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A coralline vanadium pentoxide nanorod architecture on an indium-doped tin oxide substrate for
energy-efﬁcient electrochromism has been prepared by a simple annealing treatment from an overﬁlled
amorphous three-dimensionally ordered macroporous vanadia ﬁlm. The coralline vanadium pentoxide
nanorod architecture exhibited multicolor electrochromic performance (yellow, blue-green, and olive),
high transmittance modulations (25% and 27% at the typical wavelengths of 460 nm and 1000 nm,
respectively), and fast switching speeds (4.8 s for coloration and 7.2 s for bleaching at 890 nm). In
addition, the coralline vanadium pentoxide nanorod architecture exhibited desirable cycle stability. After
100 cycles, negligible transmittance modulation decreased in the visible spectrum, and a decrease of only
approximately 5.6% was found in the near-infrared spectrum. Cyclic voltammetry measurements indicated that the majority of the current response of the redox reactions of the coralline V2O5 nanorod
architecture was surface controlled, which resulted in desirable cycling stability and fast switching
speeds. A indium-doped tin oxide substrate/vanadia/liquid electrolyte/poly(3,4-ethylenedioxythiophene)/indium-doped tin oxide substrate electrochromic device was assembled, and the device
showed multicolor changes with acceptable transmittance modulation and good cycling stability.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Nowadays, owing to increasing environmental pollution and
growing energy demand, developing eco-friendly energy and
reducing energy consumption are two urgent tasks for researchers. Renewable energy technology based on green energy resources such as the sun and wind has been developed and used in
some places. However, the majority of energy resources are still
based on fossil fuels, which result in further environmental pollution and resource exhaustion [1–4]. Therefore, researchers are
focusing on ﬁnding energy-efﬁcient technology. As a promising
energy-saving and environmental protection technology, electrochromic (EC) materials based smart windows have been attracting
enormous attention during the last decades, due to their promising applications in indoor energy saving by controlling the solar
light transmission indoors through reversible transmittance
modulation. Because of their low operating potential,  1 V, EC
materials require very small amounts of energy to change their
coloration states. Furthermore, such materials exhibit a memory
n
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effect, which is another advantage in that very little power is
needed to maintain their coloration states [5–9]. In addition, EC
devices can be also applied to electronic paper-like displays, eyeglasses, antiglare rear-view mirrors in cars, and active camouﬂage
[10,11].
Vanadium pentoxide (V2O5) materials with a layered structure
[12], as well as the ability of the vanadium ion to change its oxidation state [13], are promising for EC applications. As a widely
studied oxide which can show both cathodic coloration and anodic
coloration, V2O5 materials not only exhibit good transmittance
modulation but also show multicolor changes during the reversible Li-ion insertion/removal processes [14–16]. However, the
diffusion coefﬁcient of Li ions in V2O5 (10  13–10  12 cm2/s) and
electric conductivity (10  3–10  2 S/cm) are both low [17–19], and
thus the intercalation process is relatively slow. A large surface
area and a short diffusion distance are desired in order to achieve
faster intercalation and extraction kinetics [19,20]. One effective
way to achieve these properties is the use of one-dimensional
nanostructures such as nanowires, nanorods, and nanotubes.
Various methods have been developed for the formation of
nanorods or nanowires [21–24]. However, because these kinds of
electrochromic materials are always in powder form, additional
processing is needed to attach them to a transparent current
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Anodic deposition of vanadium oxide into the PS colloidal
crystal templates was performed at a constant voltage of 2 V
versus Ag/AgCl from a 1:1 mixture (volume ratio) of distilled water
and ethanol containing 0.25 M VOSO4  5H2O and Pt foil as a
counter electrode. An electrodeposition time of 45 s was chosen to
slightly overﬁll the PS templates. The pH of the electrolyte was
adjusted to 2.7 using NaOH. After deposition, the samples were
immersed in a 1:1 mixture (volume ratio) of dimethylformamide
(DMF) and toluene for 24 h to remove the PS templates. Finally, the
as-prepared samples were dried at 110 °C for 1 h and then
annealed in air at 375 °C for 7 h at a rate of 1 °C min  1 to obtain
coralline V2O5 nanorod architectures.
2.2. Fabrication of electrochromic devices

Fig. 1. Schematic of preparation process for coralline V2O5 nanorod architecture.
(a) Polystyrene (PS) colloidal crystal template on ITO substrate. (b) Templateassisted electrodeposition of vanadia with slight overﬁlling. (c) Removal of PS
template. (d) Annealing treatment for coralline V2O5 nanorod architecture.

collector [e.g., indium-doped tin oxide (ITO), ﬂuorine-doped tin
oxide (FTO)]. Additionally, weak physical adhesion among individual electrochromic nanomaterials may cause the release of active
materials, resulting in the loss of optical modulation in long-term
testing [25].
Recently, we reported that a loosely stacked ﬁlm of onedimensional V2O5 nanorods were generated from polystyrene
colloidal crystal template-assisted electrodeposited amorphous
three-dimensionally ordered macroporous (3DOM) vanadia by a
simple annealing treatment [26]. This method provided a novel
binder-free approach for preparing a V2O5 nanorod structure
directly on ITO substrates. In the present work, we designed a
coral-like V2O5 nanorod architecture with a thin surface-covering
layer to realize multicolor EC performance for energy-efﬁcient EC
devices. The purpose of introducing the surface-covering layer is
to prevent the structural disintegration and release of the V2O5
nanorods. As shown in Fig. 1, the V2O5 nanorod architecture was
grown by annealing treatment of 3DOM vanadia, whereas the
surface-covering layer was formed by slightly overﬁlling the colloidal template. The obtained V2O5 nanostructured ﬁlm exhibited
a coralline nanorod architecture morphology. Owing to the large
surface area, short Li-ion diffusion distance, good electrolyte
penetration, and strong structural integrity, the V2O5 coralline
nanorod architecture exhibited a desirable cycling stability with
multicolor changes (yellow, blue-green, and olive), high transmittance modulations, and short switching times. Cyclic voltammetry (CV) measurements indicated that the electrochromic redox
reactions were surface controlled, further conﬁrming the desirable
redox reversibility and stability of the electrochromic performance. In addition, an EC device fabricated using our coralline
V2O5 architecture and a poly(3,4-ethylenedioxythiophene)
(PEDOT) ﬁlm demonstrated multicolor changes and acceptable
transmittance modulation.

2. Experimental
2.1. Preparation of coralline V2O5 nanorod architecture
Monodispersed polystyrene (PS) colloidal spheres (diameter of
270 nm) were used to assemble colloidal crystal templates. ITO
substrates ( 9 Ω cm  2) were used as the substrates. The detailed
preparation process of the colloidal crystal templates can be found
in Ref. [27].

An aqueous PEDOT solution was purchased from AGFA Company (EL-P 3040). PEDOT ﬁlms on the clean ITO substrates were
prepared by spin coating [2000 rpm (33.3 s  1)]. The electrochromic device in the form of ITO/V2O5/liquid electrolyte/PEDOT/
ITO was fabricated by the following process. Two ITO glass-coated
active materials were separated by poly(methyl methacrylate)
(PMMA) partitions to form an inner cuboid cell for injecting
electrolyte. The distance between the electrodes was 1.0 mm. Then
the cell was sealed with epoxy glue. A 1 M LiClO4/propylene carbonate solution was then injected into the cell through a small
hole with a syringe needle and the hole was sealed.
2.3. Characterization and evaluation of electrochromic properties
The morphologies of the as-prepared V2O5 ﬁlms were characterized by scanning electron microscopy (SEM, FEI Helios
Nanolab 600i). The crystalline structures of the V2O5 ﬁlms were
investigated by using an X'Pert PRO X-ray diffractometer with Cu
Kα radiation and high-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2F30, 300 kV). Raman spectra were
recorded with a spectrophotometer (JY Co.) with an operating
wavelength of 613 nm. X-ray photoelectron spectroscopy (XPS)
studies were conducted with a PHI 5700 ESCA system using Al Ka
radiation (1486.6 eV).
In situ visible and near-infrared (NIR) electrochromic measurements were performed using an experimental setup produced
in-house (same setup used in Ref. [27]) in combination with a CHI
660C electrochemical workstation (Shanghai Chenhua Instrument
Co. Ltd.). The experimental setup was sealed in argon-ﬁlled glove
box (Vigor Glove Box from Suzhou, China) before testing. One side
of the setup was connected to a white lamp (DT-mini-2-GS, Ocean
Optics) by an optical ﬁber; the other side was connected to an
optic spectrometer (MAYA 2000-Pro, Ocean Optics). The V2O5 ﬁlm,
Pt wire, and Ag/AgCl were used as the working, counter, and
reference electrodes, respectively. A 1 M solution of LiClO4 in
propylene carbonate was used as the electrolyte. The transmittance of the ITO glass in the electrolyte was used as a reference for
100% transmittance. Before measuring the electrochromic performance of the V2O5 ﬁlms and device, the ﬁlm electrodes were
subjected to eight cyclic voltammetry (CV) cycles to ensure stability. The transmittance switching response was investigated
under alternating potentials. CV measurements were performed at
room temperature between þ1 and  1 V at different scan rates
from 0.2 to 100 mV s  1.
Coloration efﬁciency is deﬁned by the following equations:
OD ¼ log ðT bl =T cl Þ

ð1Þ

CE ¼ OD=Q in

ð2Þ

where Tbλ and Tcλ represent the transmittance of the bleached and
colored samples, respectively. Qin corresponds the injected/ejected
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charge density per unit area. Obviously, CE is the optical modulation ability during the coloration/bleaching process as a function
of energy consumption.

3. Results and discussion
3.1. Characterization of the coralline V2O5 nanorod architectures
Fig. 2a shows the top-view SEM image of the electrodeposited
3DOM vandia ﬁlm. As mentioned in the experimental section,
overﬁlling resulted in a thin rough continuous layer covering on
the surface. In addition, the non-uniform covering process led to
the generation of many micro-holes in the covering layer. In some
places where the covering thin layer was removed, a clear
honeycomb-like structure throughout the entire volume was
observed (Fig. S1a). After annealing treatment at 375 °C for 7 h,
signiﬁcant morphological changes occurred (Fig. 2b). At cracks in
the covering layer (orange arrows), nanorods replaced the 3DOM
structure, whereas elsewhere the surface-covering layer remained.
A high-magniﬁcation SEM image of one crack (Fig. 2c) is shown to
further exhibit the morphology of the annealed ﬁlm. As shown in
the ﬁgure, the annealed ﬁlm had a coralline structure formed by
three-dimensional self-supported interconnected nanorods,
resulting in 3D interconnected voids, which is beneﬁcial for
effective electrolyte penetration. A cross-sectional SEM image
(Fig. 2d) conﬁrms that this coralline structure occurred throughout
the entire volume, indicating that all the 3DOM structures were
completely morphologically transformed. The nanorods shared a
uniform width of approximately 45 nm and a length of less than
400 nm. Beneﬁting from the large surface area and short Li-ion
diffusion distance, these nanorods were expected to show high
optical modulation and fast switching speeds. In addition, it was
found that there were enormous nanorods passing through the
continuous surface-covering layer, creating many nanosized pores.
Both the pores and the surface cracks allowed the electrolyte to
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easily penetrate the surface-covering layer, such that all the electroactive V2O5 materials were wetted by the electrolyte.
TEM and HRTEM were used to further analyze the crystalline
nanostructures. Consistent with the SEM examinations, the TEM
image (Fig. 2e) conﬁrms that the nanorods had a rather uniform
width, and the selected-area electron diffraction (SAED) pattern
(Fig. 2e inset) indicates that these nanorods were crystallized. The
HRTEM image (Fig. 2f) shows clear lattice fringes along the latitudinal direction of the nanorod with an interval of approximately
0.219 nm, which corresponds to the d-spacing of the (002) lattice
planes of the orthorhombic V2O5 phase. Notably, the electron
irradiation damage patterns in the nanorods indicate that the
crystal lattice structure is relatively unstable, indicating the
nanorod could exhibit high electrochemical activity for lithium ion
insertion/extraction processes. A piece of the surface-covering
layer was used to investigate its phase structure by TEM examination (Fig. S2). The passage of nanorods through the surfacecovering layer is further conﬁrmed by the TEM image. The HRTEM
image indicates that the surface-covering layer is amorphous.
Our previous study showed that the as-electrodeposited
vanadium oxide was amorphous; the surface charge and roughness of the colloidal PS spheres induced the creation of crystal
nuclei on the outer surface of the 3DOM skeleton during electrodeposition. The coalescence of the nanocrystallites and the
induced crystallization between the V2O5 nanocrystallites and the
amorphous vanadia caused the growth of nanorods during the
annealing process [26]. Without the PS spheres, few crystal nuclei
were created in the overﬁlling layer during the electrodeposition
process. This induced only crystallization between the amorphous
vandia in the covering layer and the bottom V2O5 nanorods generated during the annealing process. Thus, the overﬁlling ﬁlm did
not disintegrate (i.e., crack), leaving only penetrating nanorods.
For the ﬁlm with an electrodeposition time of 50 s, the surfacecovering layer was compact without microholes, indicating an
increase of the thickness (Fig. S1b). After being annealed at 375 °C
for 7 h, the 3DOM structure changed to a nanorod architecture,
whereas no obvious morphological changes occurred in the

Fig. 2. (a) SEM image of 3DOM vanadia ﬁlm with a surface-covering layer. (b) (c) Top-view SEM ﬁgures of coralline V2O5 nanorod architecture. The inset picture (c) is a kind
of coral, named Acropora Granulosa. (d) Cross-sectional SEM image of coralline V2O5 nanorod architecture. In the ﬁgure, the red arrows point out the surface-covering layer.
(e) TEM image of the V2O5 nanorods scraped from coralline nanorod architecture. (f) HRTEM image of a V2O5 nanorod. The olive arrow shows the longitudinal direction of
the nanorod. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) XRD pattern, (b) Raman spectrum, (c) Wide-range XPS data, and (d) V2p3/2 core data of the coralline V2O5 nanorod architecture.

surface-covering layer (Fig. S1c and d). This kind of ﬁlm is not
suitable to be used as EC electrodes for the following reasons:
(1) The small surface area and long Li-ion diffusion distance of the
surface-covering layer will result in poor EC performance, and thus
the whole ﬁlm will exhibit poor EC performance; (2) The compact
nature of the surface-covering layer will prevent the electrolyte
from effectively penetrating to the bottom nanorod architecture,
which would lead to poor EC behavior of the bottom nanorod
architecture.
The X-ray diffraction pattern of the coralline V2O5 nanorod architecture is shown in Fig. 3a. In addition to the diffraction peaks of the
ITO glass, typical diffraction peaks of orthorhombic V2O5 (JCPDS 411426) can be seen. The absence of a broad diffraction peak belonging
to amorphous vandia may be due to its small amount in the ﬁlm.
Because Raman spectroscopy is a useful method for collecting surface
information of materials, it was used to detect the phase of the
surface-covering vandia layer. As shown in Fig. 3b, typical broad
Raman-scattering signal bands of amorphous vandia were obtained
[28–30], further conﬁrming that the surface-covering vandia layer is
amorphous. The peaks located at 276 and 473 cm  1 are assigned to
the bending vibrations of bridging V–O–V (doubly coordinated oxygen) and triply coordinated oxygen (V3–O) bonds. There are two broad
peaks at 515 and 687 cm  1 due to the stretching vibration modes of
the V3–O and V2–O bonds, respectively, in a disordered V–O–V framework. The peak at 993 cm  1 proved to be due to V4þ ¼O bonds,
whereas the last peak at 1002 cm  1 belongs to the V5þ ¼O stretching
mode of terminal oxygen atoms possibly on the surfaces of the clusters in the amorphous ﬁlm. Fig. 3c shows the wide-range XPS spectra
of the obtained coralline V2O5 nanorod architecture. It is evident that
only photoelectrons of carbon, vanadium, tin, indium, and oxygen
atoms were detected. The carbon may have been from adsorbed
organic solvents or carbonaceous molecules in the air, whereas the tin
and indium were from the conducting ITO substrate. The V2p3/2 core
peak spectra for the ﬁlm (Fig. 3d) is composed of two components

located at 516.9 eV and 515.2 eV, as shown in the ﬁtting data. These
two binding energy values can be associated with two formal oxidation degrees, þ5 and þ4 [31,32]. The XPS spectrum of the highresolution scan on the V 2p3/2 core conﬁrms that approximately 10% of
the V ions are in the 4þ valence state, derived from the area ratio of
the ﬁtted spectrum of V 2p3/2 (V5 þ ) and V 2p3/2 (V4þ ).
3.2. Evaluation of electrochromic and electrochemical properties
In situ visible and NIR transmittance measurements were used
to investigate the electrochromic performance of the coralline
V2O5 nanorod architecture under potentials of 1 V and  1 V
(versus Ag/AgCl). Similar with the results of literatures [12–16],
the coralline nanorod architecture exhibited transmittance modulation in the entire investigated spectrum range, with obvious
modulation from 560 to 1100 nm. The maximum transmittance
modulation was ca. 39% at 890 nm. Approximately 25% transmittance contrast was obtained when λ ¼ 460 nm. At a NIR wavelength of 1000 nm, a transmittance of approximately 27% is also
notable (Fig. 4a). The coralline V2O5 nanorod architecture exhibited higher transmittance modulation than many other vanadia
nanostructures. For example, single-crystal V2O5 nanorod arrays
showed a transmittance modulation of ca. 17% at 460 nm and ca.
26% at 890 nm [14]. Transmittance modulations of ca. 23% and 11%
were observed at 460 nm and 800 nm in V2O5 nanobelt–liquid
crystal polymer hybrid ﬁlms [23]. (NH4)0.3V2O5  1.25H2O porous
xerogel showed transmittance modulations of ca. 14% and 26% at
460 nm and 890 nm, respectively [24]. More comparison of the
transmittance modulation of coralline V2O5 nanorod architecture
with literature data can be found in Table S1. Charge extraction
under an anodic voltage of þ1 V caused a strong absorption of
approximately 95% in the range of 400–500 nm; the absorption
then decreased to approximately 35% at 760 nm, leading to the
orange bleaching (Fig. 4b). Under a cathodic potential of  1 V,
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Fig. 4. (a) Transmittance modulation of the coralline V2O5 nanorod architecture under þ 1 V,  1 V, and 0 V. (b) Digital photos of the coralline V2O5 architecture under
different voltages ( þ1, þ 0.5, 0,  0.5, and  1 V) as compared with the as-prepared ﬁlm. (c) Transmittance versus time response of the coralline V2O5 nanorod architecture
under alternating potentials ( 7 1 V) at a wavelength of 890 nm. (d) CE curve of the coralline V2O5 nanorod architecture.

charge insertion caused a broad transmittance peak from 500 nm
to 650 nm and a relatively high absorption in the remaining visible
spectrum range, resulting in an olive coloration (Fig. 4b). Usually,
the valence of vanadium ions in vanadia ﬁlms can change from þ 5
to þ 3 between þ1 V and  1 V (versus Ag/AgCl) [13,27], indicating that different voltages could lead to different mixtures of
V5 þ , V4 þ , and V3 þ ions, resulting in more than two color changes
in the voltage window of 7 1 V [27]. Digital photos of the coralline
nanorod architecture at 0.5 V, 0 V, and  0.5 V are also exhibited in
Fig. 4b. One more distinct color (blue-green) is found at 0 V,
whereas the architecture exhibits orange at 0.5 V and olive with
some green at  0.5 V. The transmittance curve of the coralline
V2O5 nanorod architecture at 0 V is shown in Fig. 4a. To conﬁrm
that the color change of the coralline V2O5 nanorod architecture is
from different amount mixture of V5 þ , V4 þ , and V3 þ ions, the
V2p3/2 core peak spectra of the architecture was detected (Fig. S3),
and the corresponding ﬁtting results are shown in Table S2. As
expected, different voltages led to different mixtures of V5 þ , V4 þ ,
and V3 þ ions. In the potential range from þ1 V to 0 V, only V5 þ
and V4 þ ions were detected, and the V5 þ /V4 þ ratio decreased
with decreasing potential. When the architecture was blue-green
at 0 V, the V5 þ /V4 þ ratio was approximately 65:35, whereas this
value was 88:12 when the architecture was orange at 1 V. V3 þ ions
were detected when the potential decreased to 0.5 V, in accordance with the color change to olive with some green. When the
architecture was further cathodically polarized at  1 V, the
number of V3 þ ions further increased. The V5 þ /V4 þ /V3 þ ratio was
about 67:12:21, resulting in an olive color for the architecture.
A second important aspect of electrochromism is the temporal
response under square-wave alternating potentials (71 V). The coralline V2O5 nanorod architecture showed sharp and distinct transmittance transitions between the anodic and cathodic state at wavelengths of 890 nm (Fig. 4c) and 460 nm (Fig. S4). When the switching
time is deﬁned as the time required for reaching 90% of a material's

full transmittance change, the coralline V2O5 nanorod architecture
demonstrated fast switching behavior of 4.8 s for coloration and 7.2 s
for bleaching at 890 nm, and 4.3 s for coloration and 5.6 s for
bleaching at 460 nm. This coralline V2O5 nanorod architecture exhibited faster switching response in comparison to other vanadia systems
with nanowires, nanorods, and amorphous structures. For example,
Kang et al. reported a nanobelt-membrane hybrid structured vanadium oxide ﬁlm to have coloration and bleaching times of 7.0 s, and
9.9 s, respectively [22]. Xiong et al. reported the color-switching time
of a ﬁltered V2O5 nanowire ﬁlm to be approximately 12.5 s for coloration and 10.4 s for bleaching at a 90% transmittance change [21].
Tritschler et al. showed that a self-organized multifunctional V2O5–
liquid crystal hybrid ﬁlm exhibited 20 s for bleaching and 23 s for
coloration [23]. Takahashi et al. reported that 30% transmittance
modulation at 700 nm took 50 s for a V2O5 nanorod array when 3.0 V
was applied, whereas 300 s was required for a sol–gel V2O5 ﬁlm [14].
Fig. 4d exhibits the CE values of the coralline V2O5 nanorod
architecture between 71 V. The coralline V2O5 nanorod architecture
shows a maximum CE value of approximately 19.5 cm2 C  1 at a
wavelength of 460 nm. In the NIR spectrum range, an average CE of
approximately 8.7 cm2 C  1 was obtained. These values are similar to
those of other crystalline vanadium oxide nanostructures [21–25].
A further important requirement of electrochromic materials is
cycle stability and stability of the structural integrity of the nanostructured material. As shown in Fig. 5a, the coralline V2O5 nanorod
architecture exhibited desirable cycle stability. After 100 cycles,
negligible transmittance degradation occurred in the visible spectrum. The maximum transmittance modulation drop was as little as
approximately 2%, which occurred at 700 nm. In the NIR spectrum,
a slightly higher transmittance modulation drop was observed, with
an average drop of approximately 5.6%. As compared with corresponding values from the literature, our designed coralline V2O5
nanorod architecture showed higher stability [15,22,23]. For
example, a nanobelt-membrane hybrid-structured vanadium oxide
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Fig. 5. (a) Transmittance modulation of the coralline V2O5 nanorod architecture under þ 1 V and  1 V at 1st cycle and 100th cycle. (b) Top-view and (c) cross-sectional SEM
ﬁgures of the coralline V2O5 nanorod architecture after 100 cycles.

Fig. 6. (a)(b) CV curves of the coralline V2O5 nanorod architecture at scan rates from 0.2 to 100 mV s  1. (c) Plot of log(i) versus log(v) for b value determination. (d) Plot of
normalized capacity versus v  1/2 for Q1 determination.

ﬁlm exhibited a contrast degradation of 18.6%, which was obtained
after 100 cycles [22]. A self-organized multifunctional V2O5
nanoﬁber-liquid crystal polymer hybrid ﬁlm exhibited ca. 24% drop
in coloration contrast after the same number of switching cycles
[23]. The stability of the structural integrity is one of the most
important factors for electrochromic cycling stability. Fig. 5b and c
exhibit the top-view and cross-sectional SEM images of the

coralline nanorod architecture after 100 cycles. No obvious structural changes were found, indicating there was no obvious change
in the number of electrochemical active sites for redox reactions,
thus maintaining the coloration saturation during electrochromic
processes.
To further clarify the electrochemical performance of the coralline
V2O5 nanorod architecture, cyclic voltammetry (CV) measurements
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were used. Fig. 6a and b show CV curves of the coralline V2O5 nanorod
architecture at scan rates from 0.2 to 100 mV s  1. It is evident that the
multiple steps of redox reactions occur in the 71 V range, coincident
with the different mixtures of V5þ , V4þ , and V3 þ ions at different
voltages from the XPS results and the corresponding multiple color
changes. At slow scan rates, the entire active surface area can be utilized for redox reactions, whereas at high scan rates, diffusion limits
the movement of Li-ions due to time constraints, and only the outer
active surface is utilized for redox reactions, leading to electrode
polarization and the shift of redox peaks. The appearance of redox
peaks even at a high scan rate of 100 mV s  1 indicated that the redox
reactions in the coralline V2O5 nanorod architecture were very
reversible.
Assuming that the current obeys a power law relationship, a
related analysis can be performed on the peak current (i) versus
the scan rate (v) [33–36].
i ¼ avb

ð3Þ

Here, a and b are adjustable values. In particular, when the b value
is 1, the current is derived from a surface-controlled electrochemical
reaction (also called “capacitive”); when it is 0.5, then it is controlled
by semi-inﬁnite linear diffusion. Typically, redox reactions based on
surface-controlled electrochemical processes are much more reversible than those based on semi-inﬁnite linear diffusion electrochemical
processes, and corresponding materials are suitable to be used for
electrochemical capacitors [35–38]. Also, the reaction rate of the former is much faster than that of the latter [34–36]. Fig. 6c presents a
plot of log(i) versus log(v) from 0.2 to 100 mV s  1 at anodic peak “A”
and cathodic peak “B”. The b values for the anodic and cathodic peak
currents in coralline V2O5 nanorod architecture were 0.85 and 0.89,
respectively, from 0.2 to 10 mV s  1, indicating that the majority of the
current at the peak potential was surface controlled. For scan rates
above 10 mV s  1, decreased b values resulted from an increase of the
ohmic contribution and diffusion constraints or limitations [35–37]. In
both anodic and cathodic coloration processes, the b values were close
to 1, indicating that the redox reactions in the coralline nanorod
architecture were highly reversible and that the reaction rates were
rather quick, which were consistent with the desirable cycling stability
and fast switching speeds of the coralline nanorod architecture.
The relationship between the Li ion capacity and scan rate can
also indicate the reversibility of the Li ion insertion/removal process [33–38].


Q tot ¼ Q 1 þ constant v  1=2
ð4Þ
In a plot of total Li ion capacity (Qtot) versus v  1/2, regions that are
linear represent a Li ion capacity that is limited by semi-inﬁnite linear
diffusion. The extrapolation of the plot to the y-intercept leads to the
determination of the “inﬁnite scan rate” capacitance, Q1, which corresponds to the capacitive (or surface-controlled) Li ion capacity. A
high percentage of Q1 in Qtot indicates the high reversibility of the Li
ion insertion/removal process. As shown in Fig. 6d, the normalized Liion capacity of the coralline V2O5 architecture is plotted versus v  1/2
from 0.2 to 100 mV s  1. Analogous to the behavior of the peak current
shown in Fig. 6c, there were two distinct regions in Fig. 6d. In the
region at scan rates o10 mV s  1, the Li-ion capacity versus v  1/2 plot
was relatively constant. In this range, the kinetics was not controlled
by semi-inﬁnite diffusion. In the remaining region, from 10 to
100 mV s  1, the capacity decreased rapidly in a linear fashion. This
indicated that Li-ion storage was mainly diffusion controlled at high
sweep rates. From the linear ﬁtting results in the scan rate range
between 1and 10 mV s  1, the “inﬁnite scan rate” capacitance (Q1)
represented approximately 76% of the total Li ion capacity (Qtot). The
high percentage of Q1 was consistent with the high calculated b
values, further conﬁrming the high reversibility of Li-ion insertion/
removal processes in the coralline V2O5 nanorod architecture. The high
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Q1 and b values of the coralline V2O5 nanorod architecture were
comparable to those values of other well-investigated Li-ion insertion/
removal oxides with surface-controlled electrochemical reactions.
Dunn et al. reported that a b value of 1 from 0.1 to 20 mV s  1 in
orthorhombic Nb2O5 nanocrystals with a Q1 of approximately 78%
[35]. Augustyn et al. reported that TiO2 nanosheets showed a b value
of 0.9 from 1 to 20 mV s  1 with a Q1 of approximately 75% [37].
The superior electrochromic performances of the coralline V2O5
nanorod architecture can be attributed to the following unique features: (1) Tens-of-nanometer nanorods provided a large number of
active sites for redox reactions and lithium ion intercalation/extraction
and a short diffusion distance; (2) the coralline structure provided an
effective three-dimensional electron pathway during lithium ion
intercalation/extraction processes; (3) the nanosized pores of the
surface-covering layer and interconnected voids in the coralline
structure acted as effective transportation channels for the electrolyte
penetration; (4) the surface-covering layer maintained the structural
integrity and prevented the release of nanorods during the electrochemical measurements; (5) the surface-controlled electrochemical
redox reactions mad the Li ion insertion/removal processes highly
reversible.
Finally, an electrochromic device based on the coralline V2O5
nanorod ﬁlm and a PEDOT ﬁlm was fabricated based on opponentprocess theory using a sandwich structure (Fig. 7a). The as-assembled
device is shown in Fig. 7b. As shown in Fig. 7c, the device exhibited
multicolor electrochromic performance with acceptable under
71.5 V. The device demonstrated acceptable transmittance modulation in the spectrum range from 400 to 1100 nm. A transmittance
modulation of ca. 9.6% was obtained at 460 nm, while a maximum
value of ca. 14.6% occurred at 780 nm. Compared with the coralline
V2O5 nanorod ﬁlm, the fabricated device demonstrated different
transmittance modulation curves, indicating that both V2O5 ﬁlm and
PEDOT ﬁlm showed electrochromic performance ( Fig. 7d). Especially,
under þ 1.5 V, the weak absorption band in the spectrum range of
620–760 nm can be attributed to the blue color of cathodic coloration
PEDOT ﬁlm. Fig. S5 shows the transmittance-time response curves of
the device under alternating potentials (71.5 V) at a wavelength of
780 nm from 1st to 3rd circle, and from 98th to 100th. The device
presented a switching response of ca. 21 s from þ 1.5 V to 1.5 V, and
ca. 23 s from  1.5 V to þ1.5 V. Furthermore, by making comparison
between 1st cycle and 100th cycle, it can be found that the device
showed good cycling stability. After 100 cycles, a drop of ca. 3% was
found. Note that the area of the coralline nanorod architecture is only
dependent on the area of colloidal crystals, and thus the ease of preparation of large-area colloidal crystals makes large-scale samples
attainable. However, although our device showed superiority in multicolor changes, its transmittance modulation was not very desirable,
compared with the corresponding modulation values of other vanadium oxide based electrochromic device. For instance, an ITO/WO3/
polymeric solid state electrolyte/VOxHy–NiOxHy hybrid/ITO device
showed transmittance modulations of ca. 66.5% and 58.5% at 460 and
780 nm, respectively [38]. Transmittance modulations of ca. 20.6 and
37.6% were obtained at 460 and 780 nm in a TCO/V2O5/LiPON/LixWO3/
TCO device [39]. Works for improving the device’s transmittance
modulation are ongoing.

4. Conclusions
In summary, we demonstrated a novel and facile method for the
direct growth of a coralline V2O5 nanorod architecture on an ITO
substrate to achieve energy-efﬁcient electrochromism. The coralline
V2O5 nanorod architecture exhibited multicolor electrochromism with
high transmittance modulation, fast switching speed, acceptable coloration efﬁciency, and desirable cycle stability. These enhanced electrochromic performances can be attributed to the excellent structural
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Fig. 7. (a) Schematic of the electrochromic device based on PEDOT ﬁlm and coralline V2O5 nanorod architecture. (b) Digital photo of as-assembled electrochromic device.
(c) Digital photo of the electrochromic device under 71.5 V. (d) Current–time response of the electrochromic device under alternating potentials ( 7 1.5 V).

integrity and surface controlled redox process. A sandwich-structured
electrochromic device based on the coralline nanorod architecture and
a PEDOT ﬁlm exhibited multicolor changes with acceptable transmittance modulation and good cycling stability. In view of the
noticeable good electrochromic performance, the coralline V2O5
nanorod architecture would promote the commercialization of V2O5based energy-efﬁcient electrochromic ﬁlms. Following works will be
focused on preparing large-area coralline V2O5 nanorod architecture
with large-scale colloidal template and improving V2O5 electrochromic
device transmittance modulation with other kinds of ﬁlm electrodes.
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