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Three dimensional molybdenum oxide/polyaniline
hybrid nanosheet networks with outstanding
optical and electrochemical properties†

Kun Zhang,a Yuemin Wang,b Xiaoxuan Ma,a Hangchuan Zhang,b Shuai Hou,b

Jiupeng Zhao, *a Xingang Li,c Liangsheng Qianga and Yao Li*b

3D MoO3/PANI hybrid nanosheet networks were fabricated via hydrothermal, freeze-drying and electro-

polymerization methods. The structure, morphology, optical and electrochemical properties of the

hybrid material were characterized using scanning electron microscopy, high-resolution transmission

electron microscopy, X-ray photoelectron spectroscopy, and electrochemical measurements. It was

found that the conductivity of the 3D MoO3 nanosheet networks was enormously enhanced by

introducing PANI. The 3D MoO3/PANI hybrid nanosheet networks show a complementary dual-

electrochromic effect (ranging from light yellow to purple then dark blue), fast switching speed of

bleached and colored states (0.9 and 1.0 s, respectively), superior coloration efficiency and better

cycling stability. The results demonstrate that optical and electrochemical properties of 3D MoO3/PANI

hybrid nanosheet networks were improved compared to those of 3D MoO3 nanosheet networks. The

unique inorganic–organic hybrid nanosheet networks can be used as effective electrode materials in the

optical–electrochemical field.

Introduction

Inorganic–organic hybrid materials have been intensively inves-
tigated, because they can integrate the advantages of traditional
organic and inorganic materials and conquer their individual
disadvantages simultaneously.1–5 A variety of inorganic–organic
hybrid structures have been demonstrated such as one dimen-
sional (1D) nanochains, two dimensional (2D) nanosheets and
three dimensional (3D) networks.6–11 Among these structures,
3D networks composed of nanosheets possess abundant active
sites on the interface between the electrode and electrolyte,
shorten transport distances for ions and electrons in the
electrode, leading to fast reaction kinetics with fast switching
speed in insertion/extraction processes.12–16 Meanwhile, 3D
networks also demonstrate facile strain relaxation and reduce
fracture compared to bulk materials. Thus 3D networks are
expected with outstanding electrochemical performances.17–19

Various 3D structures fabricated by 2D nanomaterials have
recently attracted great attention owing to their unique proper-
ties and wide application potential. For example, Robert et al.
demonstrated an efficient approach for the large-scale produc-
tion of V2O5 nanosheets having a thickness of 4 nm and their
utilization as building blocks for constructing 3D architectures
via a freeze-drying process. The resulting 3D V2O5 architectures
exhibit enhanced electrochemical behavior.20 Worsley et al.
described monolithic WS2 and MoS2 aerogels prepared via
thermal decomposition of freeze-dried metal chalcogenide pre-
cursor solutions, respectively. The freeze-dried approach allows
these novel low density fabrications as conformable monoliths
with macroscopic dimensions.21 Molybdenum oxide (MoO3)
nanosheets have been extensively noted to be of low cost and
environmentally friendly nature compared to other transition
metal oxides. In addition, MoO3 possesses remarkable electro-
chromic (EC) behavior in the visible part of the spectrum which
can be applied to mirrors, smart windows and electrochemical
storage. MoO3 is cathodic coloration.22,23 However, MoO3 has
been restricted for practical applications because of its low
inherent electrical conductivity, poor reversibility, and inferior
cycling stability, which leads to a low coloration efficiency,
narrow operation voltage window and sluggish faradaic redox
kinetics.24,25

To conquer this problem, an efficient strategy to improve the
electrochemical performance of MoO3 has been proposed by
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introducing conducting polymers.26–30 Conducting polymers
have gained increasing attention because of their intrinsic
characteristics including remarkable storage capacity, easy
synthetic procedure, relatively low cost, outstanding reversibility,
excellent stability, environmental friendliness and high electrical
conductivity in a doped state.31–33 Polyaniline (PANI) is con-
sidered as one of the most fascinating and versatile conducting
polymers as an electrochromic material owing to its multicolor,
fast switching response, and high optical contrast.34 Neverthe-
less, the intrinsic limitations, like its relatively poor process-
ability and low electrochemical stability during cycling, of bulk
PANI challenge its practical use.35 Therefore, rational hybridiza-
tion of MoO3 nanomaterials with PANI can provide an effective
strategy to solve their drawbacks and integrate the advantages of
remarkable EC behavior in the hybrid structure. Such a hybrid
structure has a complementary dual-electrochromic effect due to
the non-intersect of the colored and bleached states, attributed
to n-type MoO3 and p-type PANI electrochromic properties. The
nanosized MoO3 matrix could stabilize the hybrid structure and
enhance charge transfer kinetics.36 Besides, PANI could play an
important role in improving the electronic conductivity and
preventing MoO3 pulverization or restacking.37

In the present work, for the first time, we reported novel 3D
MoO3/PANI hybrid nanosheet networks. These hybrid networks
were obtained by electropolymerizing a thin PANI layer onto the
surface of a 3D MoO3 nanosheet network film. And the 3D
MoO3 nanosheet network film could be fabricated by freeze-drying
MoO3 nanosheets synthesized using a hydrothermal method. Due
to the intrinsic structural advantages of MoO3/PANI nanosheets
and their synergetic interaction with the 3D networks, the 3D
MoO3/PANI hybrid nanosheet network film displays excellent
cycling stability and fast switching speed (bleached and colored
times of 0.9 and 1.0 s, respectively), which are better than those
of the pristine MoO3 film (colored and bleached times of 1.8 and
2.2 s, respectively). In addition, the colored mechanism and the
enhanced EC performances of the novel material are discussed
in detail.

Experimental
Structural characterization

The morphology of the products was observed using scanning
electron microscopy (SEM, ZEISS EVO18) at an acceleration
voltage of 15 kV. The nanostructure was characterized by using
a transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM, JEM 2100 F)
analysis and energy dispersive X-ray (EDX) spectroscopy. The
structures of the samples were investigated using powders on a
wide-angle diffractometer (Rigaku D/max-rB, Cu Ka radiation,
l = 0.1542 nm, 40 kV, 100 mA). Fourier Transform Infrared
(FTIR) spectra were recorded using a PerkinElmer spectrum
between 400 and 4000 cm�1. X-ray photoelectron spectroscopy
(XPS) was recorded on a PHI-5000 VersaProbe (XPS, Kratos
Axis Ultra Al at 14 kV). Thermogravimetric (TG) curves were
obtained with a PerkinElmer Pyris 6, and the samples were

tested from 50 1C to 700 1C at a heating rate of 10 1C min�1 in
an air atmosphere.

Preparation of the 3D MoO3/PANI hybrid nanosheet network
film

In a typical synthesis, 0.5 g of ammonium molybdate tetra-
hydrate was completely dissolved in 5 mL of deionized water.
Then, 6 mL of aqueous HCl solution (5 M) and 2 mL of oleyl-
amine were added to the above solution in sequence, resulting
in an oyster white colored solution. After stirring overnight at
room temperature, the solution was transferred to a 50 mL
Teflon-lined stainless steel autoclave and kept at 210 1C for
3.5 h. When the solution cooled naturally to room temperature,
the MoO3 nanosheets were obtained. Subsequently, as-prepared
MoO3 nanosheets were placed on ITO glass substrates and
frozen at �30 1C for 2 h. Followed by a freeze-drying process
at �70 1C for 24 h, the 3D MoO3 nanosheet network film was
finally obtained.

A 3D MoO3/PANI hybrid nanosheet network film was obtained
by electropolymerizing a thin PANI layer onto the surface of a 3D
MoO3 nanosheet network film. The PANI film was investigated
using cyclic voltammetry (CV) in the potential range of �0.2 to
1.2 V with 50 mV s�1 for four cycles on the 3D MoO3 nanosheet
network film. After electropolymerization, the PANI thin film was
coated entirely on the MoO3 film. For comparison, the pristine
PANI film was also prepared on an ITO substrate under the same
conditions.

Electrochemical measurements

Electrochemical properties were investigated in a three-electrode
system at a scanning rate of 50 mV s�1, using a CHI 660E
electrochemical workstation. Pt was used as the counter electrode
and an Ag/AgCl electrode was used as the reference electrode.
In situ visible electrochromic measurements were performed
using an optic spectrometer (MAYA 2000-Pro, Ocean Optics).
The electrolyte used was 1 M LiClO4/propylene carbonate (PC)
solution.

Results and discussion
Morphology of the samples

The overall processes for the fabrication of the 3D MoO3/PANI
hybrid nanosheet network film are illustrated in Fig. 1(a). Briefly,
the self-assembled 3D MoO3 nanosheet network film could be
obtained after freeze-drying the MoO3 nanosheet film synthe-
sized through hydrothermal treatment of ammonium molybdate
tetrahydrate and oleylamine. In the freeze-drying process, with
the solid/solid contact between the ice and the nanosheets, the
process of ice sublimation cannot produce the capillary force and
large surface tension, which exist in the liquid and solid contact.
So there are few aggregated or re-stacked MoO3 nanosheets,
3D nanosheet networks, formed after the evaporation of water
molecules. Ice formed in the suspension acts as self-sacrificial
templates, and different nanosheets are connected by van der Waals
and hydrogen bonds.38,39 Subsequently, the 3D MoO3/PANI
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hybrid nanosheet network film was produced by electro-
polymerizing PANI onto the 3D MoO3 nanosheet network film.
SEM images reveal that the 3D networks cannot be formed
without freeze-drying as in Fig. 1(b) while the freeze-dried sample
exhibits an interconnected 3D porous network. Fig. 1(c) presents
the representative SEM image of 3D networks, showing that the
freeze-dried samples own the interconnected 3D porous structure
in the formation of physical thin curled MoO3 sheet cross-
linking. The hybrid still maintains the 3D porous structure in
Fig. 1(d) after hybridizing with PANI.

The MoO3 nanosheets and the 3D MoO3/PANI hybrid nano-
sheet networks were observed using SEM. According to SEM
micrographs, the curled pristine MoO3 nanosheets exhibit a thin
wrinkled paper-like structure with a smooth surface (Fig. 2a).
While the wavy surface appears coarser as in Fig. 2(b), this
morphology shows that the PANI layer was uniformly coated on
the surface of the MoO3 nanosheets after electric polymerization.

TEM and HRTEM images of MoO3 nanosheets and 3D
MoO3/PANI hybrid nanosheet networks are shown in Fig. 2(c–f).
In good agreement with the results of SEM, MoO3 nanosheets
appear as thin layers as in Fig. 2(c), and MoO3 nanosheets are
homogeneously wrapped by PANI as in Fig. 2(d). The HR-EDS line
profile of the 3D MoO3/PANI hybrid nanosheet networks indicates
the presence and homogeneous distribution of Mo, C, O, and N.
MoO3 nanosheets formed hybrid structures with a coating layer
after introducing PANI as in Fig. 2(d). The inner MoO3 nanosheets
show a portion of the crystal structure as shown in Fig. 2(e). From
the HRTEM image (Fig. 2e), lattice fringes attributed to the (002)
lattice planes of a-MoO3 with an interplanar spacing of about
0.185 nm appear in the cyan cycles. The disordered structure
outside the circles could be identified as amorphous MoO3. More
detailed features about the 3D MoO3/PANI hybrid nanosheet

networks could be observed from a typical HRTEM image in
Fig. 2(f). The amorphous PANI coating is marked by yellow lines
and it shows the thickness of the PANI coating in the range of
10–20 nm. Moreover, 3D MoO3/PANI hybrid nanosheet networks
were also clearly distinguished by EDS elemental mappings of Mo,
O, C and N from the backbone region in Fig. 2(g). TEM images
of MoO3 nanosheets and the corresponding EDS mappings are
given in Fig. S1 (ESI†). Therefore, all the measurements are in
complete accordance, confirming the successful formation of
3D MoO3/PANI hybrid nanosheet networks.

FTIR and TGA characteristics

The formation of 3D MoO3/PANI hybrid nanosheet networks is
evidenced by FTIR spectra, as shown in Fig. 3(a). For compar-
ison, the FTIR spectra of pristine MoO3 and PANI are shown in
Fig. 3(a). The FTIR spectrum of MoO3 shows three typical peaks
at 990, 884 and 613 cm�1. The peak at 990 cm�1 is due to the
terminal oxygen symmetry stretching mode of the MoQO bond.
The peak at 884 cm�1 is due to the Mo–O–Mo stretching vibration
of Mo6+. The band at 613 cm�1 belonged to the bending stretch-
ing vibration of the Mo–O–Mo entity, while the oxygen ion is
shared by three molybdenum ions. The broad peak at 3435 cm�1

is attributed to the O–H stretching, and that at 1639 cm�1 is
assigned to the vibration of water molecules, which could be
assigned to the absorption of moisture on the material surface.
In the FTIR spectrum of pristine PANI, the typical peaks at 1568
and 1482 cm�1 are assigned to the CQN and CQC stretching
modes of the quinoid and benzenoid units, respectively. And the
characteristic peaks at about 1297 and 1245 cm�1 correspond to
the C–N stretching mode of the benzenoid ring, while the band
at 1137 cm�1 corresponds to the quinonoid ring of PANI. In
addition, the band located at 3455 cm�1 is attributed to the N–H

Fig. 1 (a) Schematic illustration of the synthesis process of the 3D MoO3/PANI hybrid nanosheet network film. Low magnification SEM photos of (b) MoO3

nanosheet film, (c) 3D MoO3 nanosheet network film and (d) 3D MoO3/PANI hybrid nanosheet network film.
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stretching vibrations of secondary amines. By contrast, the FTIR
spectrum of the 3D MoO3/PANI hybrid nanosheet networks have
been given in Fig. 3(a). It can be clearly demonstrated that the
three typical bands of MoO3 exhibit a red shift, while the peaks
of the C–N and CQN stretching show a blue shift. These shifts
are caused by the Mo–N strong intermolecular interactions
between MoO3 and PANI, which lead to a change in electron
density distribution. The above results confirm the fact that the
hybrid material is successfully prepared.

The weight ratio of MoO3 to PANI can be determined by
comparison of mass losses upon heating in an air atmosphere
in the curves of TGA. As shown in Fig. 3(b), pristine MoO3

exhibits excellent thermal stability below 700 1C, without obvious
decomposition. For PANI, there is no residue after 630 1C and
the gradual weight loss could be mainly ascribed to the release of
adsorbed water and decomposition. With the ablation of PANI,
the TGA curve of 3D MoO3/PANI hybrid nanosheet networks

stably stands at 74.6% after 630 1C and just leaves residual
MoO3. The content of PANI is calculated to be 25.4% in 3D
MoO3/PANI hybrid nanosheet networks.

X-ray diffraction patterns

The XRD patterns of the sample are shown in Fig. 3(c). Pristine
PANI shows three broad peaks at 2y = 151, 201 and 261, indicating
the amorphous behavior of the polymer. It is obviously observed
that the diffraction peak intensities of pristine MoO3 at (020),
(110), (040), (021), (111), (060) and (002) are strong, corresponding
to 12.71, 23.51, 25.61, 27.41, 33.21, 38.91 and 48.91, respectively. The
broad diffraction peak centered at (040) indicates its amorphous
structure. The peak of MoO3 at (002) accounts for its crystalline
nature, which is in agreement with the results of HRTEM in
Fig. 2(e). Furthermore, the major XRD peaks of 3D MoO3/PANI
hybrid nanosheet networks are in agreement with those of
pristine MoO3 at (020), (110), (040), (021), (111), (060) and (002).

Fig. 2 High magnification SEM images of (a) 3D MoO3 nanosheet networks and (b) 3D MoO3/PANI hybrid nanosheet networks, (c) TEM image of 3D
MoO3 nanosheet networks, (d) TEM image of 3D MoO3/PANI hybrid nanosheet networks and the HR-EDS line profile, HRTEM images of (e) MoO3

nanosheets and (f) 3D MoO3/PANI hybrid nanosheet networks, and (g) TEM image of 3D MoO3/PANI hybrid nanosheet networks and the corresponding
EDS mappings.
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In addition, the weakened and broad XRD peaks of PANI at
251–301 appear for 3D MoO3/PANI hybrid nanosheet networks,
inferring that PANI was successfully coated on the surface of
MoO3.

X-ray photoelectron spectroscopy analysis

To further investigate the chemical state analysis and surface
elements of the samples, XPS was used as shown in Fig. 3(d)–(f)
and Fig. S2 (ESI†). The survey spectra of pristine MoO3 and 3D
MoO3/PANI hybrid nanosheet networks are shown in Fig. 3(d).
Two peaks of C 1s and N 1s appear in the spectrum of 3D MoO3/
PANI hybrid nanosheet networks, and it can be ascribed to the
introduction of PANI. The Mo 3d XPS spectrum shows four peaks
as in Fig. 3(e). The binding energies of Mo 3d5/2 = 233.2 eV and
Mo 3d3/2 = 236.4 eV were in agreement with the values reported
for molybdenum in the Mo6+ state. The binding energies of
232.0 and 234.7 eV correspond to 3d5/2 and 3d3/2 orbitals of
Mo5+. The Mo 3d spectrum of 3D MoO3/PANI hybrid nanosheet
networks shows two additional peaks attributed to the Mo5+

oxidation state. This indicates that electron transfer occurs
between Mo and N of MoO3 and PANI. Fig. 3(f) shows three
peaks of the N 1s spectrum at 397.5 eV, 398.4 eV and 399.5 eV,
which are associated with quinoid imine (–NQ), benzenoid
amine (–NH–) and positively charged nitrogen (–N+–), respec-
tively, indicating the conductive state of PANI. The O 1s core
level spectrum consists of two components (Fig. S2, ESI†). The
first peak at 531.1 eV is related to the O2� ion in 3D MoO3

nanosheet networks. The second peak at 532.4 eV is associated

with the chemically absorbed oxygen site. In Fig. S2(d) (ESI†), the
C 1s spectrum gives three distinct peaks at 284.7 eV, 286.1 eV
and 289.3 eV, which are attributed to the C–C/C–H, C–N/CQN
and p–p* environments, respectively.

Optical and electrochemical properties

Fig. 4(a) compares the CV curves of MoO3, PANI and 3D MoO3/
PANI hybrid nanosheet network films in a 1 M LiClO4/PC
electrolyte in the potential range from �0.6 to 1.0 V (vs. Ag/AgCl)
at a scan rate of 50 mV s�1. The MoO3 film exhibits oxidation
peaks at�0.35 V due to the insertion process of Li+ and electrons.
This insertion process can take place in MoO3 and could be
described as the equation in Fig. S3 (ESI†). The CV curve of the
hybrid film exhibits both characteristic peaks of PANI (A/A0,
B/B0 and C/C0) and MoO3 (D/D0), which demonstrates that 3D
MoO3/PANI hybrid nanosheet networks are obtained success-
fully which possess the activities of both PANI and MoO3. Redox
couples A/A0 and C/C0 correspond to the change between leuco-
emeraldine salt (LS) and emeraldine salt (ES), and emeraldine
salt (ES) and pernigraniline salt (PS) of PANI with anion doping/
dedoping processes, respectively, simply illustrated as the equa-
tion in Fig. S3 (ESI†).

The main molecular structures of LB, ES, EB, and PS are shown
in Fig. S4 (ESI†). A redox couple in the region of 0.45–0.65 V
(peaks B/B0) has been assigned to overoxidation at a comparatively
high potential. On the other hand, the 3D MoO3/PANI hybrid
nanosheet network film shows electrochromism with rich rever-
sible color from �0.6 to 1.0 V, as shown in the inset of Fig. 4(b).

Fig. 3 (a) FT-IR spectra, (b) TGA curves, (c) XRD patterns of pristine MoO3, pristine PANI and the 3D MoO3/PANI hybrid nanosheet network, XPS spectra
of (d) the MoO3 and 3D MoO3/PANI hybrid nanosheet networks, (e) XPS Mo 3d spectrum of 3D MoO3/PANI hybrid nanosheet networks, and (f) XPS N 1s
spectrum of 3D MoO3/PANI hybrid nanosheet networks.
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In addition, the MoO3 film has outstanding conductivity at
anodic potentials, whereas the PANI film has good conductivity
at cathodic potentials. This means that the two materials have a
superior complementary dual-electrochromic effect to each other.
Moreover, the CV curve of the 3D MoO3/PANI hybrid nanosheet
network film displays significantly better current compared to
those of MoO3 and PANI films, which proves the fact that
Li+ insertion/extraction is facilitated.

As the applied potential increases from �0.6 to 1.0 V, the
multiple color and UV-vis transmittance spectral change of the
3D MoO3/PANI hybrid nanosheet network film is recorded in
Fig. 4(b), ranging from light yellow (0.2 V), green (0.4 V) then
purple (1.0 V), and blue gray (�0.2 V) to dark blue (�0.6 V). For
the 3D MoO3/PANI hybrid nanosheet network film, the maximum
optical modulation value of 42% is reached between �0.2 and
1.0 V at 768 nm. The electrochromism of the 3D MoO3/PANI
hybrid nanosheet network film is closely related to PANI in
the potential range from �0.2 V to 1.0 V in a 1 M LiClO4/PC
electrolyte, and most of the transmittance changes are caused
by redox doping/dedoping processes of PANI in the visible
band. PANI is the oxidized form of the pernigraniline salt
(purple), which is due to the p–p* transition in the quinoid ring.
The result is in accordance with other literature reports.1,34,40

Furthermore, the change in transmittance for the MoO3 film is
obvious at the negative potential, attributed to Li+ and electron
insertion processes. MoO3 belongs to n-type electrochromism
and PANI is attributed to p-type electrochromism. The 3D MoO3/
PANI hybrid nanosheet networks own a dual-electrochromism

effect due to the incomplete overlapping of the coloration
and bleaching between MoO3 and PANI. For comparison, the
transmittance spectrum of the pure MoO3 film is given in Fig. S5
(ESI†). The MoO3 film shows electrochromism with color changes
from bluish to navy-blue in the redox process.

The switching characteristics of the 3D MoO3/PANI hybrid
nanosheet networks, MoO3 and PANI films are shown in Fig. 4(c),
Fig. S6 and S7 (ESI†) respectively. Chronoamperometry tests and
the corresponding switching transmittance curves are conducted
at 768 nm by continuously stepping the voltage between 1.0
and �0.2 V with a 10 s delay at each potential in Fig. 4(c). The
switching times are defined as the time required by a system to
reach 90% change in the whole transmittance modulation. The
response times of bleached and colored states are 0.9 and 1.0 s,
respectively, which are faster than those of the MoO3 (1.8 and
2.2 s in Fig. S6, ESI†) and PANI films (1.1 and 1.3 s in Fig. S7,
ESI†). The response times for colored states are different from
bleached states, which should be owing to ionic dispersion
dynamics resulting from the different surface images during
the oxidation and reduction processes.41 The fast switching
speed is due to the abundant active sites on the contact surface
area and mass-transportation channels of the 3D MoO3 nano-
structure and the outstanding electronic conductivity by introduc-
ing PANI. Electrochemical durability is another key parameter for
electrochromic materials. The 3D MoO3/PANI hybrid nanosheet
networks exhibit fairly good cycling stability for 500 cycles, as
shown in Fig. 4(d). To further show the stable cycling behavior
and excellent reversibility, the cycling performance and coulombic

Fig. 4 (a) CV curves of MoO3, PANI and 3D MoO3/PANI hybrid nanosheet network films in the potential range from �0.6 to 1 V at a scanning rate of
50 mV s�1, (b) transmittance spectra of the 3D MoO3/PANI hybrid nanosheet network film under different voltages (the inset is the colored digital photos
under different voltages), (c) electrochromic response of the 3D MoO3/PANI hybrid nanosheet network film at 768 nm by continuously stepping the
voltage between 1.0 and �0.2 V, (d) the durability test of the 3D MoO3/PANI hybrid nanosheet network film for 500 cycles, (e) Variation of the in situ
optical density (OD) vs. charge density of the 3D MoO3/PANI hybrid nanosheet network film, (f) Nyquist plots of MoO3, PANI and 3D MoO3/PANI hybrid
nanosheet network films.
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efficiency of the 3D MoO3/PANI hybrid nanosheet network
film were investigated between 0 and 1.0 V at a current density
of 1.0 A g�1 in Fig. S8 (ESI†). The 3D MoO3/PANI hybrid nano-
sheet network film delivers an initial discharge capacity of
302.3 mA h g�1, with a coulombic efficiency of 89.7%. The
coulombic efficiency rapidly increases after the following
cycles. During the 2nd cycle, the discharge capacity decreases
to 277.1 mA h g�1 with a much higher coulombic efficiency of
95.1%. The discharge capacity remains at about 219.3 mA h g�1

after 500 cycles with the coulombic efficiency being almost
100% throughout the cycling.

Coloration efficiency (CE), the change in the optical density
(DOD) per unit charge density (Q/A) during switching, is one of
the most important criteria for selecting an EC material, which
could be calculated according to eqn (1) and (2):

CE = DOD/(Q/A) (1)

DOD = log(Tb/Tc) (2)

where Tb and Tc refer to the transmittance of the film in its
bleached and colored states of the EC film, respectively. Fig. 4(e)
shows the plot of DOD at 768 nm versus intercalation charge
density at a potential of 1.0 V for 3D MoO3/PANI hybrid nanosheet
networks. The CE is extracted as the slope of the line fitting the
linear region of the curve. The calculated CE value of the hybrid
can reach 73.4 cm2 C�1.

To further understand the reason for the enhanced electro-
chemical performance of the hybrid networks, electrochemical
impedance spectroscopy (EIS) measurements for MoO3, PANI
and 3D MoO3/PANI hybrid nanosheet networks were performed
using Nyquist plots in the frequency range of 0.01 Hz to 100 kHz.
As shown in Fig. 4(f), The Nyquist plots for the three electrodes
are composed of semicircles ascribed to the charge transfer
resistance (Rct) in the medium-high frequency region and sloping
straight lines due to ion diffusion/transport within the electrode
in the low-high frequency region. Obviously, the semicircle for the
3D MoO3/PANI hybrid nanosheet networks is much smaller than
that for MoO3 and PANI electrodes. Thus, Rct values of both PANI
(36.4 O) and the MoO3 film (42.5 O) are much smaller than that
of the 3D MoO3/PANI hybrid nanosheet network film (22.6 O),
indicating that these hybrid networks effectively improve the
charge transfer kinetics. It is considered that the 3D MoO3/PANI
hybrid nanosheet networks own good electrical conductivity and
ion diffusion behavior, resulting in higher reaction kinetics as
electrodes.

Conclusions

In summary, a 3D MoO3/PANI hybrid nanosheet network
material has been successfully fabricated by combining the
hydrothermal, freeze drying and electropolymerization methods.
The 3D nanosheet network structure can not only effectively
hinder the volume change of PANI, but also offer a large number
of active sites and shorten the ionic/electronic transportation path
to maintain long-term cycling stability. The 3D MoO3/PANI hybrid
nanosheet network material shows a dual-electrochromism effect

due to the nonoverlapping of the coloration and bleaching
between PANI and MoO3. It is optimistic that the novel hybrid
material can be applied in optical coatings, electrochemical
energy storage, smart windows and optoelectronic devices.
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