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1. INTRODUCTION

Mesoporous thin films (MTFs) have recently attracted a lot of
interest in the field of energy storage in high power devices.1�6 In
lithium batteries or electrochemical capacitors, the “nano” effect
enables shorter diffusions paths for both lithium ion and elec-
trons, facilitating their transport and a higher lithium flux across
the interface.7�10MTFs, in particular, present a large surface area
and interconnected porosity which enables an excellent accessi-
bility of the electrolyte to the inner surface (1).11 If the MTF
network turns out to be mechanically robust and able to support
cycling, this architecture should not suffer from the loss of
electrical contact encountered in nanoparticle electrodes as a
result of the volume expansions experienced during the inter-
calation/deintercalation reactions. In addition, as no extra con-
ducting and binding reagents are added to the electrode, MTFs

are ideal models for understanding how the structural parameters
influence the electrochemical performance.12,13

In order to investigate the potentialities and limits of the soft-
templating approach in the case of complex oxide MTFs, this
work takes the challenge of synthesizing a metastable bicationic
oxide, NbVO5, as mesoporous thin films with different pore sizes
using a structure directing self-assembling method.

In the early 1990s, bulk NbVO5 has been investigated as an
electrode candidate in lithium batteries because it presents two
types of channels available for lithium ions transport; however, it
turned out to present a large structural distortion upon lithium
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electrodes in Li-ion energy storage systems because they offer high specific area and inter-
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retained on electrochemical cycling. In order to investigate the potentialities and limits of the
soft-templating approach in the case of complex transition metal oxide networks, we deliberately
selected a “difficult” compound: NbVO5 was chosen because it combines a challenging synthesis
with reported severe structural distortions during the first lithium insertion in the bulk material.
In this work, NbVO5 MTFs with different pore sizes were synthesized using the evaporation
induced micelles packing (EIMP) method. PS-b-PEO diblock copolymers of different molar
weights were used as structure directing agent in order to obtain wormlike porous networks with
pore size and wall thickness ranging from 15 to 100 nm. Thermal ellipsometry analysis, used to
track surfactant removal and crystallization of the layer, reveals that partial crystallization is
possible while retaining the mesoporous architecture. Electron tomography complements result from environmental ellipsometric
porosimetry, atomic force microscopy, and transmission electron microscopy to provide a comprehensive description of the
structure. A multilayer process is also proposed to build crack-free thick mesoporous films. The mechanical stability of MTFs
presenting three different pore sizes is tested by inserting Li+ in amorphous NbVO5 MTFs using cyclic voltammetry. Capacity
retention data show that the mechanical stresses associated with Li+ insertion are better accommodated by MTFs compared to
nonporous films, and this ability is enhanced as the pore size decreases.
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intercalation which causes 90% loss of capacity after the first
cycle.14,15 The distortion occurring upon the first Li+ intercala-
tion is attributed to the fact that, in the NbVO5 structure, V

5+

occupies tetrahedral sites. These sites are too small to accom-
modate the V4+ species formed after Li+ intercalation, leading to
a deformation of the oxygen network and consequently to the
trapping of Li+ species inside the framework.16 In a recent work,
Ren et al.17,18 have shown that mesopores (between 10 and
100 nm) in β-MnO2 micrometer-sized particles act as a buffer to
alleviate the adverse effect of volume expansion through elastic
deformation, thereby improving the cycling behavior. We here
propose to test the NbVO5MTFs to investigate to which extent a
mesoporous thin film architecture, depending on the pore size
(from 15 to 100 nm), can help to accommodate significant
stresses.

The synthesis of MTFs of several transition metal oxides can
be achieved relatively easily by techniques combining sol�gel
and evaporation induced self-assembly (EISA) of a block copo-
lymer with complexation of molecular inorganic species.11

However, it remains quite challenging to prepare vanadium oxide
MTFs due to the lack of thermal stability.19,20 This results from
the complexity of the vanadium chemistry in terms of valence and
coordination states, added to the fact that the condensation
reactions of the oxide network might be incomplete.21,22

In 2005, Yuan et al.23 obtained mixed MTFs of Nb�V oxides
(70�30 mol %) by EISA. In order to increase the vanadium
content to 50% or more, a structuring agent of high thermal
stability is necessary: the possibility to use higher temperature
should promote a more complete condensation of the inorganic
network. Sallard et al.13 have used such an approach to obtain
MTFs of WO3 with a KLE (poly(ethylene-co-butylene)-b-poly-
(ethylene oxide)) amphiphilic surfactant.

In a preliminary study of the Nb2xV2�2xO5 (0 e x e 1)
system,24 we empirically found that a 50�50 mol % mesoporous
architecture could be obtained using another amphiphilic diblock
copolymer surfactant: polystyrene-b-polyethylene (PS-b-PEO),
whose PS part is known to be calcined at high temperature.25,26

We preliminarly checked by cyclic voltammetry that lithiummay
be inserted/deinserted in these MTFs, with an electrochemical
capacity higher than that of a nonporous thin film of the same
composition.24 These first results suggested that NbVO5 was a
promising phase for our study.

In the present paper, we use in situ thermal ellipsometric
analysis to elucidate the thermal behavior of the surfactant-mixed
oxide hybrid thin films for three molar weights of the PS-b-PEO
surfactant. This technique gives access to the pyrolysis tempera-
ture of the surfactant and the crystallization temperature of the
inorganic walls. Based on these results, we discuss the influence
of the surfactant size on the formation of amorphous/crystalline
NbVO5 MTFs, showing that only partial crystallization of
NbVO5 MTFs could be achieved. However, amorphous MTFs
heated just below the crystallization limit present characteristics
reminiscent of the crystalline phase: vanadium in the +5 oxida-
tion state and tetrahedral coordination, as confirmed by several
structural characterizations (electron paramagnetic resonance,
X-ray photoelectron spectroscopy, and 51V nuclear magnetic
resonance). They are therefore expected to suffer from the large
structural distortion induced by the first lithium insertion, as
required to test the stability of the MTF architecture against
significant mechanical stresses. Lithium insertion�extraction in
MTFs with different pore sizes and nonporous films was carried
out by cyclic voltammetry.

Electron tomography in the transmission electron microscope
(TEM-TOMO) was combined with atomic force microscopy,
transmission electron microscopy, and environmental ellipso-
metry porosimetry to reach a comprehensive description of the
porous amorphous NbVO5 network. The pore shape and their
3D interconnectivity can be visualized through a movie in-
cluded in the paper. We also propose a process to achieve
crackfree thick MTFs (up to 1.3 μm) through a multilayer
deposition process taking advantage of the use of a thermally
stable structuring agent.

2. EXPERIMENTAL SECTION

2.1. Film Preparation. Mesoporous thin films of NbVO5 were
prepared by the evaporation-induced micelles packing method (EIMP).27

Three polystyrene-block-polyethyleneoxide (PS-b-PEO) structuring
agents were used. The molecular weights of the PS and PEO blocks in
hereafter-named PSA, PSB, and PSC surfactants are 17,000 g/mol and
39,000 g/mol (PSA), 40,000 g/mol and 110,000 g/mol (PSB), and
105,000 g/mol and 190,000 g/mol (PSC). In a typical synthesis, 100 mg
of surfactant (PSA/PSB/PSC) is dissolved in 1.4 g of tetrahydrofuran
(THF) and heated a few minutes at 70 �C in order to achieve complete
dissolution. After cooling, 1.5 g of ethanol, 2 mL of a NbCl5 solution
(0.9 mol 3 L

�1 in ethanol), and 2 mL of a VCl4 solution (0.9 mol 3 L
�1 in

ethanol) are added. The solution is then equilibrated for 1 h before
adding 0.32 g of distilled H2O. The as obtained blue-green solution is
kept one night at 10 �C and is finally heated successively 3 times at 70 �C
for 1 min just before dip coating. The substrate (superficially oxidized
silicon wafer, FTO-coated glass, or 0.14-mm-thick glass) is dipped in the
solution and withdrawn at a rate of 1�2.5 mm/s at a relative humidity of
10%. The film is then stabilized at 180 �C for 10 min in air. Multilayer
films are obtained by repeating the procedure several times. The single-
layer and multilayer films are then calcined at 350 �C for 10 min and
finally annealed at 500 �C for 1 min in air. A single layer film is typically
100-nm thick.

Dense films were also prepared in the same conditions but without
PS-b-PEO surfactants. Wettability of the substrate was improved by
adding ∼1 mg of F127 (EO100-PO65-EO100) to these solutions.

Metallic-free PSA/PSB/PSC based solutions were also prepared for
diffusion light scattering measurements following the previously de-
scribed procedure except that 4 mL of ethanol was added in place of
4 mL of the vanadium/niobium chloride precursor solution.
2.2. Characterization. Dynamic light scattering measurements

were performed using Viscotek 802 DLS. Atomic force microscopy
(AFM) was performed with a Veeco DI-CPII in noncontact mode.
Scanning electron microscopy (SEM) was performed using a Philips
XL30 FEG-SEM. Transmission electron micrographs (TEM) of frag-
ments scratched from the films were obtained in a TECNAI G2 TWIN
(LaB6, 200 kV). An electron tomogram was recorded thanks to the Suite
Explore 3D (from FEI Company). The sample was tilted from �60� to
+60�, with a 1.5� step. The treatment of the TEM images to obtain the
reconstructed volume and the isosurfaces was done with the program
Amirar (from Mercury).

Ellipsometry measurements were performed on a UV�visible
(240�1000 nm) variable angle spectroscopic ellipsometer fromWoollam
and analyzed with the WVase32 software. Environmental ellipsometry
porosimetry measurements were conducted using a controlled relative
humidity chamber at room temperature. Pore volumes and pore size
distributions were obtained from the film refractive index and thickness
data using the isotropic inorganic pore contraction model (IIC) and a
modified Kelvin equation.28 Thermal ellipsometric analyses (TEA) were
performed at 10 �C/min using a previously described setup.29 X-ray
diffractograms were obtained using a Bruker D8 grazing incidence
diffractometer (Cu KR radiation, 1� incidence, 0.04�/s step size, 3 s/step).
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51V static NMR patterns were recorded on scratched and ground films
mixed with SiO2 in a Bruker Avance DSX 400WB spectrometer (B0 =
9.04 T, pulse width = 0.8μs; delay time = 0.2 s). The chemical shifts were
referenced relative to Na3VO4. EPR measurements were recorded at
10 K in a Bruker Elexsys-500 spectrometer (X band; ν = 9.3813GHz) on
films deposited on thin glass and ground to powder. The simulation and
numerical double integration of the spectra (see Figure S.I.4 of the
Supporting Information for details) were performed using EasySpin.30

XPS analyses (C 1s, O 1s, V 2p, K 2p, Nb 3d) were performed on a
Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester, U.K.)
equipped with a monochromatized aluminum X-ray source (powered at
10 mA and 15 kV). Special care was taken to avoid vanadium reduction
under vacuum.31 A detailed description is provided in Figure S.I.4 of the
Supporting Information.

Electrochemical tests were performed using a conventional cell. Two
Li foils were used as negative and reference electrodes; the film
(deposited on FTO/glass substrates) was used as positive electrode
(area = 4 cm2). The electrolyte was 1 mol 3 L

�1 LiPF6 in ethylene
carbonate/dimethyl carbonate (1/1 v/v). Cyclic voltammograms were
measured using a PAR 263A potentiostat from 3.8 to 1.8 V vs Li+/Li� at
various scan rates (0.007, 0.05, 0.1, 0.5, 1, 5, 20, 50, and 100 mV/s). The
negative current corresponds to reduction processes. The effective active
mass of the electrode can be deduced from the thickness and the
porosity obtained from ellipsometric measurements.

3. RESULTS AND DISCUSSION

3.1. Solution Characterization. Prior to chemical solution
deposition (CSD), diffusion light scattering (DLS) measure-
ments were performed in order to probe a possible organization
of the structuring agent. In metal-free PSA, PSB, and PSC
solutions, micelles are present and exhibit a narrow diameter
size distribution centered at 20, 60, and 100 nm, respectively (see
Figure S.I.1 of the Supporting Information). In the correspond-
ing solutions containing V and Nb precursors, the micelle sizes
increase to 40, 100, and 350 nm, respectively (see Figure S.I.1 of
the Supporting Information). Since the surfactant concentration
was kept constant (see the Experimental Section), the increase
of the micelle apparent diameter highlights the chelating role
of PEO with respect to the inorganic species.32 Besides, the
presence of micelles indicates that the formation of hybrid films
by CSD results from an evaporation induced micelles packing
process (EIMP), preferentially to the well-known evaporation
induced self-assembly (EISA) procedure.27

3.2. From Hybrid Films to MTFs. Going from hybrid films to
crystalline mesoporous films requires a finely tuned thermal
treatment. In order to throw some light on the temperature range
of the removal of the template and the crystallization of the
vanadium niobium mixed oxide, the behavior of the hybrid films
was followed in situ while heating by thermal ellipsometric
analysis (TEA).29 As an illustration, the variations of the thick-
ness and the refractive index of PSB-based hybrid film are
reported in Figure 1. The corresponding derivative curves are
also shown in Figure 1. The data for PSA- and PSC-hybrid films
are shown in the Supporting Information (Figure S.I.2).
The derivative curve of the refractive index presents three

maxima, corresponding to three main processes (denoted I, II,
and III in Figure 1) occurring during the thermal treatment.
Process I is described by a large contraction and a rapid

increase of the refractive index of the film, suggesting a significant
densification of the inorganic walls allowed by the removal of the
PEO shell part of the micelles. Process II is characterized by a
large drop in the refractive index, which means that porosity is

generated after the removal of the PS core. Simultaneously, the
thickness decreases because of the thermally induced unidirec-
tional contraction of the porous network, already reported for
other oxide systems.33

From the TEA results obtained for the PSA, PSB, and PSC
hybrid films, it is deduced that the temperature range of template
departure (process I + II) slightly depends on the copolymer size.
It is equal to 180�350 �C for PSA, 200�360 �C for PSB, and
200�390 �C for PSC.
Process III is characterized by an abrupt decrease in the

relative thickness together with a drastic increase in the refractive
index. This corresponds to a rapid and large densification of the
film resulting from the destruction of the porous framework.
Such a collapse of the mesostructure at high temperature could
be due to the fact that the porous network cannot sustain the
extensive diffusive sintering process which follows the formation
of crystallites in the inorganic walls. The temperature of process
III depends significantly on the surfactant size; it is evaluated to
be 440, 460, and 465 �C for PSA-, PSB-, and PSC-based films.
The high slope of the increase in the refractive index curve and
the associated decrease in the film thickness suggest that process
III is very fast.
To confirm that process III is correctly ascribed to the collapse

of the mesoporous structure after crystallization of NbVO5,
ex-situ TEM images of PSB-films treated to 430 and 465 �C are
shown in Figure 2d and e, respectively. Figure 2d shows a well-
defined wormlike mesoporous network. However, in the case
of the treatment at a slightly higher temperature (Figure 2e),
the mesoporous network seems to be partially collapsed and the
diffraction pattern indicates the presence of crystallites inside the
inorganic walls. The same study was conducted for PSA films,
and the results are presented in Figure 2a and b. It appears that
the collapse of the mesostructure is already observed at 445 �C.
Crystallites are detected on the diffraction pattern and are
highlighted by bright spots in the corresponding dark-field
image (Figure 2c). Since the NbVO5 crystallization tempera-
ture is not pore size dependent (Tcryst = 440 �C) and since the

Figure 1. Thermal ellipsometric analysis collected at a ramp of 10 �C/min.
Temperature dependence of the refractive index (top) and the relative
thickness (bottom) for NbVO5 PSB-film and the corresponding deri-
vatives of the curves (dashed lines).
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temperature of the mesostructure collapse (process III) in-
creases from PSA- to PSC-based films, it is deduced that
mesoarchitecture presenting thicker walls (typically PSB and
PSC) is able to better accommodate diffusive sintering and,
therefore, to enclose NbVO5 small crystallites. This behavior
has already been reported in the literature for other transition
metal oxides.20,34,35

Thermal ellipsometric analysis has shown that a fine-tuning of
the thermal treatment was of utmost importance in order to
preserve the mesoporous network. On the basis of the TEA
curves, an efficient short heat treatment was developed to obtain
mesoporous niobium vanadium mixed oxide films from the
hybrid films. The films were first treated at 350 �C for 10 min
in order to condense the inorganic mixed oxide network, while
removing most of the organic part. A short treatment at a higher
temperature (1 min at 500 �C) was then applied to strengthen
the inorganic framework, to eliminate the last residues of
surfactant. X-ray diffraction confirmed that the amorphous
character was retained, as shown in Figure S.I.3(a) of the
Supporting Information. It has to be noted that 500 �C is higher
than the temperature of process III deduced fromTEA; however,
a film heated progressively to 450 �C and one flashed at 500 �C
for 1 min have different thermal histories and, thus, different
energy inputs, which can explain why a film flashed at 500 �C is
still amorphous.
3.3. Characterization ofMTFs.The PSA, PSB, and PSC films

heated at 500 �C for 1 min were investigated by TEM and AFM
(Figure 3).
A porous architecture appears to be successfully achieved

whatever the structuring agent. The pore size increases when the
size of the copolymer blocks increases. Typical pore sizes are
∼15,∼50, and∼100 nm (macroporous) for PSA, PSB, and PSC
films, respectively. The pore size distribution is quite narrow for
PSA and PSB films; however, it is quite large for the PSC film
even though the micelle size distribution was narrow in the
solution. The thickness of the inorganic walls is in the same size

range as the pore size. The increased pore size (from PSA to
PSC) is related to the larger effective size of the micelles,
while the increased thickness of the inorganic walls is related
to the increasing molar ratio between MT and PS-PEO (MT/
PS-PEO).11 In the case of PSA and PSB films, the pores appear to
be wormlike structured.

Figure 2. (a, b) Bright field TEMmicrographs of NbVO5 PSA films. The films were calcined at a rate of 10 �C/min up to 435 �C (a) and to 445 �C (b).
(c) Dark field image of part b. (d, e) Bright field TEMmicrographs of NbVO5 PSB films calcined at a rate of 10 �C/min up to 455 �C (d) and 465 �C (e).
(f) Bright field TEMmicrograph of a PSB film calcined at 500 �C (60 s)�510 �C (30 s)�520 �C (30 s)�530 �C (30 s). Insets show the corresponding
diffraction patterns.

Figure 3. AFM (a, b, c) and TEM (d, e, f) images of amorphous NbVO5

MTFs prepared by EIMP using (a, d) PSA, (b, e) PSB, and (c, f) PSC
surfactant. The films were heated at 350 �C for 10 min and at 500 �C
for 1 min.
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Porosimetric ellipsometric measurements are presented in
Figure 4a for the PSA-film. The adsorption�desorption iso-
therm shows 30% water-accessible porous volume. The pore
diameter distribution is centered on 14 nm (inset of Figure 4a),
which is consistent with the size provided by TEM. The shape of
the isotherm, characterized by the absence of hysteresis, suggests
that the pores are shaped as closed cylinders.36 In order to
support this hypothesis, the film architecture has been visualized
by electron tomography. The volume reconstructed from TEM
images of the sample tilted around an axis is presented inMovie 1
of the Supporting Information; one of these TEM images is
presented in Figure 4d. The movie shows the tridimensional
mesoporous architecture. A portion of the reconstructed volume
is presented in Figure 4b and c. It appears that pores have merged
to form parallel tubes as predicted by the porosimetry measure-
ment. The center to center distance was evaluated to be about
20 nm (Figure 4c). Two of these tubes are locally connected
through a perpendicular channel which displays the tridimen-
sionality of the mesoporous framework.
At this stage, the mesoporous Nb�V mixed oxide is amor-

phous. The achievement of a crystalline mesoporous film appears
challenging because the diffusive sintering upon NbVO5 crystal-
line growth is strongly detrimental to the mesostructure. In order
to take up this challenge, films presenting thick inorganic walls
(PSB-based) which are able to better accommodate sintering are
investigated, and a careful thermal post-treatment allowing
increase of the number of nucleation centers while limiting
crystal growth was selected. The latter consists in a succession
of very short flashes at high temperature, typically 500 �C
(60 s)�510 �C (30 s)�520 �C (30 s)�530 �C (30 s), which
was applied after the 350 �C (10 min) step on a PSB-based film.
TEM and the corresponding diffraction pattern attest respec-
tively of the preservation of the mesostructure and of the

presence of NbVO5 crystallites inside the walls (Figure 2f). In
light of these results, it appears that only partial crystallization is
possible and requires a delicate procedure. Therefore, it would be
more convenient to use amorphous NbVO5 for our electroche-
mical study of the stability of the MTF architecture. It is necessary
to check that vanadium is found as V5+ in tetrahedral coordina-
tion in the amorphous phase just below the crystallization limit.
Electron paramagnetic resonance reveals the presence of V4+

in the films (Figure S.I.4A of the Supporting Information). More
quantitative information concerning the surface of the film was
obtained by X-ray photoelectron spectroscopy: 95% of the
surface vanadium species are present as V5+, while only 5% as
V4+ was detected (Figure S.I.4B of the Supporting Information).
The content of V4+ is small compared to what was reported in the
literature for hybrid mesostructured thin films of pure vanadium
oxide prepared by EISA.21 The latter study pointed out that at
least 50% of V4+ is needed, since it acts both as a condensation
activator and as a 3D-orientator of the inorganic network to allow
for pore curvature.21 This V4+ property is actually widely used
in the synthesis of vanadium oxide nanotubes.37 In our case, Nb5+

appears to have a stabilizing effect on the inorganic network,
allowing a lower V4+ content. Static 51V solid state NMR
experiments on scratched amorphous NbVO5 MTFs heated at
500 �C for 1 min (see Figure S.I.4C of the Supporting
Information) show the presence of vanadium with a chemical
shift typical of tetrahedral coordination. The above results thus
confirm that amorphous NbVO5 films heated just below the
crystallization limit contain mainly V5+ in coordination 4 and are
therefore suitable for the electrochemical study.
Cyclic voltammograms of PSA, PSB, and PSC-NbVO5 amor-

phous MTFs treated for 10 min at 500 �C are presented in
Figure 5a. These curves are compared to the electrochemical
response of a nonporous film as a reference.

Figure 4. (a) Environmental ellipsometric porosimetry: water adsorption�desorption isotherm (main figure) and the corresponding pore-size
distribution (inset) of a PSA-based NbVO5 film treated at 500 �C for 1 min. (b, c) Electron tomography reconstruction: pores perpendicular to the
substrate: side view (b); top view (c). (d) Corresponding TEM image at 0� tilt.



4129 dx.doi.org/10.1021/cm103481n |Chem. Mater. 2011, 23, 4124–4131

Chemistry of Materials ARTICLE

Regarding the capacity of the material to insert Li+ during the
first cycle, it appears that the current densities are larger for
mesoporous films compared to dense films, confirming our
preliminary results obtained for the PSA films.24 The capacity
is found to increase when the pore size decreases, i.e., from PSC
to PSA. The PSA film, presenting the smallest pore size
(∼15 nm), is expected to present the highest capacity, due to
the higher contact surface area between the electrode and the
electrolyte.34

It is observed that the Li+ inserted upon the first reduction
process is not fully extracted during the first oxidation step
(Figure 5a). In the case of the PSA film, for example, 1.3 Li+ per
NbVO5 are inserted while only 0.5 Li+ are effectively extracted
(Figure 5b, c), neglecting the double layer/pseudocapacitive
contribution and thus assuming that the totality of the current
is assigned to the lithium insertion process (see Figure S.I.6 of the
Supporting Information).
For the second cycle, the system presents more reversible

lithium insertion/extraction (+0.8 Li+/�0.5 Li+). In addition,
the integrity of the mesoporous architecture after 20 cycles was
verified by TEM in the case of an amorphous PSA film (see
Figure S.I.5 of the Supporting Information).
Poor reversibility in the first cycle is often attributed to the

formation of a solid electrolyte interface (SEI) layer.38 However,
for V2O5 and Nb2O5 thin films prepared under similar condi-
tions, this irreversibility is not observed.24 SEI layer formation is
therefore probably not the only relevant phenomenon. As
mentioned in the Introduction, bulk crystalline NbVO5 is known
to lose 90% of its initial capacity after the first Li+ insertion.15,16

This value is close to what is obtained here for the dense
amorphous film. The table in Figure 5c shows that the percentage
of retained capacity from the first to the second cycle increases
from PSC to PSA. Considering that capacity retention is directly
related to the ability to accommodate mechanical stresses, our
results suggest that better accommodation is obtained for smaller
pore size and wall thickness (ratio of pore size and wall thickness
is always ∼1 in the present study). PSA films have pores in the
15 nm range.

Increasing the capacity of the material may be achieved by
increasing the film thickness through multilayer deposition. In
the approach detailed in the Experimental Section, we take
advantage of the high thermal stability of the PS-b-PEO structur-
ing agent, rationally selecting the heat treatment applied between
each deposition step in order to allow the condensation of the
inorganic network to occur while keeping the structuring agent
intact. After a final heat treatment at 500 �C, crack-free meso-
porous thick films are obtained. Figure 6 shows the SEM
micrograph of a 1.3-μm-thick PSA-NbVO5 MTF prepared by
multidipping (nine layers).
Ellipsometric porosimetry measurements reveal that the ac-

cessible porosity represents 17% of the bulk volume, compared
to 30% for the 100-nm-thick one-layer film. This decrease is
probably due to the numerous intermediate heat treatments. It
might be possible to increase the accessible porosity through an
optimization of the multilayer deposition, for example by apply-
ing the procedure recently described in ref 39. The cyclic
voltammograms of multilayer films with up to nine layers are
presented in Figure 7. It shows that the first cycle capacity
regularly increases with the film thickness, proving that the

Figure 5. (a, b) Cyclic voltammograms obtained at a scan rate of 0.5 mV/s. (a) First cycles of PSA, PSB, PSC, and dense films of amorphous NbVO5

heated at 500 �C. (b) First and second cycles of PSA films of amorphous NbVO5 (heated at 500 �C). (c) Table reporting Li+ insertion capacities of the
first and second cycles for PSA, PSB, PSC, and dense films.

Figure 6. SEM micrograph of an amorphous NbVO5 PSA thick film
resulting from a multidipping process. The 1.3-μm-thick film on silicon
consists of nine layers, stabilized at 180 �C after each layer deposition
and finally heated at 350 �C for 5 h.
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interconnected porosity is effectively accessible to the electrolyte
through the whole thickness of the film. The here-proposed
multilayered process therefore appears promising for obtainment
of thick mesoporous films. Since this process has been developed
for a very complex system, it should be easily extended to a large
range of materials used in energy storage applications.

4. CONCLUSION

This study uses in situ thermal ellipsometric analysis to better
understand the limitations of synthesizing fully crystalline mixed
oxide mesoporous thin films (MTFs) through the soft templat-
ing method. In the context of using mesoporous films in energy
storage applications, this work highlights how small pores can be
beneficial in terms of mechanical stability in the case of large
structural distortion such as induced by lithium insertion in the
NbVO5 structure.

Amorphous NbVO5 MTFs presenting wormlike mesoporous
structure with pore and inorganic wall sizes from 15 to 100 nm
were successfully obtained via the EIMP method from ethoxy-
chloride precursor solutions containing micelles of PS-b-PEO
structuring agent. Thermal ellipsometric analysis (TEA) per-
formed on the stabilized films revealed the behavior of the
mesoporous layer upon heating in terms of surfactant removal
and crystallization. We found that the calcination of the structur-
ing agent begins at about 220 �C with the PEO elimination and
ends at around 380 �C with the PS micelle core removal. This
confirmed the greater thermal stability of PS-b-PEO compared
with Pluronic surfactants. Condensation reactions occurring at
higher temperatures can consequently take place in the presence
of the template. This mechanically stabilized framework can then
support the complete removal of surfactant, leading to the
mesoporous amorphous thin films shown here by AFM and
TEM. Upon crystallization, however, TEA showed that this
architecture undergoes an abrupt collapse as a result of the rapid
diffusive sintering of the NbVO5 crystallites. Only a fine
control of the heat treatment together with thick inorganic
walls (g50 nm) allows preserving the mesostructure while
partially crystallizing the NbVO5 phase, showing the limita-
tions of the self-assembling method in obtaining a fully crystal-
line mixed oxide.

Lithium insertion in amorphous NbVO5 MTFs with three
different pore sizes was investigated by cyclic voltammetry and
compared to the cases of nonporous films. It turned out that the
mesoporous network was less drastically affected than the non-
porous one by the structuralmodification. Furthermore, the smaller
the MTF pore size, the higher its ability to accommodate stresses.
In addition, the electrochemical characterizations confirmed the
expected capacity gains offered by MTF architectures compared to
nonporous thin films, due to the higher surface area in contact
with the electrolyte. The capacity of thematerial could be increased
by using thicker films prepared by the here proposed multilayer
deposition (1.3-μm-thick films after nine layers).

’ASSOCIATED CONTENT

bS Supporting Information. Figure S.I.1 presents the diffu-
sion light scattering results for the PSA-, PSB-, and PSC-
precursor solutions with and without inorganic precursors.
Figure S.I.2 shows the thermal ellipsometry analyses collected
for NbVO5 PSA-films but also for PSB- and PSC-films. Figure S.
I.3 presents X-ray diffractograms of theNbVO5 PSB-films treated
for 10 min at 350 �C (amorphous) and up to 600 �C (crystalline).
Figure S.I.4 evaluates the oxidation state (using EPR and XPS
results) and coordination (51V static NMR) of vanadium in PSA-
NbVO5 film heated at 500 �C for 1 min. Figure S.I.5 shows the
TEM image of NbVO5 PSA-MTF after 20 cycles of Li+ inser-
tion�extraction (0.5 mV/s), highlighting the intact wormlike
mesostructure. Figure S.I.6 presents a description of a typical
PSA-NbVO5 film voltammogram in terms of vanadium and
niobium contributions; it also identifies one of the electrochemical
processes occurring as a faradaic lithium diffusion controlled
Process.40,41 Movie 1 presents a visualization of the mesoporous
architecture of a PSA-based thin film of amorphous NbVO5. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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Figure 7. (a) Cyclic voltammograms (scan rate: 0.5 mV/s) of PSA-multilayer films. (b) Evolution of the current density of the reduction process as a
function of the film thickness. The regression line is close to what could be expected from the extrapolated curve obtained from the value of a one-
layer film.
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