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nickel oxides are some of the well-known 
EC materials. [ 4–8 ]  Among these oxides, 
V 2 O 5  is of particular interest. As the only 
one oxide which can show both anodic 
and cathodic coloration, the reversible 
lithium ion insertion/extraction processes 
of V 2 O 5  lead to not only reversible optical 
parameter changes but also multicolor 
changes for esthetics in the voltage range 
of ±1 V. [ 3,8–11 ]  However, due to several dis-
advantages originating from its low electric 
conductivity (10 −3 –10 −2  S cm −1 ), low Li +  
diffusion coeffi cient (10 −13 –10 −12  cm 2  s −1 ), 
long lithium diffusion distance, and small 
surface area, the lithiation processes in 
conventional fl at V 2 O 5  fi lm are rather slow, 
resulting in low coloration contrast, slow 
switching speed, and unstable cycling 
performance for electrochromism. [ 12–15 ]  
The remarkably improved Li-ion diffu-
sion kinetics and enhanced EC perfor-

mance observed for V 2 O 5  nanostructures (as compared to 
bulk V 2 O 5 ) have spurred increasing interest in the synthesis 
of V 2 O 5  nanostructures with tunable dimensions. [ 9,15–17 ]  Fab-
ricating 3D nanoscale oxides with interconnected pore spaces 
has been explored to signifi cantly improve the material perfor-
mance through enhancing the surface area for redox reaction, 
the reduction in the required diffusion length, and the good 
electrolyte penetration from the interconnected voids. [ 9,14–17 ]  In 
moving forward, when the nanoscale oxides are in forms of 1D 
nanostructures (e.g., nanowires, nanorods, nanoribbons, and 
nanotubes), the intrinsic advantages of these nanostructures 
for Li-ion diffusion kinetics, such as large surface area, facile 
strain relaxation, and effi cient 1D electron transport, can further 
enhance the oxides’ EC performance. [ 14–17 ]  

 One widely used method for fabricating 3D V 2 O 5  fi lms with 
1D V 2 O 5  nanowires or nanoribbons is a three-step process. [ 18–20 ]  
The 1D nanowires or nanoribbons are fi rstly prepared by hydro-
thermal or sol–gel syntheses, and then the 1D nanomaterials 
are integrated into porous sheets by a fi ltration process. Finally, 
the sheets are transferred to a transparent current collector (e.g., 
indium tin oxide (ITO), fl uorine-doped tin oxide (FTO)) for sub-
sequent test or usage. However, this multiple-step process is 
rather complex for the fabrication of the full EC device and usu-
ally leads to the fi ltered fi lm that lacks mechanical integrity to 
some extent. By using the catalytic growth process [ 21 ]  or vapor 

 A 3D crystalline V 2 O 5  nanorod architecture on indium tin oxide substrates 
is prepared by simple annealing treatment of a colloidal crystal-assisted 
electrodeposited amorphous three-dimensionally ordered macroporous fi lm 
at a low temperature of 350 °C. The crystalline nanorods exhibit a low length/
diameter ratio with the typical width range of 80–180 nm, length range of 
190–500 nm, and thickness of 30–50 nm. Colloidal sphere-assisted hetero-
geneous nucleation during electrodeposition and the anisotropic bonding of 
the V 2 O 5 -layered structure are two important factors for the morphological 
changes. Because of the large surface area, short lithium ion diffusion 
distance, and good electrolyte penetration, the 3D crystalline V 2 O 5  nanorod 
architecture exhibits a highly reversible Li-ion insertion/extraction process 
(columbic effi ciency up to 96.9%) with a fi ve-color-change electrochromic 
performance, good transmittance modulation, and acceptable response 
times (8.8 s for coloration and 9.3 s for bleaching), making it a promising fi lm 
electrode for electrochromic devices. 

  1.     Introduction 

 The reversible, persistent electrochromic (EC) change in color or 
optical parameters controlled by a temporarily applied electrical 
potential is attractive because of numerous potential applications 
in variable transmittance windows (smart windows), display 
devices, and controlled refl ectance mirrors. [ 1–3 ]  Transition metal 
oxides such as tungsten, vanadium, titanium, molybdenum, and 
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transport method, [ 22 ]  V 2 O 5  nanowire arrays or porous fi lm com-
posed of V 2 O 5  nanoribbons can be directly grown on the silicon 
substrates; however, the high synthesis temperature (above 
600 °C) makes the transparent current collectors not suitable 
for being the alternative substrates. Takahashi et al. combines 
electrophoretic deposition with the use of a membrane tem-
plate to directly obtain single-crystalline V 2 O 5  nanorod array on 
ITO substrate, but its switching time is rather long even under 
a high polarization voltage of 3 V due to the sluggish kinetics 
of Li-ion insertion/extraction along the longitude direction 
caused by the long length of the nanorods (≈10 µm). [ 9,17,22,23 ]  
Thus, practical implementation of the 3D nanoscale V 2 O 5  fi lm 
on a transparent current collector for high-performance electro-
chromism still remains a challenge. 

 Here, we demonstrate a novel method for the fi rst time 
to in situ fabricate a 3D V 2 O 5  nanorod architecture on trans-
parent current collector directly from a 3D ordered macropo-
rous (3DOM) fi lm simply by annealing at a low temperature of 
350 °C. The mechanism of the morphological transformation is 
discussed and the effects of annealing temperature on the EC 
performance are investigated. The nanorods exhibit low length/
diameter ratio and thin thickness. The remarkable 3D V 2 O 5  
nanorod architecture exhibits a multicolor EC performance 
with good transmittance modulation and acceptable response 
time, making it a promising fi lm electrode for EC devices.  

  2.     Results and Discussion 

 Our approach for the fabrication of the 3D V 2 O 5  nanorod 
architecture involved two key steps. Firstly, anodic deposition 
of V 2 O 5  into the polystyrene (PS) colloidal crystal templates 
was performed from a VOSO 4  solution to fabricate the 3DOM 
fi lm (Figure S1a–c, Supporting Information). Subsequently, 
annealing treatment was used to transform the 3DOM struc-
ture to the aimed 3D nanorod architecture.  Figure    1   shows 

the top-view and cross-section scanning electron microscopy 
(SEM) images of the 3DOM V 2 O 5  fi lms subjected to annealing 
under different conditions. Digital photographs of these fi lms 
are shown in Figure S2 (Supporting Information). Because 
the nanostructure was replicated from the colloidal crystal, 
the as-prepared fi lm exhibited a honeycomb-like structure 
throughout their entire volume with a pore wall thickness of 
≈18 nm (Figure  1 a and Figure S1d, Supporting Information). 
Because of the shrinkage during annealing, the macroporous 
structure had deformed slightly. The fi lm was greenish yellow, 
probably owing to the presence of V 4+  ions. [ 19 ]  This 3DOM 
nanostructure could withstand annealing temperatures of up to 
250 °C for 4 h (Figure  1 b). Interesting morphological changes 
were noticed after the fi lm was annealed at 300 °C for 4 h 
(Figure  1 c). At this temperature, the 3DOM fi lm disintegrated 
completely, resulting in the formation of curving platelets. 
This morphological change indicated that a phase transforma-
tion as well as crystal growth occurred during the annealing 
process at this temperature. Novel V 2 O 5  nanorods formed 
after being annealed at 350 °C for 4 h (Figure  1 d). The cross-
section SEM image of 350 °C–4 h fi lm exhibited that the mor-
phological changes not only occurred on the fi lm surface but 
also across the whole gradient direction, resulting in the for-
mation of 3D V 2 O 5  nanorod architecture with intercontinuous 
voids (Figure  1 e). Such intercontinuous voids can provide good 
electrolyte penetration for facile redox reactions when the fi lm 
was used as the EC fi lm electrodes. The thickness of the fi lm 
was ≈860 nm. Low-magnifi cation SEM image taken from the 
fi lm indicated that all the 3DOM structures were morpho-
logically transformed to the nanorods (Figure S3, Supporting 
Information). High-magnifi cation SEM image showed that the 
surfaces of these nanorods were rough (Figure S4a, Supporting 
Information). The typical width and the length of the nanorods 
were 20–100 and 200–400 nm, respectively. Bright-fi eld trans-
mission electron microscopy (TEM) image showed that these 
nanorods were rather uniform and selected-area electron 

Adv. Mater. Interfaces 2015, 2, 1500230

www.advmatinterfaces.de www.MaterialsViews.com

 Figure 1.    SEM images of the 3DOM V 2 O 5  fi lms annealed under different conditions: a) as-prepared, b) 250 °C for 4 h, c) 300 °C for 4 h, d, e) 350 °C 
for 4 h, and f) 350 °C for 7 h.
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diffraction (SAED) pattern taken from these nanorods showed 
scattered diffraction pots overlapping on the amorphous ring 
(Figure S4b,c, Supporting Information). This indicated these 
nanorods were mixed with crystallites and amorphous parts. 
To further investigate the microstructure of these nanorods, a 
higher magnifi cation bright-fi eld TEM was taken. As shown 
in Figure S4d (Supporting Information), it can be found that 
some of these nanorods showed a core/shell structure. Rod-like 
inner cores were surrounded by shells with irregular shape. 
One rod-like inner core showed a diameter of 16.2 nm. In the 
following research, the rod-like inner cores were proved to be 
orthorhombic V 2 O 5 , while the outer irregular shells were amor-
phous V 2 O 5 . After annealed at 350 °C for 7 h, V 2 O 5  nanorods 
with a rectangular cross-section and nearly round tips were 
achieved, and showed a low length/diameter ratio with the typ-
ical width range of 80–180 nm, length range of 190–500 nm, 
and thickness range of 30–50 nm (Figure  1 f and Figure S5a, 
Supporting Information). The smooth surface was clearly dom-
inated by a particular type of crystal facets, which can be proved 
by the high-resolution TEM (HRTEM) examination result of 
one nanorod. Clearly lattice-resolved HRTEM images and the 
indexed SAED pattern revealed the nanorod morphology of a 
single orthorhombic V 2 O 5  microcrystal (Figure S5c,d, Sup-
porting Information). The observed spacing between the lattice 
fringes can be assigned to the (401) planes of orthorhombic 
V 2 O 5  phase. In addition, as shown in Figure S6 (Supporting 
Information), the prolonged annealing time at 350 °C had no 
obvious infl uence on the morphology. The 350 °C 7 h fi lm still 
exhibited a 3D V 2 O 5  nanorod architecture, but the size of inter-
continuous voids signifi cantly increased. On the other hand, in 
the case of the V 2 O 5  fi lm electrodeposited directly on an ITO-
coated glass substrate, no morphological changes were noticed 
after the fi lm had been annealed at 350 °C for 7 h (Figure S7a,b, 
Supporting Information). In addition, even in the case of a 
3DOM V 2 O 5  fi lm prepared by the spin coating of a V 2 O 5  gel, 
no morphological changes were observed after the fi lm was 
annealed at the same temperature and time (Figure S7c, Sup-
porting Information). Thus, we could conclude that colloidal 
templates play an important role with regard to crystal nuclea-
tion during electrodeposition as well as with respect to crystal 
growth during the subsequent annealing process.  

 X-ray diffraction (XRD) examination was used to investi-
gate the phase changes of 3DOM fi lms during the annealing 
processes ( Figure    2  a). The fact that the XRD pattern of the 
as-prepared 3DOM fi lm contained only a single broad diffrac-
tion peak at ≈21.6° and no diffractions related to V 2 O 5− x   or 
V 2 O 5− x  · n H 2 O indicated that the fi lm was amorphous; the other 
peaks observed were related to the ITO layer. After the fi lm was 
annealed at 250 °C for 4 h, the XRD pattern did not change, 
indicating that either no crystal growth occurred or the amount 
of new formed crystallites was too low to be detected during the 
XRD measurements. In keeping with the SEM observations, 
annealing treatment at 300 °C for 4 h resulted in the appear-
ance of crystals, leading to structural disintegration. As a result, 
an XRD peak was noticed at 21.6°, which corresponded to the 
(001) plane of orthorhombic V 2 O 5  (JCPDS 41-1426). When 
annealing was performed at 350 °C for 4 h, the broad diffrac-
tion peak was still observed, indicating that amorphous V 2 O 5  
remained in the fi lm. Further, after the fi lm had been annealed 

at 350 °C for 7 h, the amorphous phase-related diffraction peak 
disappeared and the fi lm became completely crystallized, exhib-
iting a purely orthorhombic V 2 O 5  phase with good crystallinity, 
as can be seen in the XRD pattern. This result was consistent 
with the HRTEM, SAED, and SEM examination results of the 
350 °C–7 h fi lm.  

 Differential scanning calorimetry (DSC) was employed to 
further analyze the crystallization of the 3DOM fi lms during 
annealing (Figure  2 b). The DSC result for the dense fi lm was 
also shown for comparison. Both the 3DOM fi lm and the 
dense fi lm exhibited thermodynamic characteristics similar 
to that of a V 2 O 5 · n H 2 O xerogel; [ 24,25 ]  this suggested that two 
fi lms were consisted of hydrated vanadium oxide. In the case 
of the dense fi lm, the endothermic peak at ≈112 °C was prob-
ably attributable to the generation of V 2 O 5 ·0.6H 2 O, while the 
endothermic peak at ≈369 °C indicated the successful dehydra-
tion of V 2 O 5 · n H 2 O and then crystallization to V 2 O 5 . [ 24,25 ]  As to 
the 3DOM fi lm, the broad endothermic band between 84 and 
136 °C was overlapped by three endothermic peaks, which was 
located at 87, 98, and 113 °C. The previous two peaks were 
attributable to the absorbed organic molecules (dimethylforma-
mide (DMF), toluene, and tetrahydrofuran (THF)) in the fi lms, 
and the remaining peak could be probably attributable to the 
generation of V 2 O 5 ·0.6H 2 O. However, in 3DOM materials, the 
endothermic peaks corresponding to the phase-transforma-
tion processes were shifted to lower temperatures, indicating 
that the colloidal template was favorable to obtain crystallized 
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 Figure 2.    a) XRD patterns of the 3DOM V 2 O 5  fi lms annealed at different 
conditions. b) DSC curves of the 3DOM fi lm and the dense fi lm in air; the 
heating rate was 5 °C min −1 .
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V 2 O 5  materials, and the full crystallization temperature was 
decreased to a low temperature of 321 °C. 

 Meanwhile, X-ray photoelectron spectroscopy (XPS) was 
used to probe the electronic structures of chemical bonds pre-
sent in the fi lms before and after annealing. The V 2p 3/2  core 
peak spectra for the as-prepared 3DOM fi lm (Figure S8a, Sup-
porting Information) was composed of two components, which 
were located at 517.7 and 516.4 eV, as shown in the fi tting data. 
These two binding energy values can be associated with two 
formal oxidation degrees, +5 and +4. [ 26–28 ]  The V 4+ /V 5+  ratio was 
determined to be 0.19 from the area ratio of the fi tted curves 
of the V 2p 3/2  (V 5+ ) and V 2p 3/2  (V 4+ ) spectra. The V 4+  ions in 
the as-prepared fi lm may be attributed to the VO 2+  ions in 
the solution. When the process of VO 2+  anodic oxidation and 
then deposition on ITO substrate occurs (as shown in Equa-
tions  ( 3)   and  ( 4)   in the Experimental Section), the codeposition 
of the unreacted VO 2+  ions in the solution results in the pres-
ence of V 4+  ions in the as-prepared fi lm. The existence of V 4+  
ions in the as-prepared 3DOM fi lm corroborated its greenish 
yellow color (Figure S2, Supporting Information). After being 
annealed at 350 °C for 7 h, the introduction of oxygen led to the 
oxidation and crystallization of the fi lm. Therefore, vanadium 
ions were present only in the highest oxidation state (i.e., as 

V 5+ ) (Figure S8b, Supporting Information). Because the vana-
dium ions had a valence state of +5, the annealed vanadium 
oxide fi lm was yellow. 

 Based on the above results, it can be concluded that the 
colloidal PS sphere template played a vital role in the mor-
phological transformation from 3DOM structure to a 3D 
V 2 O 5  nanorod architecture after annealing treatment. To fur-
ther elucidate the effect of the colloidal template on crystal 
nucleation and the subsequent crystal growth process, TEM, 
HRTEM, and SAED examinations were performed to investi-
gate the crystalline changes of the 3DOM V 2 O 5  fi lms during 
annealing. As shown in  Figure    3  a, the as-prepared 3DOM 
V 2 O 5  fi lms contained a certain number of crystal nuclei. The 
size of these crystal nuclei was �1–2 nm. The observed lattice 
spacing was »0.236 nm, which corresponded to the distance 
between the (005) crystal planes of V 2 O 5 ·1.6H 2 O (JCPDS No. 
40-1296). In XRD examination, the reason for the absence of 
diffraction peaks belonging to V 2 O 5 ·1.6H 2 O phase may be due 
to the amount of these crystal nuclei which was too small to 
be detected. The distribution of these crystal nuclei was worth 
noting. The nuclei were located near the wall surfaces, with 
their number density decreasing signifi cantly as one moved 
away from the wall surfaces. We believe this phenomenon was 
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 Figure 3.    HRTEM images of the 3DOM V 2 O 5  fi lms annealed at different temperatures: a) as-prepared, b) 250 °C for 4 h, c) 300 °C for 4 h, and 
d) 350 °C for 4 h. The inset image in (d) is a TEM image of the nanorods.
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caused by the colloidal PS crystals. The PS spheres accumu-
lated charge on their surfaces (their zeta potential was approxi-
mately −21.2 mV). Thus, the electric fi eld resulting from these 
surface charges rearranged the atoms during the electrodeposi-
tion process, leading to the appearance of crystal nuclei near 
the surfaces of the 3DOM skeletal walls. In addition, the rough 
surfaces of the PS sphere (Figure S1c, Supporting Information) 
also provided low-energy sites for heterogeneous nucleation 
during the electrodeposition process. With an increase in the 
annealing temperature to 250 °C (for 4 h), the nuclei grew into 
nanocrystallites (Figure  3 b). The size of these nanocrystallites 
was ~5–10 nm. Further, the observed interlayer spacing was 
0.232 nm; this value still corresponded to the distance between 
the (005) crystal planes of V 2 O 5 ·1.6H 2 O. These nanocrystallites 
were small and distributed on the wall surfaces. Thus, it could 
be concluded that crystal growth did not cause the collapse of 
the 3DOM structure. Nanorods were observed when the fi lms 
were annealed at 300 °C for 4 h (Figure  3 c and Figure S9, 
Supporting Information). The observed lattice spacing was 
�0.218 nm, which corresponded to the distance between the 
(002) crystal planes of orthorhombic V 2 O 5 . The formation 
of the V 2 O 5  nanorods could be attributed to the anisotropic 
bonding of the layered V 2 O 5  structure. In orthorhombic V 2 O 5 , 
weakly bonded basal {001} planes lead to the surface energy 
being ~0.7 J m −2 , resulting in the <010> direction being the 
fast-growth one and the <001> direction being the slow-growth 
one. [ 21,29 ]  The amorphous phase is in metastable equilibrium 
and, under thermal activation, can be induced to be crystallized. 
At the boundary between the crystalline and amorphous V 2 O 5  
phases, the crystallite surfaces provided low-energy sites for the 
atoms of the amorphous phase to rearrange into a crystal lat-
tice in the manner of the parent crystallites, instead of creating 
new grain boundaries. In addition, atoms were also rearranged 
at the grain boundaries between neighboring crystallites (as 
pointed out by the red arrows). This type of atomic rearrange-
ment at the grain boundaries led to the larger crystallites coa-
lescing with the smaller ones during the annealing process. In 
addition, the length of the growing nanorods was greater than 
45 nm (Figure S10, Supporting Information). Crystallites this 
long can cause the collapse of the 3DOM structure. After the 
fi lms had been annealed at 350 °C for 4 h, distinct nanorods 
were observed (Figure  3 d). Because the annealing time was not 
long enough for all the amorphous V 2 O 5  atoms to rearrange 
into crystallites, an amorphous V 2 O 5  phase remained, covering 
the crystalline nanorods, and then leading to the formation of 
the some crystalline/amorphous core/shell V 2 O 5  nanorods (see 
the insets of Figure  3 d). With an increase in the annealing time 
to 7 h (for an annealing temperature of 350 °C), the nanorods 
became fully crystallized and thus exhibited smooth surfaces.  

 PS spheres with positively charged surfaces (zeta potential of 
approximately +25.6 mV) were used to investigate the effects of 
the charge type on the morphological changes induced during 
the annealing process (Figure S7d, Supporting Information). 
When the fi lm was annealed at 350 °C for 4 h, only curving 
platelets were formed, and nanorods were not noticed. This 
indicated that a negative surface charge was better suited for 
growing V 2 O 5  nanorods. The reasons for this may be rooted 
in the nature of the electrodeposition reactions. Before V 2 O 5  
can be deposited (Equation  ( 2)  ), the oxidation of VO 2+  ions 

to H 2 V 10 O 28  4−  (Equation  ( 1)  ) is necessary. A negative sur-
face charge is preferred because of the electrostatic attraction 
between the negative surface charge and the positive VO 2+  ions, 
which causes the V 2 O 5 ·1.6H 2 O crystal nuclei to come very 
close to the surfaces of the PS spheres (Figure  3 a). 

 On the basis of the above-mentioned facts, a model for the 
synthesis of crystalline nanorods from the amorphous 3DOM 
structure is proposed ( Figure    4  ). In this model, PS sphere-
assisted heterogeneous nucleation during electrodeposition 
and the anisotropic bonding of the V 2 O 5 -layered structure 
are the two most important factors. The surface charge and 
roughness of the colloidal spheres result in heterogeneous 
nucleation occurring on the surfaces of the colloidal spheres 
during electrodeposition (Figure  4 a). After the removal of the 
colloidal spheres, the crystal nuclei sit on the surfaces of the 
3DOM walls (Figure  4 b). Due to the anisotropic bonding of 
V 2 O 5 , the layered structure with a very low surface energy along 
the basal {001} planes makes the <010> being the fast-growth 
direction, resulting in the formation of 1D crystals. Further, 
under thermal activation at the proper temperature, dehydra-
tion, the coalescence of nanocrystallites, and induced crystal-
lization between nanocrystalline V 2 O 5  and amorphous V 2 O 5  
cause the growth of nanorods in the 3DOM amorphous walls. 
This crystal growth process leads to morphological disintegra-
tion when the size of nanorods becomes equal to the thickness 
of the 3DOM walls (Figure  4 c). When the annealing time is 
increased, the continuous coalescence of the nanocrystallites 
occurs, and the induced crystallization between nanocrystal-
line V 2 O 5  and amorphous vanadia results in nanorods with a 
crystalline/amorphous core/shell structure or fully crystallized 
nanorods (Figure 4d and Figure 4e, Supporting Information).  
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 Figure 4.    Schematic of morphological transformation in the 3DOM fi lm 
during annealing treatment. a) PS spheres with negative surface charges. 
b) An as-prepared amorphous 3DOM fi lm with crystal nuclei on its wall 
surfaces. c) Structural disintegration of the 3DOM V 2 O 5  fi lm by the 
grown nanorods when the size of the nanorods becomes greater than the 
thickness of the 3DOM walls. d) Coalescing of the nanocrystallites and 
induced crystallization between the V 2 O 5  nanocrystallites and the amor-
phous V 2 O 5  produces crystalline/amorphous core/shell V 2 O 5  nanorods. 
e) Fully crystallized V 2 O 5  nanorods are formed when the annealed time 
is long enough.
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 Cyclic voltammetry (CV) measurements were performed to 
evaluate the electrochemical behaviors of the annealed fi lms. 
 Figure    5   presents the CV curves of three 3DOM fi lms and the 
dense V 2 O 5  fi lm obtained at a scan rate of 5 mV s −1  using 1  M  
LiClO 4  propylene carbonate electrolyte and a potential window 
of ±1 V. The shapes of the CV curves varied with the annealing 
conditions, indicating that the annealing temperature and time 
had a signifi cant infl uence on the electrochemical properties 
of the V 2 O 5  fi lms. For the as-prepared and 250 °C–4 h fi lms, 
the absence of phase transformation redox peaks indicated the 
amorphous nature of the samples, [ 15,21,30,31 ]  which was con-
sistent with XRD and TEM results. After being annealed at 
300 °C for 4 h, CV curve of 300 °C–4 h fi lm showed typical elec-
trochemical behaviors of orthorhombic V 2 O 5  phase, according 

to the literatures. [ 15,21,30,31 ]  When the annealing temperature 
increased to 350 °C, the number of redox reaction peaks fur-
ther increased with the increase of annealing time; this phe-
nomenon confi rmed a further increase in the crystallinity of 
the fi lms.  

 In situ visible and near-infrared (NIR) transmittance meas-
urements were used to investigate the effects of the annealing 
conditions on the EC performance. Transmittance modulation 
(Δ T ) of the fi lms and the transmittance spectra were recorded 
every 0.5 V. As shown in  Figure    6  , upon applying external 
potential changes, all the vanadia fi lms exhibited obvious 
transmittance and color changes. The Δ T  values obtained 
at two typical wavelengths of 460 and 1000 nm were listed 
in  Table    1  . Maximum Δ T  of 38.48% at 460 nm was found in 
350 °C–4 h fi lm, followed by 34.01% in the as-prepared fi lm. 
The 300 °C–4 h and 350 °C–7 h fi lms showed moderate Δ T , 
while the 250 °C–4 h fi lm exhibited a minimum Δ T  at this wave-
length (18.49%). At NIR wavelength of 1000 nm, the 350 °C–7 h 
fi lm showed a maximum Δ T  (36.69%) and the minimum Δ T  of 
16.41% was found in the as-prepared fi lm. Table S1 (Supporting 
Information) shows the comparison of the EC performance of 
two 3D nanorod architectures (350 °C–4 h fi lm and 350 °C–7 h 
fi lm) with that of vanadia dense fi lms and vandia nanostruc-
tures. As exhibited in the table, it can be found that the two 3D 
nanorod architectures exhibit higher transmittance modulation 
than that of many other vanadia nanostructures. For all the sam-
ples, the transmittance spectra showed similar shape in the vis-
ible range under +1 V. An anodic potential of +1 V caused Li-ion 
extraction from vanadia fi lms, giving rise to high transmission 
above 550 nm with substantial absorption in the 400–550 nm 
range. The different transmittance values at specifi c wavelength 
made these fi lms present slight color difference from yellow to 
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 Figure 5.    CV curves of the 3DOM V 2 O 5  fi lms annealed under different 
conditions. Curves were obtained at 10 mV s −1  in 1  M  LiClO 4 /PC as elec-
trolyte for potentials ranging from −1 to +1 V (vs Ag/AgCl).

 Figure 6.    Transmittance contrast of the 3DOM V 2 O 5  fi lms annealed under different conditions: a) as-prepared, b) 250 °C for 4 h, c) 300 °C for 
4 h, d,e) 350 °C for 4 h, and f) 350 °C for 7 h. f) Electrochromic digital photographs of the corresponding fi lms under different potentials.
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yellow-green (Figure  6 f). However, apparent color difference was 
found when these fi lms were under –1 V. As to the as-prepared 
and 250 °C–4 h fi lms, charge insertion under a cathodic poten-
tial of –1 V caused a fairly homogeneous transmission across the 
entire visible spectral range, resulting in a black coloration. For 
the remaining samples, the transmission in visible range was 
heterogeneous and with a peak between 450 and 600 nm. The 
different position of this transmission peak made these three 
fi lms show different colors, i.e., dark green (300 °C–4 h fi lm), 
olive (350 °C–4 h fi lm), and Prussian blue (350 °C–7 h fi lm). 
Usually, the valence of vanadium ion in vanadia fi lms can be 
changed from +5 to +3 between –1 V and +1 V (vs Ag/AgCl), [ 26 ]  
indicating different voltages could lead to different amount mix-
ture of V 5+ , V 4+ , and V 3+  ions, resulting in more than two color 
changes in the voltage window of ±1 V. [ 32 ]  Digital photos of the 
fi lms at 0.5 V, 0 V, and −0.5 V were also exhibited in Figure  6 f. 
It is interesting to fi nd that the 350 °C–7 h fi lm showed three 
more distinctive colors (yellow-green at 0.5 V, dark slate gray 
at 0 V, and steel blue at -0.5 V), while the as-prepared fi lm 
presented only one more color (green at 0 V). The remaining 
vanadia fi lms showed two more colors, i.e., 350 °C–4 h fi lm 
(green at 0 V and blue at -0.5 V), 300 °C–4 h fi lm (dark green 
at 0 V and blue at –0.5 V), and 250 °C–4 h fi lm (green at 0 V 
and prussian blue at –0.5 V). Thus, it can be concluded that 
the 350 °C–7 h fi lm showed maximum number of fi ve-color 
changes in the voltage range of ±1 V (yellow, yellow-green, dark 

slate gray, steel blue, and prussian blue), while the as-prepared 
fi lm presented minimum number of three-color changes 
(yellow, green, and black). Cycling stability is another important 
aspect for EC materials. The transmittance modulations of the 
fi lms annealed at different conditions after the 100th cycle are 
shown in Figure S11 (Supporting Information). As shown in 
the fi gure, all vanadia fi lms showed good cycling stability. After 
100 cycles, only slight transmittance modulation degradation 
was found. Large surface area and reasonable Li-ion diffusion 
distance of these fi lms are the two important factors for the high 
cycling stability.   

 A third important aspect of electrochromism is the tem-
poral response under alternating voltages. Switching behavior 
was analyzed by monitoring the transmittance at a wavelength 
of 460 nm under the application of a square wave voltage 
between +1 V and –1 V. The 3DOM fi lms (the as-prepared fi lm 
and 250 °C–4 h fi lm) exhibited sharp and distinct transitions 
between coloration and bleaching state, while the fi lms with 
morphological changes (300 °C–4 h fi lm, 350 °C–4 h fi lm, and 
350 °C–7 h fi lm) showed gradual transitions ( Figure    7  ). This 
phenomenon clearly indicates that 3DOM fi lms had much 
faster switching times than the morphologically changed fi lms. 
The switching time, defi ned as 90% of the total transmittance 
change, was summarized in Table  1 . As shown in the table, the 
3DOM fi lms showed high switching speed. The corresponding 
switching time was 2.3 s for coloration and 4.5 s for bleaching 
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  Table 1.    Electrochromic characteristics of the 3DOM V 2 O 5  fi lms annealed at different conditions. 

Sample Coloration contrast 
[%]

Switching time 
[s]

Integrated charge 
[C cm −2 ]

Columbic effi ciency 
[%]

At 460 nm At 1000 nm Coloration Bleaching Coloration Bleaching

As-prepared 34.01 16.41 2.3 4.5 0.0159 0.0133 83.6

250 °C–4 h 18.49 20.89 1.7 4.0 0.0194 0.0171 88.1

300 °C–4 h 29.85 31.62 5.7 7.1 0.0316 0.0279 88.3

350 °C–4 h 38.48 28.94 6.5 8.0 0.0426 0.0420 98.5

350 °C–7 h 27.43 36.69 8.8 9.3 0.0326 0.0316 96.9

 Figure 7.    Transmittance–time response curves of the 3DOM V 2 O 5  fi lms annealed under different conditions: a) as-prepared, b) 250 °C for 4 h, c) 300 °C 
for 4 h, d) 350 °C for 4 h, and e) 350 °C for 7 h. The monitored wavelength was 460 nm and voltages were alternated between +1 V and –1 V.
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in the as-prepared fi lm, and 1.7 s for coloration and 4.0 s for 
bleaching in the 250 °C–4 h fi lm. With the increase of the 
annealing temperature and time, the switching time for both 
coloration and bleaching prolonged. For the 350 °C–7 h fi lm, 
the switching time of coloration and bleaching was prolonged 
to 8.8 and 9.3 s, respectively. However, these two switching 
values were still acceptable when the 350 °C–7 h fi lm was 
used for the fabrication of EC device. [ 3 ]  Xiong et al. reported 
the color-switching time of a fi ltered V 2 O 5  nanowire fi lm to be 
�12.5 s for coloration under –1.5 V and �10.4 s for bleaching 
under +2.5 V when 90% transmittance change was defi ned. [ 19 ]  
Takahashi et al. reported that a 30% transmittance modulation 
at 700 nm took 50 s for a V 2 O 5  nanorod array when 3.0 V was 
applied, and 300 s was required for a sol-gel V 2 O 5  fi lm. [ 23 ]  The 
main reason for the prolonged switching times in morpho-
logically changed fi lms was the increased lithium diffusion 
distance. [ 9 ]  In the 3DOM fi lms, the lithium diffusion distance 
was half the thickness of 3DOM walls (9 nm); however, this 
value increased to 15–25 nm (half the thickness of nanorods) 
in the 350 °C–7 h fi lm. The increased lithium diffusion dis-
tance indicated the time required to achieve satisfactory color 
saturation switching increased.  Figure    8   showed the current–
time response curves of the vanadia fi lms during the switching 
response measurement. Consistent with the transmittance–
time response curves, currents of the 3DOM fi lms reached the 
equilibrium state faster than those of morphologically changed 
fi lms. However, by calculating the integrated charge during the 
coloration and bleaching processes, it can be found that both 
V 2 O 5  fi lms with 3D V 2 O 5  nanorod architecture showed high 
columbic effi ciency (98.5% in 350 °C–4 h fi lm and 96.9% in 
350 °C–7 h fi lm), as shown in Table  1 . High columbic effi ciency 
indicated the redox reactions during EC processes were highly 
reversible, which was benefi cial to the cycling performance. In 
contrast, the as-prepared fi lm presented minimum columbic 
effi ciency of 83.6%.   

 Optical density (OD) and coloration effi ciency (CE) are two 
important parameters for the evaluation of an EC material’s 
optical modulation ability. [ 1-3 ]  OD and CE can be defi ned as [ 1–3 ] 

     OD log( / )b cT T= λ λ   (1)  

     CE OD/ inQ=   (2) 

 where  T  bλ  and  T  cλ  represent the transmittance of the bleached 
and colored samples, respectively.  Q  in  corresponds the 
injected/ejected charge density per unit area. Obviously, CE 
presents the ability of optical modulation during the colora-
tion-bleaching process under the considering of energy con-
sumption. Figure S12a,b (Supporting Information) shows the 
OD and CE values of the vanadia fi lms annealed at different 
conditions. As shown in Figure S12a (Supporting Informa-
tion), 350 °C–4 h fi lm exhibited the highest OD in the whole 
spectrum range, indicating its good optical modulation ability. 
As shown in Figure S12b (Supporting Information), the as-
prepared fi lm showed the highest CE values in visible spec-
trum range of 400–500 nm. The average CE value in this range 
reached 25.2 cm 2  C −1 . The reason for the high CE value of as-
prepared fi lm in this spectrum range can be explained from 
two aspects. Firstly, the high transmittance modulation in this 
range ensured it high OD value. Secondly, as shown in the CV 
(Figure  5 ) curves and current–time response curve (Figure  8 ), 
the smallest CV curve area and integrated charge indicated the 
number of intercalated Li-ions was least among the vanadia 
fi lms. Thus, by Equations  ( 1)   and  ( 2)  , it is reasonable to fi nd 
the as-prepared fi lm showed high CE value in this spectrum 
range. As for the two fi lms with 3D V 2 O 5  nanorod architecture 
(350 °C–4 h fi lm and 350 °C–7 h fi lm), although their transmit-
tance modulations in the whole spectrum range were relatively 
high, the large number of intercalated Li-ions made their CE 
values very low. The average CE values of 350 °C–4 h fi lm and 
350 °C–7 h fi lm in whole spectrum range were only 8.9 and 
7.1 cm 2  C −1 , respectively. However, a low CE value also meant 
that a large amount of Li-ions was stored in the V 2 O 5  fi lms 
during the redox processes. In other words, such V 2 O 5  fi lms 
have good charge storage ability and can be used as binder-free 
fi lm electrode for Li-ion batteries or electrochemical capacitors.  

  3.     Conclusion 

 In conclusion, we described the fabrication of the 3D V 2 O 5  
nanorod architecture on ITO substrate by simple annealing 
treatment of the 3DOM fi lm at a low temperature of 350 °C. 
The V 2 O 5  nanorods shared a low length/diameter ratio and 
thin thickness. Such 3D V 2 O 5  nanorod architectures have been 
investigated to be desirable for the EC device with multicolor 
changes, high optical modulation, and acceptable switching 
times. Furthermore, the results of this study can act as a guide 
for investigating the morphological changes and nucleation 
processes in porous materials prepared from templates. The 
highly reversible redox reactions will also make them useful in 
the applications of binder-free lithium ion batteries and elec-
trochemical capacitors, which are the main aspects of future 
works.  

  4.     Experimental Section 
  Fabrication of 3D V 2 O 5  Nanorod Architecture : Colloidal polystyrene 

(PS) spheres (diameter of 250 nm) were synthesized through an 
emulsifi er-free emulsion polymerization technique. Templates 
consisting of the colloidal PS crystals were grown using a controlled 
vertical drying method. [ 26 ]  ITO-coated glass was used for the substrates 
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 Figure 8.    Current–time response curves of the 3DOM V 2 O 5  fi lms 
annealed under different conditions. Voltages were alternated between 
+1 V and –1 V.



FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (9 of 10) 1500230wileyonlinelibrary.comAdv. Mater. Interfaces 2015, 2, 1500230

www.advmatinterfaces.dewww.MaterialsViews.com

(�9 Ω cm −2 , 1 cm × 4 cm), which were cleaned ultrasonically for 20 min 
each in acetone, methanol, and distilled water. The cleaned substrates 
were then placed in cylindrical vessels. A suspension of the PS spheres, 
which had been diluted to 0.5 wt%, was added to the glass vessels. The 
vessels were then heated in an incubator at 60 °C. 

 The anodic deposition of V 2 O 5  on the colloidal PS crystals was 
performed at a constant voltage of 2 V (vs Ag/AgCl) using a 1:1 
mixture (volume ratio) of distilled water and ethanol containing 
0.25  M  VOSO 4 ·5H 2 O as the electrolyte; a piece of Pt foil was used as the 
counter electrode. The pH of the electrolyte was adjusted to 2.7 using 
NaOH. The electrodeposition time was 32 s. The oxidation of VO 2+  and 
the deposition of V 2 O 5  occurred through the following reactions when 
2.4 < pH < 2.7 [ 33 ] 

     10VO +18H O H V O +34H +10e2+
2 2 10 28

4 +→ − −
  (3)  

     H V O +4H 5V O +3H O2 10 28
4 +

2 5 2→−
  (4)   

 After the deposition of V 2 O 5 , the samples were immersed in a 1:1 
mixture (volume ratio) of dimethylformamide (DMF) and toluene for 
24 h to remove the PS templates, and then washed with tetrahydrofuran 
(THF). Finally, the as-prepared fi lms were dried at 100 °C for 4 h 
(marked as as-prepared fi lm) and annealed in air at one of the following 
temperatures for 4 h at a heating rate of 1 °C min −1 : 250, 300, or 
350 °C (marked as 250 °C–4 h fi lm, 300 °C–4 h fi lm, and 350 °C–4 h fi lm, 
respectively). Completely crystallized V 2 O 5  fi lm was formed after being 
annealed at 350 °C for 7 h (marked as 350 °C–7 h fi lm). Further, a V 2 O 5  
fi lm was directly deposited on an ITO-coated glass substrate without 
using the colloidal crystal template and then annealed for comparison; 
this fi lm is referred to as the dense fi lm. 

 To investigate the effects of electrodeposition on the morphological 
transformation of the 3DOM V 2 O 5  fi lms, a 3DOM V 2 O 5  fi lm was 
prepared using a V 2 O 5  sol and annealed subsequently. First, a V 2 O 5  
sol was prepared by the quenching method. V 2 O 5  powder (99.9%) was 
heated at 850 °C in a crucible until it melted. The melt was then quickly 
poured into deionized water at room temperature. After vigorous stirring 
for 1 d, a homogeneous V 2 O 5  sol was obtained, whose concentration 
was �0.02 M. The sol was dropped on colloidal PS crystals, and the 
crystals were spun. The spinning rate was 1000 rpm, and the spinning 
time was 30 s. PS spheres were also removed by DMF, toluene, and THF. 

  Characterization of Synthesized Films : The zeta potential of the 
PS spheres was measured with a Zetasizer Nano Series 90 system 
at 25 °C using a DTS 1060C disposable capillary cell (Malvern 
Instruments). The morphologies of the V 2 O 5  fi lms were characterized 
using scanning electron microscopy (SEM, FEI Helios Nanolab 600i). 
The crystalline structures of the V 2 O 5  fi lms were investigated using a 
rotation-anode X-ray diffractometer (Rigaku D/Max-γb) with a graphite 
monochromatized Cu Kα radiation (0.15418 nm) source as well as a 
high-resolution transmission electron microscopy (HRTEM, FEI Tecnai 
G2F30, 300 kV). A differential scanning calorimetry (DSC) system 
(Netzsch, STA 449C) was used to study the decomposition of the 3DOM 
structure and the crystal growth process. The Raman spectra of the fi lms 
were recorded with a spectrophotometer (JY Co., LABRAM-HR) with 
an operating wavelength of 613 nm. X-ray photoelectron spectroscopy 
(XPS) was performed with a PHI 5700 ESCA system using Al Kα 
radiation (1486.6 eV). 

  EC Measurements : All the electrochemical measurements were 
performed with a CHI660C workstation. The organic electrolyte used 
was a 1  M  solution of LiClO 4  in propylene carbonate. The ITO-coated 
glass substrates with V 2 O 5  fi lms were formed acted as the working 
electrodes, while a piece of Pt foil served as the counter electrode 
and an Ag/AgCl electrode was used as the reference electrode. Cyclic 
voltammetry (CV) measurements were performed at scanning rates of 
10 mV s −1  for voltages of –1 V to +1 V. 

 In situ visible and near-infrared (NIR) EC measurements were 
performed using a laboratory-built experimental apparatus (same setup 
as that used in ref. [ 26 ]  in combination with a CHI 660C electrochemical 
workstation (Shanghai Chenhua Instrument Co. Ltd.). The experimental 

apparatus was sealed in an Ar-fi lled glove box (Vigor Glove Box from 
Suzhou, China) before testing. One side of the apparatus was connected 
to a white lamp (DT-mini-2-GS, Ocean Optics) by an optical fi ber; the 
other side was connected to an optical spectrometer (MAYA 2000-Pro, 
Ocean Optics). The V 2 O 5  fi lm, a Pt wire, and an Ag/AgCl electrode 
were used as the working electrode, counter electrode, and reference 
electrode, respectively. The transmittance of the ITO-coated glass 
substrate in the electrolyte was considered to be 100% and was used 
as the reference. Before investigating of the EC performance, all the 
vanadia fi lms have been activated by CV at 0.5 mV s −1  for three circles, 
and then electrochemically polarized at +1 V for 3000 s for removal of all 
the intercalated Li-ions by chronoamperometry.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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