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Improved electrochromic performance and lithium
diffusion coefficient in three-dimensionally
ordered macroporous V2O5 films

Zhongqiu Tong,a Jian Hao,b Kun Zhang,b Jiupeng Zhao,*b Bao-Lian Suc and Yao Li*a

Three-dimensionally ordered macroporous (3DOM) vanadium pentoxide (V2O5) films with various pore

diameters were prepared by anodic deposition into colloidal crystal templates. The influence of the

3DOM structure on lithium ion (Li+) diffusion coefficient was investigated for the first time. X-ray

diffraction analysis and HRTEM measurements show that the skeleton walls are composed of crystallites

and amorphous V2O5. The study of electrochromic properties indicates that the pore size has a

significant impact on the electrochromic performance. Small pores in the film lead to higher optical

contrast and faster switching response. A high transmittance modulation in the visible and near-infrared

spectral regions (50% at l ¼ 650 nm and 47% at l ¼ 900 nm) with fast response time (1.7 s for coloration

and 3.2 s for bleaching) is observed in the 3DOM V2O5 film with a pore size of 210 nm. Because of the

fully interconnected macroporous network in the 3DOM structure, the transport and reaction of lithium

ions and electrons both behave in an effective 3D model throughout the whole nanostructure.

Additionally, due to their influence on the polarization of the electrode and surface defects, sharp

nanoscale edges around pores and rough surfaces can further promote Li+ diffusion and intercalation/

de-intercalation. The 3DOM V2O5 film with a pore size of 210 nm exhibits a very high Li+ diffusion

coefficient of 3.78 � 10�9 cm2 s�1, which is higher than any coefficient ever reported for a V2O5 film.
Introduction

Electrochromic materials have been attracting increasing
attention because of their commercial applications in smart
windows, display devices, controlled reectance mirrors and
spacecra thermal control.1–4 Because of their low operating
potential, �1 V, they require very small amounts of energy to
change their coloration states. Furthermore, the memory effect
is another merit of these materials, which leads them to require
little power to maintain their coloration states.1 Typically, a
conducting metal oxide lm acts as the chromogenic electrode.
Upon applying external potential changes, reversible electric-
eld-induced intercalation/de-intercalation of small ions (such
as H+ and Li+) into/from an chromogenic oxide lattice (e.g.WO3,
TiO2, NiO and V2O5)5–8 leads to reversible changes in optical
parameters.

MOy þ xAþ þ xe�

ðBleached stateÞ 4
AxMOyðA : H;LiÞ
ðcolored stateÞ (1)
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This double injection of ions and electrons maintains the
electroneutrality of the chromogenic electrode. Optical
contrast, DT(l), between bleached state and colored state is
limited by the amount of accessible intercalation sites. The
switching time, s, between bleached state and colored state is
restricted by the diffusion distance required to achieve satis-
factory color saturation.9–12 Conventional at electrochromic
lms exhibit a solid surface with relatively long diffusion
distances, leading to a small number of active intercalation sites
and long switching time.13 Electrochromic materials in the form
of nanoparticles,14,15 nanorods,16,17 nanobers18–20 or nanoscale
clusters8,21 exhibited signicantly improved performance.
However, because these kinds of electrochromic materials are
always in a powder form, additional processing is needed to
attach them to a transparent current collector (e.g., ITO, FTO).
Additionally, weak physical adhesion strength among indi-
vidual electrochromic nanomaterials may cause the release of
active materials, resulting in optical contrast loss in long-term
testing.22 A simple and effective way to solve this problem is the
formation of a nanoscale network structure directly on a
transparent current collector.23–25

A three-dimensionally ordered macroporous (3DOM) struc-
ture, with an interconnected network of nanometer thick walls,
is an attractive architecture for electrochromic materials.26–28 In
a 3DOM material, the bicontinuous structure provides inter-
continuous pore spaces for good electrolyte penetration, while
J. Mater. Chem. C, 2014, 2, 3651–3658 | 3651
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the continuous walls give effective transport pathways for elec-
tron and ion conduction.22,27,28 Typically, a 3DOM structure is
obtained by replicating the structure of a colloidal crystal
template stacked by microspheres.29–33 Thus, a 3DOM structure
presents a high surface-area-to-volume ratio with nanometer-
sized walls for short diffusion lengths and a high active surface
area for a large number of intercalation sites. In addition, when
a colloidal crystal template is assembled on a current collector,
the prepared 3DOM electrochromic material exhibits strong
adhesion to the current collector. Because of these advantages,
colloidal-crystal-template materials of various oxides with
3DOM structures have been prepared for high-performance
electrochromic devices,31–34 supercapacitors,35,36 lithium ion
batteries,22,37 solar cells,38 and fuel cells.39 However, to the best
of our knowledge, reports of ion diffusion behavior, especially
regarding Li+ diffusion coefficients, in 3DOM structures have
rarely been published. Because 3DOM structures are widely
used in energy storage and conversion applications (e.g. elec-
trochromism, lithium ion batteries, and supercapacitors), the
study of Li+ ion diffusion coefficients in 3DOM structures is
necessary to better understand how this kind of morphology
improves the performance.

Vanadium pentoxide (V2O5), with a layered structure, is a
promising material for electrochromic applications7,18,23,24

because of the observed reversible Li+ ion intercalation/de-
intercalation between its layers.40–42 However, the inherently low
Li+ diffusion coefficients (10�13–10�12 cm2 s�1) and moderate
electrical conductivity (10�3–10�2 S cm�1) of V2O5 materials43,44

have limited their lithium ion intercalation properties.
Here, anodic deposition of V2O5 into colloidal crystal

templates was used to prepare 3DOM V2O5 lms with pores of
various sizes. The effects of the resulting structural differences
on Li+ diffusion coefficients were studied. Optical contrast in
the visible and NIR spectral ranges is greatly enhanced, reach-
ing 50% transmission contrast at l ¼ 650 nm and 47% at l ¼
900 nm in the 3DOM V2O5 lm with a pore size of 210 nm. In the
3DOM structure, both lithium ions and electrons are trans-
ported in a 3-dimensionally bicontinuous model. The 3DOM
V2O5 lm with 210 nm pores exhibited a high Li+ diffusion
coefficient of 3.78 � 10�9 cm2 s�1, similar to that observed in a
carbon nanotube/V2O5 composite (3 � 10�9 cm2 s�1).45 The
results presented here provide an opportunity to address the
fundamental studies of a 3DOM structure for advanced elec-
trochromics and energy storage/conversion applications.
Experimental section

Monodispersed polystyrene (PS) latex spheres (diameters of
210, 340, and 840 nm) were obtained using emulsier-free
emulsion polymerization technology.46 PS colloidal crystal
templates were grown using a controlled vertical drying
method.46 Indium-doped tin oxide substrates (ITO, �9 U cm�2,
1 cm � 3 cm) were cleaned ultrasonically in acetone, in meth-
anol, and then in distilled water, for 20 min each. The cleaned
ITO glass substrates were placed into cylindrical vessels. A PS
sphere suspension diluted to 0.5 wt% was added into glass
3652 | J. Mater. Chem. C, 2014, 2, 3651–3658
vessels and then evaporated in an incubator at a stable
temperature of 60 �C.

Anodic deposition of V2O5 into polystyrene 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 the
counter electrode. Ethanol was used to reduce the surface
tension between the electrolyte and the polystyrene surface. The
pH of the electrolyte was adjusted to 2.7 using NaOH. Oxidation
of VO2+ and deposition of V2O5 proceeded through the following
reaction at a pH between 2.4 and 2.7:43

2VO2+ + 3H2O / V2O5 + 6H++ 2e (2)

Aer deposition, samples were immersed in a 1 : 1 mixture
(volume ratio) of DMF and toluene for 24 h to remove the
polystyrene templates. Finally, the as-prepared samples were
dried at 110 �C for 3 h and then annealed in air at 275 �C for 4 h.
For the sake of comparison, a dense V2O5 lm was also prepared
without a template.

The morphologies of the 3DOM V2O5 lms were character-
ized by scanning electron microscopy (SEM, FEI Helios Nanolab
600i). Crystalline structures of the V2O5 lms were investigated
using a rotation anode X-ray diffractometer (Japan Rigaku
DMax-rb) with graphite monochromatized Cu Ka radiation
(0.15418 nm) and High Resolution Transmission Electron
Microscopy (HRTEM, FEI Tecnai G2F30, 300 kV). In situ visible
and near-IR (NIR) electrochromic measurements were per-
formed using an experimental setup produced in-house (the
same setup used in ref. 47) in combination with a CHI 660C
electrochemical workstation (Shanghai Chenhua Instrument
Co. Ltd.). The experimental setup was sealed in an Argon-lled
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 ber; the other side was con-
nected to an optic spectrometer (MAYA 2000-Pro, Ocean Optics).
The V2O5 lm, Pt wire, and Ag/AgCl were used as the working
electrode, counter electrode, and reference electrode, respec-
tively. 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

lms, the lm electrodes were subjected to three cyclic vol-
tammetry (CV) cycles to ensure stability. CVmeasurements were
performed at room temperature between +1 and �1 V at a scan
rate of 5 mV s�1. Chronoamperometric measurements were
done by applying +1 V for 1000 s to de-intercalate all lithium
ions present, then setting the potential back to �0.5 V for 500 s
followed by +0.5 V for 500 s, and monitoring the current as a
function of time during testing.
Results and discussion

Fig. 1 shows top-view and cross-section SEM images of 3DOM
V2O5 lms with different pore sizes. Due to replication of the 3D
ordered structures of the colloidal crystal templates, all V2O5

lms grown directly on the conducting ITO layers display highly
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Typical top-view and cross-section SEM images of 3DOM V2O5

films with various pore sizes: (a) and (b) 210 nm, (c) and (d) 340 nm, and
(e) and (f) 840 nm. SEM images of the dense V2O5 film are shown in (g)
and (h).

Fig. 2 (a) XRD patterns of the 3DOMV2O5 films of various pore sizes as
well as a dense V2O5 film; (b) HRTEM image and SAED pattern of
3DOM V2O5 films of pore size of 210 nm.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
01

4.
 D

ow
nl

oa
de

d 
by

 H
ar

bi
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

on
 1

5/
05

/2
01

4 
03

:4
1:

14
. 

View Article Online
periodic honeycomb structures with nanoscale walls throughout
their entire volumes. The nanoscale walls can signicantly
decrease the diffusion length of Li ions during electrochromic
processes. Because of shrinkage during annealing, the macro-
porous structures become slightly deformed. Interestingly,
cross-section SEM images of the 3DOM V2O5 lms indicate that
two types of pores are present: large macropores with sizes
similar to those of the PS spheres and smaller mesopores on the
order of tens of nanometers, which formed at the contact points
between spheres. Such a hierarchical porous structure is
expected to not only provide continuous pathways for electron
transport, but also increase the number of possible intercalation
sites. The thicknesses of all 3DOM lms obtained were 1.1 �
0.1 mm, indicating the almost same solid volume in the 3DOM
V2O5 lms but a different surface area. In contrast, the V2O5 lm
prepared without a template showed a homogeneously dense
structure. For the comparison, a dense V2O5 lm of similar
thickness was prepared.
This journal is © The Royal Society of Chemistry 2014
X-ray diffraction patterns of the 3DOM and the dense V2O5

lms are shown in Fig. 2a. In addition to the diffraction peaks of
the ITO glass, the 3DOM V2O5 lms show both broad diffraction
peaks and distinct sharp peaks, indicating that the 3DOM
network is a mixture of crystalline and amorphous V2O5. The
two X-ray diffraction peaks at 2q ¼ 20.1� and 41.2� are assigned
to the (001) and (002) planes of orthorhombic phase V2O5

(JCPDS 41-1426). The crystallite sizes calculated from the
Scherrer equation are 17 nm, 15 nm, and 21 nm for the 3DOM
V2O5 lms with a pore size of 210 nm, 340 nm, and 840 nm,
respectively. In contrast, no crystalline V2O5 diffraction peaks
are found in the dense lm. To further analyze the crystalline
structure in the nanostructured walls, the bright-eld HRTEM
image and selected-area electron diffraction (SAED) pattern for
the 3DOM V2O5 lm with the pore size of 210 nm are obtained
in Fig. 2b. The HRTEM image clearly shows that the walls are
composed of nanocrystals and amorphous parts. The observed
lattice spacing is about 0.217 nm, which corresponds to the
distance between the (002) crystal planes of the orthorhombic
V2O5 phase. The SAED pattern (inserted in Fig. 2b) reveals a set
of diffraction rings typical for nanocrystalline orthorhombic
V2O5, in agreement with the XRD results. It can be concluded
that the conned deposition of V2O5 into the voids of PS
J. Mater. Chem. C, 2014, 2, 3651–3658 | 3653
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colloidal crystal templates improves the crystallinity of the
deposited lm. Our following publication will show that
majority of the crystalline particles are near the surface of the
3DOM skeleton wall surface. Typically, the increasing crystal-
linity can signicantly improve electrical conductivity,22,48which
is important for effective electrochromic reactions.22,23 Thus,
3DOM structures can enhance electrochromic performance by
improving lm crystallinity.

Fig. 3 presents the CV curves of the three 3DOM lms and
the dense V2O5 lm obtained at a scan rate of 5 mV s�1 using
1 M LiClO4 propylene carbonate electrolyte and a potential
window of�1 V. Over this potential range, the 3DOM V2O5 lms
exhibit four couples of redox peaks, which are assigned to phase
transitions between the a, 3, d, g, andu phases, according to the
literature.24,49,50 The above lithium ion intercalation processes
are accompanied by color changes. For the 3DOM V2O5 lms,
lms with smaller pore sizes exhibit larger current densities,
indicating larger active surface areas and shorter ion diffusion
distances, making the electrochromic reaction more effective.
The effect of pore size on the electrochromic properties can also
be shown by analysis of the CV redox peaks. The current
intensities of the d/g and g/u phase-transition peaks decreased
with increasing pore size, implying ineffective Li+ intercalation
reactions in 3DOM V2O5 lms with larger pores. Only two broad
featureless peaks are associated with the dense lm compared
to the four of the 3DOM lms, indicating poor Li+ intercalation/
de-intercalation in the dense lm. It is noteworthy that the
3DOM V2O5 lms exhibit four apparent couples of redox peaks,
indicating their lithium ion intercalation/de-intercalation
processes to be much more reversible than those of the dense
lm.24,49 In the case of that the colloidal crystal templates are
face-centered cubic (fcc) arrays, the duplicated 3DOM lms
show almost the same solid volume but different active surface
areas and Li+ diffusion distances. The surface area of a 3DOM
V2O5 lm depends on the number of stacked sphere layers.
Thus, the surface-area ratio is about 6 : 3 : 2 in the 3DOM lms
with pore sizes of 210 nm, 340 nm, and 840 nm. Taking the
dense lm into account, the surface-area ratio of 3DOM lms
Fig. 3 CV curves of the 3DOM V2O5 films as well as the dense V2O5

film, obtained at a rate of 5 mV s�1, in 1 M LiClO4 propylene carbonate
electrolyte.

3654 | J. Mater. Chem. C, 2014, 2, 3651–3658
with different pores to dense lm was 6 : 3 : 2 : 1. The inuence
of pore size on the thickness of nanostructured walls can be
deduced from the polyhedral position in the 3DOM structure. In
the 3DOM structure, the maximum wall size is situated at the
octahedral position, derived from octahedral voids of colloidal
crystals. The maximum size of octahedral voids is 0.414R/2,
where R equals the diameter of microspheres. Because of the
difference in the diameters of stacked microspheres, the
duplicated 3DOM structure V2O5 lms present different wall
sizes. In the case of the dense V2O5 lm, the Li+ diffusion
distance is the thickness of the prepared lm. Because of
multiple and reversible electrochemical reactions, these 3DOM
lms have signicant potential in electrochromism and other
ion intercalation applications, such as supercapacitors and
lithium ion batteries.

In situ visible and NIR transmittance measurements were
used to investigate the effects of the 3DOM structure on elec-
trochromic performance. Both the 3DOM lms and the dense
lm were colored by applying a constant voltage of �1 V (vs.
Ag/AgCl) for 40 s and bleached at 1 V (vs. Ag/AgCl) for 40 s.
Fig. 4a and b show the transmittance modulation (DT) of the
3DOM lms and the dense lm, respectively. All of the 3DOM
lms show larger DT values than does the dense lm over the
entire spectral region and the DT values of the 3DOM lms
decrease with increasing pore size. By combining larger active
surface areas and shorter Li+ diffusion distances for more
effective Li+ intercalation, with smaller crystalline grains for
electron transport, 3DOM V2O5 lms with smaller pores exhibit
better transmittance modulations. The DT values obtained at
wavelengths of 450, 650, and 900 nm are listed in Table 1. For
the 3DOM V2O5 lm with a pore size of 210 nm, 50% trans-
mission contrast is reached when l ¼ 650 nm, which is
comparable to the 3D interconnected porous V2O5 lm
prepared from a voided double-gyroid copolymer template
(approximately 50%)23 and much higher than a V2O5 lm
randomly stacked with V2O5 nanowires (approximately 20%).18
Fig. 4 Transmittance contrast of (a) the 3DOM V2O5 films and (b) the
dense V2O5 film; (c) optical density of both the 3DOM and the dense
films, and (d) electrochromic digital photographs of a 3DOM V2O5 film
with a pore size of 210 nm, under different potentials.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Optical characteristics of 3DOM V2O5 films and dense V2O5

film

Sample

DT at different wavelengths (%)

At 450 nm At 650 nm At 900 nm

Pore diameter: 210 nm 24 50 47
Pore diameter: 340 nm 26 38 30
Pore diameter: 840 nm 19 19 18
Dense lm 16 10 4

Table 2 Switching response of 3DOM and dense V2O5 films

Sample
Coloration
time (s)

Bleaching
time (s)

Pore size: 210 nm 1.7 3.2
Pore size: 340 nm 2.2 5.7
Pore size: 840 nm 3.0 3.5
Dense lm 13.1 13.5
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In the 3DOM structured lms, lithium intercalation into V2O5

under a cathodic potential of �1 V causes a fairly homogeneous
transmission of ca. 40% across the entire visible range, result-
ing in a dark grey coloration (Fig. 4d). Charge extraction under
an anodic potential of +1 V causes a strong absorption in the
400–500 nm spectral range, leading to a yellow color (Fig. 4d).
Optical density (DOD) is an important parameter for the eval-
uation of an electrochromic material's optical modulation
ability.32 Optical density can be dened as:

DODl ¼ log(Tbl/Tcl) (3)

where Tbl and Tcl represent the transmittance of the bleached
and colored samples, respectively. As shown in Fig. 4c, the
3DOM lms exhibit higher optical modulation ability than
the dense lm over the entire spectral region, and the DOD of
the 3DOM lms increases with decreasing pore size.

The second important aspect of electrochromism is the
temporal spectral response under alternating potentials. Alter-
nating potentials lead to alternating intercalation/de-intercala-
tion of Li+ ions, resulting in coloration/bleaching switching.1–3

Switching behavior was analyzed by monitoring the trans-
mittance at a wavelength of 800 nm under the application of a
square wave voltage between +1 V and�1 V. The switching time
is dened as the time required for reaching 90% of a material's
full transmittance change. Fig. 5 shows the transmittance-time
Fig. 5 Switching response curves of the 3DOMV2O5 films with various
pore sizes: (a) 210 nm, (b) 340 nm, and (c) 840 nm. The switching
response of the dense V2O5 film is shown in (d).

This journal is © The Royal Society of Chemistry 2014
response of the V2O5 lms. The 3DOM lms exhibit sharp
changes during potential transitions, while the dense lm
shows gradual changes. This phenomenon clearly indicates that
3DOM lms have much faster response times than the dense
lm. Characteristic switching times are listed in Table 2. From
Table 2, it can be seen that the coloration and bleaching
switching responses of all of the 3DOM lms are enhanced with
respect to the dense lm. By combining these values with
transmittance change values, response times of coloration and
bleaching are found to be only 1.7 s and 3.2 s, respectively, for
the 3DOM lm with a pore size of 210 nm. Contrarily, the
coloration and bleaching times of the dense lm are 13.1 s and
13.5 s, respectively. In addition, the response time of the 3DOM
V2O5 lm with a pore size of 210 nm is much shorter than that
of a V2O5 nanowire stacked lm,51 which required 6 s for
coloration and 5 s for bleaching. Moreover, the switching speed
of our 3DOM lms increases as the pore size decreases. As
discussed above, the switching speed of V2O5 lms depends on
three parameters: Li+ diffusion coefficient, Li+ diffusion
distance, and electrical conductivity.22–24 3DOM structures can
enhance the crystallinity of V2O5 lms, thus improving the
electron conductivity for effective electrochromic reactions.22,48

Interconnected macroporous structures can signicantly
decrease Li+ diffusion distances by maintaining large active
surface areas and low mass transport resistances.

Because of the wide application potential of 3DOM struc-
tures in the elds of electrochromism, batteries, and super-
capacitors, it is of importance that the effects of 3DOM
structures on Li+ diffusion coefficients be investigated. Chro-
noamperometry is useful technology for investigating Li+

diffusion coefficients in porous electrodes.52,53 Under diffusion-
limited conditions, the chronocoulometric response can be
described by the following equation:

Q ¼ 2n�1/2FAD1/2C0t
1/2 + Qdl + nFAG (4)

where Q is the integrated charge, A is the electrode area, D is the
chemical diffusion coefficient, C0 is the ion surface concentra-
tion, Qdl is the double-layer charging, and G is the concentration
of adsorbed species taking part in the faradaic reaction.

Fig. 6 shows the chronoamperometric response curves of
V2O5 lms in the potential region of 0.5 V to �0.5 V. Consistent
with the switching response results, the measured currents of
the 3DOM V2O5 lms decline faster than that of the dense lm.
3DOM V2O5 lms with smaller pores exhibit faster current
decreases. The slopes obtained from the Q � t1/2 plots of the
intercalation and de-intercalation processes for the V2O5 lms
J. Mater. Chem. C, 2014, 2, 3651–3658 | 3655
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Fig. 6 Chronoamperometric response curves of the 3DOMV2O5 films
and that of the dense V2O5 film in the potential region of �0.5 V to
+0.5 V.

Fig. 7 Plot illustrating differences in ion transport and electron
transport rates in the dense film and 3DOM V2O5 films.
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are plotted in Fig. 7. The slope is identied as 2n�1/2FAD1/2C0,
according to eqn (4). The t curves of the intercalation and de-
intercalation processes of the dense lm show axial symmetry
about y ¼ 0 while the 3DOM lms do not, indicating that the
incorporation of 3DOM structures signicantly impacts Li+

diffusion behavior. The slopes of the 3DOM lms increase with
decreasing pore size, implying that Li+ intercalation/de-inter-
calation is easier in 3DOM lms with smaller pores. As
demonstrated by the CV curves, four couples of redox peaks are
present in the potential region of 0.5 V to �0.5 V; therefore, n
equals 3. The diffusion coefficients calculated from Fig. 7 are
Table 3 Diffusion coefficient measured from the chronoampero-
metric response curves

Sample

Diffusion coefficient of Li+ (cm2 s�1)

Intercalation De-intercalation

Pore size: 210 nm 3.78 � 10�9 1.68 � 10�9

Pore size: 340 nm 2.42 � 10�9 1.07 � 10�9

Pore size: 840 nm 1.25 � 10�9 6.51 � 10�10

Dense lm 3.63 � 10�10 9.11 � 10�11

3656 | J. Mater. Chem. C, 2014, 2, 3651–3658
shown in Table 3. From Table 3, we can see that the diffusion
coefficients of intercalation and de-intercalation are enhanced
by the 3DOM structure. The Li+ diffusion coefficient in the ion
intercalation process is greater than that of the de-intercalation
process, making the coloration time shorter than the bleaching
time. During the Li+ intercalation process, the 3DOM V2O5

lm with a pore size of 210 nm has a very high Li+ diffusion
coefficient (3.78 � 10�9 cm2 s�1), 10.4 times greater than that of
the dense V2O5 lm (3.63 � 10�10 cm2 s�1). Seman et al.54

reported a diffusion coefficient of 1 � 10�11 cm2 s�1 for a V2O5

lm prepared by plasma-enhanced CVD.McGraw et al.44 reported
a diffusion coefficient of 1.7 � 10�12 cm2 s�1 in a V2O5 lm
deposited by PLD. More interesting is that the Li+ diffusion
coefficient of our 3DOM lm with a pore size of 210 nm is
much larger than that reported for V2O5 nanowires (5.3 � 10�10

cm2 s�1)18 and comparable to that reported for a V2O5/CNT
composite (3� 10�9 cm2 s�1).45 Due to its signicantly enhanced
Li+ diffusion coefficient, this 3DOM V2O5 lm has ignicant
potential for lithium-ion applications, such as electrochromics,
lithium ion batteries, supercapacitors, and sensors.

The inuence of the 3DOM structure on Li+ intercalation/de-
intercalation behaviors manifests in at least three aspects. Fig. 8
illustrates the inuence of the 3DOM structure on these
behaviors. Firstly, sharp nanoscale edges reduce the polariza-
tion of the electrode. Derived from the 3D ordered structure of
the colloidal crystal template, 3DOM V2O5 exhibits two types of
porosity: large macropores, formed by the PS spheres, and
smaller mesopores, formed by the contact points between the
spheres. The two-type interconnected porous structure has
various sharp nanoscale edges around pores which uniformly
distribute throughout the lm. Upon application of a potential,
a relatively high strength electric eld occurs at these sharp
nanoscale edges, resulting in a weaker electric eld in the
remaining surface and releasing the polarization there. Taking
into account the fact that the surface area of the sharp edges is
only a small portion of the total surface area, 3DOM lms can
decrease polarization within the electrode, facilitating Li+

intercalation/de-intercalation processes. Secondly, surface
roughness improves lithium ion intercalaction and de-
Fig. 8 Schematics illustrating the differences between ion transport
and electron transport in dense films, nanofibers, and 3DOM films.

This journal is © The Royal Society of Chemistry 2014
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intercalation. Rough surfaces work to the advantage of Li+

intercalation and de-intercalation because they create more
defects for lithium ions to quickly intercalate/de-intercalate
electrodes,22 minimizing the effects of sluggish solid-state ion
transport. Finally, nanocrystals in the 3D framework facilitate
the electron transport during electrochromic reactions.22,23,48

Conned deposition of V2O5 into colloidal-crystal-template
voids leads to nanocrystals in the wall surface, which improve
electrical conductivity. Because electrochromic reactions are
double injection of ions and electrons, the improved electrical
conductivity can accelerate the electrochromic reaction rate.
From the above discussion, it can be concluded that the
mechanism by which both electrons and ions react and are
transported in 3DOM structures is 3-dimensional. Contrarily, in
nanober-structured electrodes, although ions can diffuse into
the nanobers 3-dimentionally, axial electron transport is 1D.

Conclusions

Three-dimensionally ordered macroporous (3DOM) V2O5 lms
with various pore diameters were successfully fabricated
through anodic deposition of V2O5 into colloidal crystal
templates. The inuence of 3DOM structures on the electro-
chromic performance and lithium ion diffusion behavior is
discussed. A small pore size leads to plenty of Li+ intercalation
sites and thin network walls, resulting in high optical contrast
and fast switching response. A 3DOM V2O5 lm with a pore size
of 210 nm exhibits highly enhanced transmittance modulation
in the visible and NIR spectral regions (50% at l ¼ 650 nm and
47% at l¼ 900 nm) and fast response times (1.7 s for coloration
and 3.2 s for bleaching). Moreover, such a lm demonstrates a
very high Li+ diffusion coefficient of 3.78 � 10�9 cm2 s�1, which
is 10.4 times higher than that of the dense V2O5 lm (3.63 �
10�10 cm2 s�1). Three factors are responsible for these improved
Li+ diffusion behaviors: sharp nanoscale edges reduce polari-
zation of the electrode; surface roughness improves the ease of
lithium ion intercalaction and de-intercalation; and nano-
crystals in the 3D framework facilitate the electron transport
during electrochromic reactions.
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