in the electrochromic reaction. On account of a small num-
ber of MXene nanoflakes in the composite film, we only 

(2)WO3−x + ye
− + yLi+ ↔ Li

y
WO3−x(0 < y < 1)
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exhibit the electrochromic mechanism of tungsten oxide 
in Eq. (2).

The MXene/WO3−x electrochromic device shows visu-
ally identifiable colored and bleached states. The bleached 
state (Fig. 2c) clearly exhibits the logo behind and a blue 
and uniform colored state is presented in Fig. 2d. Further-
more, the transmittance spectra of MXene/WO3−x elec-
trochromic device is compared with that of pure  WO3−x 
device in Fig. 2e. The bleaching state of the two devices 
owns transmittance of 71% and 69.6% at 660 nm. The 
transimttance of bleached device is influenced by the 
transmittance of FTO substrates and electrolyte layer, 
especially in the infrared band (lower than 60%) (Fig. 
S12). The decreasing transmittance of less than 2% is 
owning to balck MXene addition. Notablely, the trans-
mittance modulation of MXene/WO3−x electrochromic 
device (λ = 660 nm, 60.4%) is far larger than that of pure 
 WO3−x electrochromic device (λ = 660 nm, 25.3%), which 
implies that more lithium ions are intercalated into the 
MXene/WO3−x electrochromic film. To further dig out the 
contribution of MXene, we explore the performance of 
the same amount of MAX solution added in  WO3−x. The 
MAX/WO3−x device exhibits almost the same transmit-
tance modulation as the pure  WO3−x device (Fig. S13), 
ensuring the effect of MXene addition on the electrochro-
mic performance is due to the layered structure rather than 
the chemical composition. The more intercalated lithium 
ions can be contributed to the provided nanochannels and 
active sites in the two-dimensional layered structure of 
MXene. At the same time, MXene, as the electrochromic 
material [58], produce synergistic benefits with tungsten 
oxide in enhancing electrochromic properties.

To study the stability of pure  WO3−x and MXene/WO3−x 
electrochromic devices, the cycling performance is evalu-
ated by repeated switching test with coloring at 3 V for 
30 s and bleaching at 3 V for 40 s (Fig. 3a). Compared with 
that of pure  WO3−x device, significant larger transmittance 
modulation is found during the whole 200 cycles in MXene/
WO3−x device. It’s worth noting that they all shows stable 
transmittance in bleached state, which can be explained that 
only shallow traps occur during the lithium ion intercalation 
process, only degrading the colored state [59]. And traps 
can cause the structural damage of electrochromic materials, 
leading to the degradation of transmittance modulation and 
weakening the stability. As seen from the amplified curves 
of the two devices, the transmittance modulation slightly 

decreases from 15.11 to 14.15%, and maintains the stable 
bleaching time 2 s (Fig. 3b) in pure  WO3−x device. For the 
MXene/WO3−x device, the initial transmittance modulation 
of 56% keeps stable for a long time, and remains 48.8% 
(87.2% of its initial value) after 200 cycles (as long as 
14,000 s) in Fig. 3c. The bleaching time is shortened from 
13 to 6 s, because the trapped ions reduce the number of 
lithium ions involving in the extraction process. Overall, the 
MXene/WO3−x electrochromic device shows excellent stabil-
ity performance over the 200 cycles.

Response time is one of the key properties of electro-
chromic device, which is defined as the time for 90% of 
transmittance modulation during coloring/bleaching. 
Figure 4a shows the stable optical transmittance response 
of the pure  WO3−x and MXene/WO3−x electrochromic 
devices at 660 nm with coloring for 30 s and bleaching 
for 40 s of per step. From the platform at the bleached 
state, both devices are fully bleached with sufficient time 
to ensure that as many ions as possible are extracted from 
the electrochromic materials. Pure  WO3−x device exhibits 
response time of coloring (22 s) and bleaching (2 s) of 
small transmittance modulation (17.5%). And in MXene/
WO3−x device, the coloring and bleaching response time 
are found to be 12/8 s with the resultant large transmit-
tance modulation (56.82%). Based on the transport mecha-
nism of MXene, it provides the surface channels and inter-
layer channels [60, 61], increasing the total lithium ion 
concentration in the electrochromic layer during the same 
coloring time. Thus, increased lithium ions cause longer 
bleaching time of transport in composite film when com-
pared with that of pure  WO3−x film.

As another important property, the coloration efficiency 
(CE) refers to the changes in optical density (ΔOD) per unit 
charge density (ΔQ) inserted into or extracted from the elec-
trochromic film. It can be calculated from the formula below 
[29]:

where Tb and Tc represent the bleached and colored trans-
mittances, respectively, ΔQ can be obtained from current 
integration of the corresponding chronoamperometry curves 
(Fig. 4b).

The CE of MXene/WO3−x device is 69.1  cm2  C−1, which 
is higher than the value of pure  WO3−x device (42.3  cm2 
 C−1). Also, the peak currents of MXene/WO3−x are far 
higher than that of pure  WO3−x in the curves. The higher 

(3)CE = ΔOD∕ΔQ = log
(

Tb∕Tc
)

∕ΔQ
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CE and current value indicate more electrochromic mate-
rials are activated and more lithium ions and electrons 
are extracted and inserted [62], which is confirmed by the 
MXene addition.

As far as we know, the intercalation chemistry takes 
a dominant impact in electrochromic devices. Then the 
electrochemical analysis from the cyclic voltammogram 
(CV) further verifies fast lithium ion diffusion in MXene/
WO3−x device. As illustrated in Fig. 5a, the cathodic and 
anodic peak current densities (Jpc and Jpa) of the  WO3−x 
and MXene/WO3−x electrochromic devices as a function 
of (scan rate)1/2 identify the lithium ion insertion/extrac-
tion coefficient. These current values have been obtained 
at various scan rate of 50, 100, 150, 200, 250, 300 mV s−1 
between −2 and 2 V in Fig. 5b, c, then the diffusion coef-
ficients of  Li+ are calculated by the Randles-Servcik 
equation:

where D is the diffusion coefficient in the unit of  cm2  s−1, Jp 
is peak current density (A  cm−2), n is the number of elec-
trons assumed to be 1 for  Li+, C0 is the concentration of 
electrolyte solution (mol  cm−3) and v is the scan rate (V  s−1).

The calculated diffusion coefficients of  Li+ insertion 
are 2.78 × 10−11 and 1.80 × 10−11  cm2 s−1 with and without 
MXene addition, respectively. Also, diffusion coefficients of 
 Li+ extraction are 1.04 × 10−10 and 5.52 × 10−11  cm2 s−1 with 
and without MXene addition, which show the quantitative 
agreement with the previous studies [63, 64]. The lithium 
ion insertion/extraction speed into the electrochromic film 
is evidently enhanced by the addition of MXene.

Overall, the MXene/WO3−x film with above electrochro-
mic performances exhibit a competitive advantage when 
compared with those of hybrid tungsten oxide film with 
other nanomaterials additions, as shown in Table 1. MXene 

(4)Jp = 2.72 × 105n3∕2D1∕2C0v
1∕2
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simultaneously enhances the transport of electrons and ions 
in electrochromic reaction. It can be ascribed to three expla-
nations: (1) MXene with excellent electronic conductivity 
promotes the electrons transport ability in the electrochromic 
layer [65]. (2) The lateral layer spaces in the structure of 
MXene are large enough, which can be functioned as nano-
channels to facilitate ion transport [66]. (3) The interface of 
the hybrid electrochromic material MXene/WO3−x allows 
more active sites and lower activation energy in electrochro-
mic reaction [67, 68].

3.3  Simulation of Ion diffusion in Electrochromic Layer

In order to verify the contribution of MXene in electrochro-
mic reaction, we further explore the kinetics mechanism of 
lithium ion diffusion inside the electrochromic film by using 
finite element analysis (COMSOL Multiphysics). As shown 
in Fig. 6a, a simplified two-dimensional (2D) model is cre-
ated to simulate the coloration process in electrochromic 

device. The specific kinetic process of the lithium ion diffu-
sion is presented here. A widely accepted theory emphasizes 
that the ion diffusion in electrochromic film is a rate-control-
ling step for the kinetics [69]. The layer spacing of MXene 
in electrochromic film provides nanochannels for  Li+ diffu-
sion, it then be beneficial for the combination with electrons 
and tungsten oxide to produce redox reaction [70, 71]. As a 
result, it can effectively enhance the intercalation rate with 
color change phenomenon. In this simulation, the Secondary 
Current Distribution module and the Transport of Diluted 
Species module are coupled to study the lithium ion trans-
port behaviors between the MXene/WO3−x and pure  WO3−x 
electrochromic devices. After applying the corresponding 
potential in the boundary, the electrochemical reaction is 
then produced at the interface between the layers. The simu-
lation results of Fig. 6b present  Li+ concentration variations 
during the whole coloration time (30 s) at the same Y-axis 
of the MXene/WO3−x and pure  WO3−x electrochromic film, 
where MXene/WO3−x composite electrochromic film shows 
higher  Li+ concentration than that of the pure  WO3−x film. 
The increasing concentration also indicates the dynamic ion 
diffusion process inside the electrochromic layer over time. 
Moreover, the 2D spatial distribution results of Fig. 6c, d 
shows that the MXene/WO3−x film accommodates more 
lithium ions than the pure  WO3−x film in whole region at 
any coloration moment  (Li+ dynamic diffusion in whole 
coloration time is shown in Fig. S14). The results shown 
above provide a clear mechanism study for the contribution 
of MXene in time and spatial distribution, which agree well 
with the experimental results. This study reveals a deeper 
understanding of lithium intercalation kinetics and the dif-
fusion process in the electrochromic film.

4  Conclusions

In summary, we creatively fabricate the MXene/WO3−x com-
posite film applied in electrochromic devices for the first 
time. The addition of MXene in tungsten oxide thin films is 
a simple and effective strategy to simultaneously boost the 
transport kinetics of electrons and ions. Compared with that 
of pure  WO3−x device, the transmittance modulation and 
coloration efficiency have been improved after combination. 
Such enhanced electrochromic properties are attributed to 
the metal-like electronic conductivity and two-dimensional 
layered structure of MXene and the resultant improved 
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Table 1  Electrochromic performances of tungsten oxide nanocomposite film

“—” means data not available
MWCNT multiwalled carbon nanotube, CS chitosan, WONWS tungsten oxide nanowires

Materials Fabrication 
method

Transmittance 
modulation

Switching 
speed tc/tb 
(s)

Coloration 
efficiency 
 (cm2/C)

Electrolyte Cycling perfor-
mance (retain-
ing)

Refs

MXene/WO3−x Spin coating 60.4% @660 nm 12/8 69.1 1.25 M 
 LiClO4-PC + DMC

87.2%/200cycles This work

MWCNTs/WO3−x Spin coating 69% @550 nm 8/1 29.9 1 M  LiClO4-PC 80.6%/200cycles [32]
CS-CNTs/WO3 Layer-by-layer Dip 

coating
13.5%@800 nm 1.9/1 79.2 1 M  LiClO4-PC 37.1%/200cycles [33]

RGO/WO3 Spin coating 59.6% @633 nm 9.5/7.6 75.3 1 M  LiClO4-PC 150cycles [30]
RGO/WONWS Solvothermal 53% @600 nm 1.5/1.2 116.7 0.5MLiClO4-PC — [31]
GO/WO3·H2O Sonochemical 10% @632 nm 2/3 67.66 1 M  LiClO4-PC — [34]
g-C3N4/WO3·H2O Sonochemical 10% @632 nm 5/5.5 60.13 1 M  LiClO4-PC — [34]
MoS2/WO3 Spin coating 75% @700 nm 11/8 51.2 0.5 M 

 LiClO4-0.05 M 
Fc-PC

— [72]
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electrochemical activity. Moreover, fast ion transport kinet-
ics and cycling stability over 200 cycles are identified and 
analyzed in Mxene/WO3−x device, which present higher dif-
fusion coefficients of  Li+ insertion and extraction. Numerical 
stimulation further proves the spatial and time distributions 
of higher  Li+ concentration in the Mxene/WO3−x electro-
chromic layer. Both experiments and theoretical aspects 
demonstrate the contribution of MXene in high-performance 
electrochromic device by boosting the transport kinetics of 
ions and electrons simultaneously. It shows a paradigm on 
rational design of electrochromic materials and provides new 
avenues to explore the kinetics mechanism of lithium ion 
diffusion inside the electrochromic film.

Acknowledgements This research was supported by the National 
Science Foundation of China (Nos. 61631166004 and 51902250) 
and the Fundamental Research Funds for the Central Universities 
(xzy012019002). H. F. thanks the support from Natural Science 
Basic Research Plan in Shaanxi Province of China (No. 2020JQ-
035). H.W. acknowledged the support of Shenzhen Science and 
Technology Program (No. KQTD20180411143514543) and 

Shenzhen DRC project [2018]1433. Instrument Analysis Center 
of Xi’an Jiaotong University is acknowledged for the great helps 
in measurements.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4082 0-020-00544 -9) contains 
supplementary material, which is available to authorized users.

C
on

ce
nt

ra
tio

n 
(m

ol
 m

−3
)

time=25 s
Pure-concentration (mol m−3)

time=25 s
MXene Addition-concentration (mol m−3)

mol m−3mol m−3

Electrolyte
LiClO4: (PC+DMC)

EC layer
MXene/WO3-x

MXene/WO3-x
Pure WO3-x

(a)

(b) (c) (d)

ModelY

X

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

2.6

2.2

1.8

1.4

1.0

0.6

0.2

−0.2

−0.6

−1.0

Li+ Li+

Diffusion

MXene in Electrochromic layer

e−

e−

Ti
C
O
F
H

0 5 10 20 2515
Time (s)

30 0 1 2 3
3.43

7.1
6.61

2.26

7
6
5
4
3
2
1
0
−1

6
5
4
3
2
1
0
−1

4

µm

µm

2.6

2.2

1.8

1.4

1.0

0.6

0.2

−0.2

−0.6

−1.0
0 1 2 3 4

µm
µm

Fig. 6  a Model of the simulation and specific kinetic process of the lithium ion diffusion. b Time distribution of  Li+ in pure  WO3−x film and 
MXene/WO3−x film. Spatial distribution (time = 25 s) of  Li+ in c MXene/WO3−x film and d pure  WO3−x film

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-020-00544-9


Nano-Micro Lett. (2021) 13:20 Page 11 of 13 20

1 3

References

 1. P. Simon, Y. Gogotsi, Materials for electrochemical capacitors. 
Nat. Mater. 7(11), 845–854 (2008). https ://doi.org/10.1038/
nmat2 297

 2. C.G. Granqvist, M.A. Arvizu, İ Bayrak Pehlivan, H.Y. Qu, 
R.T. Wen et al., Electrochromic materials and devices for 
energy efficiency and human comfort in buildings: A critical 
review. Electrochim. Acta 259, 1170–1182 (2018). https ://doi.
org/10.1016/j.elect acta.2017.11.169

 3. Y. Wang, E.L. Runnerstrom, D.J. Milliron, Switchable mate-
rials for smart windows. Annu. Rev. Chem. Biomol. 7(1), 
283–304 (2016). https ://doi.org/10.1146/annur ev-chemb ioeng 
-08061 5-03464 7

 4. G. Cai, A.S. Eh, L. Ji, P.S. Lee, Recent advances in electro-
chromic smart fenestration. Adv. Sustain. Syst. 1(12), 1700074 
(2017). https ://doi.org/10.1002/adsu.20170 0074

 5. H. Khandelwal, A.P.H.J. Schenning, M.G. Debije, Infrared 
regulating smart window based on organic materials. Adv. 
Energy Mater. 7(14), 1602209 (2017). https ://doi.org/10.1002/
aenm.20160 2209

 6. H. Zheng, J.Z. Ou, M.S. Strano, R.B. Kaner, A. Mitchell, K. 
, Kalantar-zadeh Nanostructured tungsten oxide-properties, 
synthesis, and applications. Adv. Funct. Mater. 21(12), 2175–
2196 (2011). https ://doi.org/10.1002/adfm.20100 2477

 7. J.Z. Chen, W.Y. Ko, Y.C. Yen, P.H. Chen, K.J. Lin, Hydrother-
mally processed  TiO2 nanowire electrodes with antireflective 
and electrochromic properties. ACS Nano 6(8), 6633–6639 
(2012). https ://doi.org/10.1021/nn300 787r

 8. Y. Wang, B. Chen, Y. Zhu, L. Fu, Y. Wu, T.V. Ree, 13-Metal 
oxides in energy-saving smart windows. pp. 341–360 (2018). 
Doi: https ://doi.org/10.1016/B978-0-12-81116 7-3.00013 -4

 9. X. Liu, A. Zhou, Y. Dou, T. Pan, M. Shao et al., Ultrafast 
switching of an electrochromic device based on layered double 
hydroxide/prussian blue multilayered films. Nanoscale 7(40), 
17088–17095 (2015). https ://doi.org/10.1039/C5NR0 4458H 

 10. G. Cai, X. Cheng, M. Layani, A.W.M. Tan, S. Li et al., Direct 
inkjet-patterning of energy efficient flexible electrochromics. 
Nano Energy 49, 147–154 (2018). https ://doi.org/10.1016/j.
nanoe n.2018.04.017

 11. L. Wu, H. Fang, C. Zheng, Q. Wang, H. Wang, A multifunc-
tional smart window: Detecting ultraviolet radiation and regu-
lating the spectrum automatically. J. Mater. Chem. C 7(34), 
10446–10453 (2019). https ://doi.org/10.1039/C9TC0 3398J 

 12. L. Zhou, P. Wei, H. Fang, W. Wu, L. Wu et al., Self-doped 
tungsten oxide films induced by in situ carbothermal reduc-
tion for high performance electrochromic devices. J. Mater. 
Chem. C (2020). https ://doi.org/10.1039/D0TC0 3103H 

 13. V.R. Buch, A.K. Chawla, S.K. Rawal, Review on electro-
chromic property for  WO3 thin films using different depo-
sition techniques. Mater. Today Proceed. 3(6), 1429–1437 
(2016). https ://doi.org/10.1016/j.matpr .2016.04.025

 14. X. Han, W. Du, M. Chen, X. Wang, X. Zhang et al., Visu-
alization recording and storage of pressure distribution 
through a smart matrix based on the piezotronic effect. Adv. 

Mater. 29(26), 1701253 (2017). https ://doi.org/10.1002/
adma.20170 1253

 15. S.H. Lee, H. Cheong, J.G. Zhang, A. Mascarenhas, D. Ben-
son et al., Electrochromic mechanism in a-WO3−y thin films. 
Appl. Phys. Lett. (1999). https ://doi.org/10.1063/1.12326 8

 16. Y. Tian, W. Zhang, S. Cong, Y. Zheng, F. Geng, Z. Zhao, 
Unconventional aluminum ion intercalation/deintercala-
tion for fast switching and highly stable electrochromism. 
Adv. Funct. Mater. 25(36), 5833–5839 (2015). https ://doi.
org/10.1002/adfm.20150 2638

 17. J. Zhao, G. Wang, Q. Zhang, W. Rui, C. Qu et al., An under-
lying intercalation ion for fast-switching and stable electro-
chromism. J. Mater. Sci. 30(13), 12753–12756 (2019). https 
://doi.org/10.1007/s1085 4-019-01640 -2

 18. H. Li, L. McRae, C.J. Firby, A.Y. Elezzabi, Rechargeable 
aqueous electrochromic batteries utilizing ti-substituted 
tungsten molybdenum oxide based  Zn2+ ion intercalation 
cathodes. Adv. Mater. 31(15), 1807065 (2019). https ://doi.
org/10.1002/adma.20180 7065

 19. Y.Y. Yang, P. Gong, W.D. Ma, Y.L. Li, X.Y. Fang et al., Dif-
ferent substitutions lead to differences in the transport and 
recombination properties of group v doped SiCNTs. Phys. 
Lett. A 384(25), 126602 (2020). https ://doi.org/10.1016/j.
physl eta.2020.12660 2

 20. D. Qiu, H. Ji, X. Zhang, H. Zhang, H. Cao et al., Elec-
trochromism of nanocrystal-in-glass tungsten oxide thin 
films under various conduction cations. Inorg. Chem. 
58(3), 2089–2098 (2019). https ://doi.org/10.1021/acs.inorg 
chem.8b031 78

 21. B.R. Koo, M.H. Jo, K.H. Kim, H.J. Ahn, Multifunctional elec-
trochromic energy storage devices by chemical cross-linking: 
Impact of a  WO3·H2O nanoparticle-embedded chitosan thin 
film on amorphous  WO3 films. NPG Asia Mater. (2020). https 
://doi.org/10.1038/s4142 7-019-0193-z

 22. S. Cong, Y. Tian, Q. Li, Z. Zhao, F. Geng, Single-crystalline 
tungsten oxide quantum dots for fast pseudocapacitor and 
electrochromic applications. Adv. Mater. 26(25), 4260–4267 
(2014). https ://doi.org/10.1002/adma.20140 0447

 23. G. Cai, M. Cui, V. Kumar, P. Darmawan, J. Wang et al., Ultra-
large optical modulation of electrochromic porous  WO3 film 
and the local monitoring of redox activity. Chem. Sci. 7(2), 
1373–1382 (2016). https ://doi.org/10.1039/C5SC0 3727A 

 24. M.A. Arvizu, G.A. Niklasson, C.G. Granqvist, Electrochro-
mic  W1–x–yTixMoyO3 thin films made by sputter deposition: 
Large optical modulation, good cycling durability, and 
approximate color neutrality. Chem. Mater. 29(5), 2246–
2253 (2017). https ://doi.org/10.1021/acs.chemm ater.6b051 
98

 25. Y. Yin, T. Gao, Q. Xu, G. Cao, Q. Chen et al., Electrochromic 
and energy storage bifunctional gd-doped  WO3/Ag/WO3 films. 
J. Mater. Chem. A 8(21), 10973–10982 (2020). https ://doi.
org/10.1039/D0TA0 2079F 

 26. J. Kim, G.K. Ong, Y. Wang, G. LeBlanc, T.E. Williams et al., 
Nanocomposite architecture for rapid, spectrally-selective 
electrochromic modulation of solar transmittance. Nano Lett. 

https://doi.org/10.1038/nmat2297
https://doi.org/10.1038/nmat2297
https://doi.org/10.1016/j.electacta.2017.11.169
https://doi.org/10.1016/j.electacta.2017.11.169
https://doi.org/10.1146/annurev-chembioeng-080615-034647
https://doi.org/10.1146/annurev-chembioeng-080615-034647
https://doi.org/10.1002/adsu.201700074
https://doi.org/10.1002/aenm.201602209
https://doi.org/10.1002/aenm.201602209
https://doi.org/10.1002/adfm.201002477
https://doi.org/10.1021/nn300787r
https://doi.org/10.1016/B978-0-12-811167-3.00013-4
https://doi.org/10.1039/C5NR04458H
https://doi.org/10.1016/j.nanoen.2018.04.017
https://doi.org/10.1016/j.nanoen.2018.04.017
https://doi.org/10.1039/C9TC03398J
https://doi.org/10.1039/D0TC03103H
https://doi.org/10.1016/j.matpr.2016.04.025
https://doi.org/10.1002/adma.201701253
https://doi.org/10.1002/adma.201701253
https://doi.org/10.1063/1.123268
https://doi.org/10.1002/adfm.201502638
https://doi.org/10.1002/adfm.201502638
https://doi.org/10.1007/s10854-019-01640-2
https://doi.org/10.1007/s10854-019-01640-2
https://doi.org/10.1002/adma.201807065
https://doi.org/10.1002/adma.201807065
https://doi.org/10.1016/j.physleta.2020.126602
https://doi.org/10.1016/j.physleta.2020.126602
https://doi.org/10.1021/acs.inorgchem.8b03178
https://doi.org/10.1021/acs.inorgchem.8b03178
https://doi.org/10.1038/s41427-019-0193-z
https://doi.org/10.1038/s41427-019-0193-z
https://doi.org/10.1002/adma.201400447
https://doi.org/10.1039/C5SC03727A
https://doi.org/10.1021/acs.chemmater.6b05198
https://doi.org/10.1021/acs.chemmater.6b05198
https://doi.org/10.1039/D0TA02079F
https://doi.org/10.1039/D0TA02079F


 Nano-Micro Lett. (2021) 13:2020 Page 12 of 13

https://doi.org/10.1007/s40820-020-00544-9© The authors

15(8), 5574–5579 (2015). https ://doi.org/10.1021/acs.nanol 
ett.5b021 97

 27. H. Qu, X. Zhang, H. Zhang, Y. Tian, N. Li et al., Highly robust 
and flexible  WO3·2H2O/PEDOT films for improved electro-
chromic performance in near-infrared region. Sol. Energy 
Mater. Sol. C 163, 23–30 (2017). https ://doi.org/10.1016/j.
solma t.2016.12.030

 28. X. Huo, H. Zhang, W. Shen, X. Miao, M. Zhang et al., Bifunc-
tional aligned hexagonal/amorphous tungsten oxide core/shell 
nanorod arrays with enhanced electrochromic and pseudoca-
pacitive performance. J. Mater. Chem. A 7(28), 16867–16875 
(2019). https ://doi.org/10.1039/C9TA0 3725J 

 29. C. Fu, C. Foo, P.S. Lee, One-step facile electrochemical 
preparation of  WO3/graphene nanocomposites with improved 
electrochromic properties. Electrochim. Acta 117, 139–144 
(2014). https ://doi.org/10.1016/j.elect acta.2013.11.123

 30. M. Zhi, W. Huang, Q. Shi, M. Wang, Q. Wang, Sol–gel fab-
rication of  WO3/rGO nanocomposite film with enhanced 
electrochromic performance. RSC Adv. 6(72), 67488–67494 
(2016). https ://doi.org/10.1039/C6RA1 3947G 

 31. X. Chang, S. Sun, L. Dong, X. Hu, Y. Yin, Tungsten oxide 
nanowires grown on graphene oxide sheets as high-perfor-
mance electrochromic material. Electrochim. Acta 129, 40–46 
(2014). https ://doi.org/10.1016/j.elect acta.2014.02.065

 32. C.K. Lin, S.C. Tseng, C.H. Cheng, C.Y. Chen, C.C. Chen, 
Electrochromic performance of hybrid tungsten oxide films 
with multiwalled-CNT additions. Thin Solid Films 520(5), 
1375–1378 (2011). https ://doi.org/10.1016/j.tsf.2011.08.074

 33. S. Liu, W. Wang, Improved electrochromic performances of 
 WO3-based thin films via addition of CNTs. J. Sol-Gel Sci. 
Techn. 80(2), 480–486 (2016). https ://doi.org/10.1007/s1097 
1-016-4093-1

 34. X. Chang, R. Hu, S. Sun, T. Lu, Y. Zhu, Efficient synthe-
sis of tungsten oxide hydrate-based nanocomposites for 
applications in bifunctional electrochromic-energy storage 
devices. Nanotechnology 29(18), 185707 (2018). https ://doi.
org/10.1088/1361-6528/aab07 b

 35. J. Pang, R.G. Mendes, A. Bachmatiuk, L. Zhao, H.Q. Ta et al., 
Applications of 2D MXenes in energy conversion and storage 
systems. Chem. Soc. Rev. 48(1), 72–133 (2019). https ://doi.
org/10.1039/C8CS0 0324F 

 36. M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, 25th 
anniversary article: MXenes: A new family of two-dimen-
sional materials. Adv. Mater. 26(7), 992–1005 (2014). https 
://doi.org/10.1002/adma.20130 4138

 37. P.M. Kadam, N.L. Tarwal, S.S. Mali, H.P. Deshmukh, P.S. 
Patil, Enhanced electrochromic performance of f-MWCNT-
WO3 composite. Electrochim. Acta 58, 556–561 (2011). https 
://doi.org/10.1016/j.elect acta.2011.09.082

 38. Y. Dong, H. Shi, Z.S. Wu, Recent advances and promise of 
MXene-based nanostructures for high-performance metal ion 
batteries. Adv. Funct. Mater. (2020). https ://doi.org/10.1002/
adfm.20200 0706

 39. H. Kim, Z. Wang, H.N. Alshareef, Mxetronics: Electronic and 
photonic applications of MXenes. Nano Energy 60, 179–197 
(2019). https ://doi.org/10.1016/j.nanoe n.2019.03.020

 40. S. Zhao, C. Chen, X. Zhao, X. Chu, F. Du et al., Flexible 
 Nb4C3Tx film with large interlayer spacing for high-perfor-
mance supercapacitors. Adv. Funct. Mater. (2020). https ://doi.
org/10.1002/adfm.20200 0815

 41. Y. Wu, P. Nie, J. Wang, H. Dou, X. Zhang, Few-layer MXenes 
delaminated via high-energy mechanical milling for enhanced 
sodium-ion batteries performance. ACS Appl. Mater. Inter-
faces 9(45), 39610–39617 (2017). https ://doi.org/10.1021/
acsam i.7b121 55

 42. J. Li, B. Rui, W. Wei, P. Nie, L. Chang et al., Nanosheets assem-
bled layered  MoS2/MXene as high performance anode materi-
als for potassium ion batteries. J. Power Sources 449, 227481 
(2020). https ://doi.org/10.1016/j.jpows our.2019.22748 1

 43. K. Hantanasirisakul, M.Q. Zhao, P. Urbankowski, J. Halim, 
B. Anasori et al., Fabrication of  Ti3C2Tx mxene transparent 
thin films with tunable optoelectronic properties. Adv. Elec-
tron. Mater. 2(6), 1600050 (2016). https ://doi.org/10.1002/
aelm.20160 0050

 44. X. Wang, X. Shen, Y. Gao, Z. Wang, R. Yu et al., Atomic-scale 
recognition of surface structure and intercalation mechanism 
of  Ti3C2X. J. Am. Chem. Soc. 137(7), 2715–2721 (2015). 
https ://doi.org/10.1021/ja512 820k

 45. M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, Two-
dimensional materials: 25th anniversary article: MXenes: A 
new family of two-dimensional materials. Adv. Mater. 26(7), 
982–982 (2014). https ://doi.org/10.1002/adma.20147 0041

 46. H. Fang, P. Zheng, R. Ma, C. Xu, G. Yang et al., Multifunc-
tional hydrogel enables extremely simplified electrochromic 
devices for smart windows and ionic writing boards. Mater. 
Horiz. 5(5), 1000–1007 (2018). https ://doi.org/10.1039/c8mh0 
0856f 

 47. A. Cremonesi, D. Bersani, P.P. Lottici, Y. Djaoued, P.V. Ashrit, 
 WO3 thin films by sol–gel for electrochromic applications. J. 
Non-Crystalline Solids 345–346, 500–504 (2004). https ://doi.
org/10.1016/j.jnonc rysol .2004.08.073

 48. X.H. Guan, Z.W. Zhang, L. Yang, G.S. Wang, One-pot hydro-
thermal synthesis of hexagonal  WO3 nanorods/graphene 
composites as high-performance electrodes for superca-
pacitors. ChemPlusChem 82, 1174–1181 (2017). https ://doi.
org/10.1002/cplu.20170 0288

 49. S. Zhang, S. Cao, T. Zhang, A. Fisher, J.Y. Lee,  Al3+ inter-
calation/de-intercalation-enabled dual-band electrochromic 
smart windows with a high optical modulation, quick response 
and long cycle life. Energy Environ. Sci. 11(10), 2884–2892 
(2018). https ://doi.org/10.1039/c8ee0 1718b 

 50. G. Cai, P. Darmawan, M. Cui, J. Chen, X. Wang et al., Inkjet-
printed all solid-state electrochromic devices based on NiO/
WO3 nanoparticle complementary electrodes. Nanoscale 8(1), 
348 (2015). https ://doi.org/10.1039/C5NR0 6995E 

 51. J. Zhou, Y. Wei, L. Gui, J. Zheng, C. Xu, Electrochromic 
properties of vertically aligned Ni-doped  WO3 nanostructure 
films and their application in complementary electrochromic 
devices. J. Mater. Chem. C 4(8), 1613–1622 (2016). https ://
doi.org/10.1039/C5TC0 3750F 

 52. X. Yu, J. Wang, C. Wang, Z. Shi, A novel electrolyte used in 
high working voltage application for electrical double-layer 

https://doi.org/10.1021/acs.nanolett.5b02197
https://doi.org/10.1021/acs.nanolett.5b02197
https://doi.org/10.1016/j.solmat.2016.12.030
https://doi.org/10.1016/j.solmat.2016.12.030
https://doi.org/10.1039/C9TA03725J
https://doi.org/10.1016/j.electacta.2013.11.123
https://doi.org/10.1039/C6RA13947G
https://doi.org/10.1016/j.electacta.2014.02.065
https://doi.org/10.1016/j.tsf.2011.08.074
https://doi.org/10.1007/s10971-016-4093-1
https://doi.org/10.1007/s10971-016-4093-1
https://doi.org/10.1088/1361-6528/aab07b
https://doi.org/10.1088/1361-6528/aab07b
https://doi.org/10.1039/C8CS00324F
https://doi.org/10.1039/C8CS00324F
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1016/j.electacta.2011.09.082
https://doi.org/10.1016/j.electacta.2011.09.082
https://doi.org/10.1002/adfm.202000706
https://doi.org/10.1002/adfm.202000706
https://doi.org/10.1016/j.nanoen.2019.03.020
https://doi.org/10.1002/adfm.202000815
https://doi.org/10.1002/adfm.202000815
https://doi.org/10.1021/acsami.7b12155
https://doi.org/10.1021/acsami.7b12155
https://doi.org/10.1016/j.jpowsour.2019.227481
https://doi.org/10.1002/aelm.201600050
https://doi.org/10.1002/aelm.201600050
https://doi.org/10.1021/ja512820k
https://doi.org/10.1002/adma.201470041
https://doi.org/10.1039/c8mh00856f
https://doi.org/10.1039/c8mh00856f
https://doi.org/10.1016/j.jnoncrysol.2004.08.073
https://doi.org/10.1016/j.jnoncrysol.2004.08.073
https://doi.org/10.1002/cplu.201700288
https://doi.org/10.1002/cplu.201700288
https://doi.org/10.1039/c8ee01718b
https://doi.org/10.1039/C5NR06995E
https://doi.org/10.1039/C5TC03750F
https://doi.org/10.1039/C5TC03750F


Nano-Micro Lett. (2021) 13:20 Page 13 of 13 20

1 3

capacitor using spiro-(1,1′)-bipyrrolidinium tetrafluorobo-
rate in mixtures solvents. Electrochim. Acta 182, 1166–1174 
(2015). https ://doi.org/10.1016/j.elect acta.2016.03.113

 53. Z. Shi, X. Yu, J. Wang, H. Hu, C. Wu, Excellent low tempera-
ture performance electrolyte of spiro-(1,1′)-bipyrrolidinium 
tetrafluoroborate by tunable mixtures solvents for electric dou-
ble layer capacitor. Electrochim. Acta 174, 215–220 (2015). 
https ://doi.org/10.1016/j.elect acta.2015.05.133

 54. H.M. Kao, P.C. Chang, S.W. Chao, C.H. Lee, 7Li NMR, 
ionic conductivity and self-diffusion coefficients of lithium 
ion and solvent of plasticized organic–inorganic hybrid elec-
trolyte based on PPG-PEG-PPG diamine and alkoxysilanes. 
Electrochim. Acta 52(3), 1015–1027 (2006). https ://doi.
org/10.1016/j.elect acta.2006.06.042

 55. S.A. Agnihotry, P. Pradeep, S.S. Sekhon, PMMA based 
gel electrolyte for EC smart windows. Electrochim. Acta 
44(18), 3121–3126 (1999). https ://doi.org/10.1016/S0013 
-4686(99)00029 -8

 56. G. Cai, L.S. Eh, J. Lin, P.S. Lee, Recent advances in electro-
chromic smart fenestration. Adv. Sustain. Syst. 1(12), 1700074 
(2017). https ://doi.org/10.1002/adsu.20170 0074

 57. M. Naguib, J. Come, B. Dyatkin, V. Presser, P.L. Taberna 
et al., MXene: A promising transition metal carbide anode 
for lithium-ion batteries. Electrochem. Commun. 16(1), 61–64 
(2012). https ://doi.org/10.1016/j.eleco m.2012.01.002

 58. P. Salles, D. Pinto, K. Hantanasirisakul, K. Maleski, C.E. 
Shuck et al., Electrochromic effect in titanium carbide MXene 
thin films produced by dip-coating. Adv. Funct. Mater. 29(17), 
1809223 (2019). https ://doi.org/10.1002/adfm.20180 9223

 59. R.T. Wen, M.A. Arvizu, M. Morales-Luna, C.G. Granqvist, 
G.A. Niklasson, Ion trapping and detrapping in amorphous 
tungsten oxide thin films observed by real-time electro-optical 
monitoring. Chem. Mater. 28(13), 4670–4676 (2016). https ://
doi.org/10.1021/acs.chemm ater.6b015 03

 60. P. He, X.X. Wang, Y.Z. Cai, J.C. Shu, Q.L. Zhao et al., Tai-
loring  Ti3C2Tx nanosheets to tune local conductive network 
as an environmentally friendly material for highly efficient 
electromagnetic interference shielding. Nanoscale 11(13), 
6080–6088 (2019). https ://doi.org/10.1039/C8NR1 0489A 

 61. X.Y. Fang, X.X. Yu, H.M. Zheng, H.B. Jin, L. Wang et al., 
Temperature- and thickness-dependent electrical conductivity 
of few-layer graphene and graphene nanosheets. Phys. Lett. 
A 379(37), 2245–2251 (2015). https ://doi.org/10.1016/j.physl 
eta.2015.06.063

 62. L. Han, L. Liang, P.S. Lee, D. Mandler, X. Lu, Layer-by-layer 
assembly of PEDOT:PSS and  WO3 nanoparticles: Enhanced 
electrochromic coloration efficiency and mechanism stud-
ies by scanning electrochemical microscopy. Electrochim. 

Acta 174(1), 57–65 (2015). https ://doi.org/10.1016/j.elect 
acta.2015.05.147

 63. Y. Liu, G. Yuan, C. Hua, Y. Zhang, G. Han et al., Improvement 
of electrochromic performance by embedding ITO nanocrys-
tals in amorphous  WO3 film. ECS J. Solid State Sci. Technol. 
8(1), 1–6 (2019). https ://doi.org/10.1149/2.00219 01jss 

 64. M. Meenakshi, V. Gowthami, P. Perumal, R. Sivakumar, C. 
Sanjeeviraja, Influence of dopant concentration on the electro-
chromic properties of tungsten oxide thin films. Electrochim. 
Acta 174, 302–314 (2015). https ://doi.org/10.1016/j.elect 
acta.2015.05.187

 65. P. Salles, E. Quain, N. Kurra, A. Sarycheva, Y. Gogotsi, Auto-
mated scalpel patterning of solution processed thin films for 
fabrication of transparent MXene microsupercapacitors. Small 
14(44), 1802864 (2018). https ://doi.org/10.1002/smll.20180 
2864

 66. M. Ghidiu, M.R. Lukatskaya, M.Q. Zhao, Y. Gogotsi, M.W. 
Barsoum, Conductive two-dimensional titanium carbide ‘clay’ 
with high volumetric capacitance. Nature 516, 78–81 (2014). 
https ://doi.org/10.1038/natur e1397 0

 67. D. Wohlmuth, V. Epp, P. Bottke, I. Hanzu, B. Bitschnau et al., 
Order versus disorder—a huge increase in ionic conductiv-
ity of nanocrystalline LiAlO2 embedded in an amorphous-
like matrix of lithium aluminate. J. Mater. Chem. A 2(47), 
20295–20306 (2014). https ://doi.org/10.1039/C4TA0 2923B 

 68. L. Anna, G. Guillermo, G. Jaume, D.J. Milliron, Tunable near-
infrared and visible-light transmittance in nanocrystal-in-glass 
composites. Nature 500(7462), 323–326 (2013). https ://doi.
org/10.1038/natur e1239 8

 69. J. Bisquert, V.S. Vikhrenko, Analysis of the kinetics of ion 
intercalation Two state model describing the coupling of solid 
state ion diffusion and ion binding processes. Electrochim. 
Acta 47(24), 3977–3988 (2002). https ://doi.org/10.1016/
S0013 -4686(02)00372 -9

 70. X. Huo, X. Miao, X. Han, S. Tang, M. Zhang et al., High-per-
formance electrochromo-supercapacitors based on the syner-
getic effect between aqueous  Al3+ and ordered hexagonal tung-
sten oxide nanorod arrays. J. Mater. Chem. A 8, 9927–9938 
(2020). https ://doi.org/10.1039/D0TA0 1808B 

 71. Y. Liu, L. Sun, G. Sikha, J. Isidorsson, S. Lim et al., 2-D 
mathematical modeling for a large electrochromic window—
part I. Sol. Energy Mater. Sol. C 120, 1–8 (2014). https ://doi.
org/10.1016/j.solma t.2013.07.030

 72. M. Rakibuddin, H. Kim, Fabrication of  MoS2/WO3 nanocom-
posite films for enhanced electro-chromic performance. New J. 
Chem. 41(24), 15327–15333 (2017). https ://doi.org/10.1039/
c7nj0 3011h 

https://doi.org/10.1016/j.electacta.2016.03.113
https://doi.org/10.1016/j.electacta.2015.05.133
https://doi.org/10.1016/j.electacta.2006.06.042
https://doi.org/10.1016/j.electacta.2006.06.042
https://doi.org/10.1016/S0013-4686(99)00029-8
https://doi.org/10.1016/S0013-4686(99)00029-8
https://doi.org/10.1002/adsu.201700074
https://doi.org/10.1016/j.elecom.2012.01.002
https://doi.org/10.1002/adfm.201809223
https://doi.org/10.1021/acs.chemmater.6b01503
https://doi.org/10.1021/acs.chemmater.6b01503
https://doi.org/10.1039/C8NR10489A
https://doi.org/10.1016/j.physleta.2015.06.063
https://doi.org/10.1016/j.physleta.2015.06.063
https://doi.org/10.1016/j.electacta.2015.05.147
https://doi.org/10.1016/j.electacta.2015.05.147
https://doi.org/10.1149/2.0021901jss
https://doi.org/10.1016/j.electacta.2015.05.187
https://doi.org/10.1016/j.electacta.2015.05.187
https://doi.org/10.1002/smll.201802864
https://doi.org/10.1002/smll.201802864
https://doi.org/10.1038/nature13970
https://doi.org/10.1039/C4TA02923B
https://doi.org/10.1038/nature12398
https://doi.org/10.1038/nature12398
https://doi.org/10.1016/S0013-4686(02)00372-9
https://doi.org/10.1016/S0013-4686(02)00372-9
https://doi.org/10.1039/D0TA01808B
https://doi.org/10.1016/j.solmat.2013.07.030
https://doi.org/10.1016/j.solmat.2013.07.030
https://doi.org/10.1039/c7nj03011h
https://doi.org/10.1039/c7nj03011h

	Boosting Transport Kinetics of Ions and Electrons Simultaneously by Ti3C2Tx (MXene) Addition for Enhanced Electrochromic Performance
	Highlights 
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Preparation of Electrochromic Films and Devices
	2.2 Characterization

	3 Results and Discussion
	3.1 Structure Characterization of MXeneWO3−x Composite Film
	3.2 Configuration and Performances of the Electrochromic Devices
	3.3 Simulation of Ion diffusion in Electrochromic Layer

	4 Conclusions
	Acknowledgements 
	References




