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In 1995 Masuda and Fukuda demonstrated that highly
ordered, self-organized porous alumina structures can elec-
trochemically be grown by anodizing aluminium in an oxalic
acid electrolyte under a set of optimized electrochemical
conditions.[1] This initiated a large amount of follow-up work
that used these structures either directly (e.g. as filters or
photonic materials) or indirectly as a template for the
deposition of a wide range of materials as nanowires, nano-
rods, or nanotubes.[2] Self-organized porous oxide growth was
believed to be constrained to alumina, until in 1999 Zwilling
et al. introduced the growth of self-organized TiO2 nanotubes
from Ti electrodes when anodized in a fluoride-containing
electrolyte.[3] In the following years, the “dilute” fluoride-
based electrolytes were refined, not only to allow for an ever
increasing control of the TiO2 nanotube geometry,[4] but dilute
fluoride solutions were also found to be extremely versatile to
grow highly ordered anodic nanotubes or nanoporous layers
on other metals such as Zr, Hf, Nb, Ta, and a wide range of
alloys.[5] Common to all these anodic oxide growth procedures
is that water is used as a source for oxide formation and
fluorides are used to solubilized excess cations—this estab-
lishes a formation–dissolution steady-state situation. To
achieve self-organizing oxide tubes or pore-growth condi-
tions, the H2O and F� contents in the electrolyte need to be
optimized. A difficulty is that the dilute fluoride solutions also
lead to chemical etching of the generated oxide structure, that
is, for optimized conditions the chemical resistance of the
formed oxide against fluoride and H2O etching may become
crucial. This is no problem for oxides such as Ta2O5 or Nb2O5

(and only mildly for TiO2), but an extremely high etching
susceptibility prevented (in spite of many attempts) the
growth of defined ordered anodic layers from one of the most
important transition-metal oxides, V2O5. Here, we show how
to overcome this problem by using complex fluoride electro-
lytes such as [BF4]

� or [TiF6]
2�, which allow for the first time,

to successfully grow self-organized nanoporous and nano-
tubular V2O5 structures.

This is of special significance as V2O5 is one of the most
investigated transition-metal oxides because of its application
in catalysis, lithium batteries, electrochromics, and sensors.[6]

For many of these applications nanoscale geometries bear
significant advantages in view of electronic, magnetic, cata-
lytic, and ion intercalation properties.[7] Up to now the
synthesis of V2O5 nanotubes was mainly achieved by hydro-
thermal treatments, which yield randomly oriented assem-
blies (a nanotube powder).[8]

The key challenge for the preparation of self-organized
V2O5 nanotubes or any vanadium oxide by electrochemical
techniques is the instability of vanadium oxide in any water-
containing electrolyte and the ease of formation of highly
soluble complexes with a wide range of anions. Some work
has shown the feasibility to grow compact layers or films of
anodic vanadium oxide in specific nonaqueous electrolytes.[9]

But over the past few years numerous attempts failed to
anodically grow V2O5 nanotubes or ordered porous layers.[10]

Virtually any electrolyte that is typically used for fabricating
other transition-metal oxide nanotubes or ordered pore
arrays was explored but failed (an overview of such attempts
is compiled in the Supporting Information, Table S1). Here,
we demonstrate that using complex fluoride salt electrolytes
such as [TiF6]

2� and [BF4]
� enable self-organized anodization.

In a first approach, we formed [TiF6]
2� species by

dissolving pure titanium in HF and then dissolving this
solution in ethylene glycol which was then used for anodiza-
tion. After parameter screening for the dissolved Ti content,
HF concentration, water content, and applied voltage we
established conditions to grow highly ordered nanoporous
and nanotubular vanadium oxide structures as shown in
Figure 1. The vertically aligned vanadium oxide nanoporous
layer shown in Figure 1a has a thickness of 13 mm and a pore
diameter around 15 nm and was fabricated by anodization of
a vanadium foil in an ethylene glycol (EG) containing 0.2m
HF and 300 ppm Ti electrolyte at 120 V for 2 h. By extending
the anodization duration to 24 h, a tubular structure as shown
in Figure 1b can be formed (the top-view SEM images of
typical tubular structures versus porous structures are given in
Figure S1 in the Supporting Information). From the thick-
ness–time curve shown in Figure 2a, it is found that a steady
increase of oxide growth takes place and, for example, after
12 h of anodization a highly ordered nanoporous/tubular
layer of approximately 45 mm thickness can be achieved (see
Figure S2 in the Supporting Information). The growth rate of
the porous layer becomes slower with extended anodization
duration, which is a typical for self-organized anodic layers.[11]

We investigated the influence of the [TiF6]
2� concentra-

tion in the range from 200 (equivalent to 4.7 mm [TiF6]
2�) to

1500 ppm Ti (equivalent to 35 mm [TiF6]
2�). An etched layer
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with a poorly-defined porous structure was obtained for
concentrations below the optimum (see Figure S3 in the
Supporting Information). The quality of the porous layer
decreases and partly etching of the porous layer takes place
(see Figure S4 in the Supporting Information) when the
concentration is above the optimum. Self-ordered growth is
limited to highly optimized electrolyte concentration condi-
tions. In control experiments, HF concentration and water
content in the electrolyte were investigated (see Figure S5 in
the Supporting Information). The results demonstrate that
addition of HF or water to the electrolyte leads to etching and
dissolution of the porous layer. Also any attempts to use
“aged” electrolytes or electrolyte containing V-fluoride
species failed (see Figures S6a and S6b in the Supporting
Information). For the successful preparation of all layers it
should also be noted that the “as-formed” anodic V2O5 layer
is hygroscopic and adsorption of moisture from air leads to a

quick decay of the structure (see Figure S6c–6f in the
Supporting Information), that is, a fast transfer to a dry box
or annealing is required to keep the structures stable.

As for other anodic porous oxide layers, the applied
voltage is an important factor to control the pore diameter.[12]

As shown in Figure 2b the pore diameter for the ordered
V2O5 layers increases linearly with the applied voltage. To
confirm that the key role for enabling V2O5 self-organized
oxide growth is indeed the [TiF6]

2� complex, we performed
additional experiments and gave directly 7 mm (NH4)2TiF6 to
0.1m HF. In such a (NH4)2TiF6-containing electrolyte V2O5

porous layers are grown as well (see Supporting Information
Figure S7a). To generalize the approach, we tested the
feasibility of the [BF4]

� complex, namely in the form of
NH4BF4 and NaBF4 (ethylene glycol with 14 mm NH4BF4 or
NaBF4 electrolyte and 3m H2O; additional experiments are
shown in Figure S7b in the Supporting Information). Figur-
es 1c and 2c show that also in this system highly ordered V2O5

nanoporous layers with an average pore diameter of 10 nm
can be anodically formed up to thickness of several 10 mm.
The thickness–time curve of porous layers grown in [BF4]

�-
containing electrolytes (Figure 2a) also shows a trend similar
to that of layers produced in [TiF6]

2�.
The chemical composition of the samples was examined

by energy dispersive X-ray (EDX) and X-ray photoelectron
spectroscopy (XPS) at different stages of the experiment, that
is, immediately after anodization, after soaking in ethanol

Figure 1. a) SEM images of the nanoporous V2O5 layer anodically
grown in [TiF6]

2� electrolyte (300 ppm Ti, 0.2m HF, EG) for 2 h.
b) SEM images of V2O5 with tubular structure anodically grown in
[TiF6]

2� electrolyte for 24 h, and c) nanoporous V2O5 layer anodically
grown in [BF4]

�-containing electrolyte (14 mm NaBF4, 3m H2O, EG).
The inset in (a) shows a surface SEM image, whereas the insets in (b)
and (c) show cross-section SEM images.

Figure 2. a) Time–thickness curves of nanoporous V2O5 layers anodi-
cally grown in [TiF6]

2� and [BF4]
�-containing electrolytes (squares:

300 ppm Ti electrolyte dissolved in EG, triangles: 14 mm NaBF4

electrolyte with 3m H2O in EG). b,c) SEM images of the porous layers
anodically formed in [TiF6]

2� and [BF4]
�-containing electrolytes at 120 V

for 2 h, respectively. d) Applied voltage–diameter curve of the porous
layer anodically grown in Ti (300 ppm) electrolyte. e,f) SEM images of
the porous layers formed at 40 and 300 V, respectively.
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overnight and after annealing at 200 8C. It is evident that high
amounts of fluorides are present on the surface of the layer as
well as in the porous structure (Figure 3 a and Figure S8 in the
Supporting Information). These fluoride compounds are
gradually removed by soaking in ethanol and then totally
eliminated after heat treatment at 200 8C. The finding of very
high fluoride contents through the entire as-formed sample
confirms that during anodization permanently fluorides are
embedded in the oxide structures. XPS was also used to
evaluate the chemical composition of the as-prepared sample
and the sample after annealing at 200 8C for 3 h. Vanadium is
present in all samples with peaks of binding energies around
517.54 eV for V2p3/2 and 525.03 eV for V2p1/2, respectively,
which can be assigned to V5+.[13] Fluorine is only present in the
sample before annealing with a binding energy around
685.84 eV. The results of EDX and XPS agree well. Addi-
tionally, X-ray diffraction (XRD) techniques were used to
investigate the crystal structure of the porous vanadium oxide
layer. Before the sample was annealed we did not observe
peaks assigned to crystalline vanadium oxides, which indi-
cates an amorphous oxide layer. The porous layer crystallizes
as orthorhombic V2O5 phase after annealing at 200 8C for 3 h
(Figure 3c). The crystallization temperature of a porous V2O5

layer is considerably lower relative to bulk V2O5 (the
crystallization temperature is around 300 8C) possibly because
of the specific structure of the porous layer or size effects on

the nanoscale.[14] Furthermore, neither EDX,
XPS, and XRD show Ti uptake in the porous
layer in any form, that is, not [TiF6]

2� as such is
embedded in the structure or forms an ab-
sorbed or precipitated layer of vanadium
(oxide) but F� species interact with vanadium
(oxide).

The special role of complex fluoride ions
may be that they form comparably stable
fluoride adducts with VO2

+ ions and promote
the formation of VOx–Fy adducts as reported
recently for solutions containing [BF4]

� .[15]

After formation of the nanotubes/channels
the outer part of the nanotubes/channels is
mainly composed of a vanadium oxide–fluo-
ride adduct, which is not stable in water or
adsorbs moisture from air.[16] Only after
annealing this layer of vanadium oxide–fluo-
ride can be totally transformed to V2O5 and
becomes stable.

To preliminary assess the practical value of
such porous V2O5 layers we study their appli-
cation in lithium-ion intercalation batteries as
insertion host, which is one of the most
promising applications of V2O5. We used
crystallized V2O5 porous layers (annealing at
200 8C) directly as electrode, to test the lith-
ium-ion battery performance (for experimen-
tal details see the Supporting Information).
The lithium-ion charge/discharge process was
investigated in a conventional electrolyte, that
is, 1m LiPF6 in a 1:1 ethylene carbonate and
diethyl carbonate mixture, with Li metal as the

counter and reference electrodes. The potential window for
galvanostatic charge/discharge processes was set between 2.7
and 4 V (vs. Li/Li+). Within this potential window 1 mol of Li+

is known to reversibly intercalate into 1 mol of V2O5, which
corresponds to a maximum specific capacity of
148 mAhg�1.[17] A typical charge/discharge profile obtained
by a current density of 1/4 C (about 37 mA g�1) at room
temperature is shown in Figure 4. Two pairs of charge/
discharge plateaus with high symmetry can be found from the

Figure 3. a) EDX spectra obtained after different treatments. b,d) XPS analysis on both
the surface of the layer as well as the inner porous structure (the X-ray photoelectron
spectra of the inner porous structure were obtained after sputtering in the sample,
100 nm deep), c) XRD pattern of the nanoporous layer before and after soaking and
after annealing at 200 8C (S-orthorhombic phase of V2O5, V: vanadium substrate).

Figure 4. Lithium-ion galvanostatic charge/discharge curves of the
porous V2O5 layer (anodically grown at 120 V for 1 h) at current
densities of 1/4 C.
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profiles which are due to the reversible phase transitions
between different lithium-ion intercalated V2O5 phases.[18] A
capacity of 142 mAhg�1 is obtained, that is, a coulombic
efficiency of more than 99% can be achieved. Another
promising property revealed by the porous V2O5 layer is the
high cycling stability combined with a high energy density of
around 450 Whkg�1 (see Figure S9 in the Supporting Infor-
mation) which are better than conventional V2O5 electrode
materials.[19] Considering that these results are obtained with
a structure which has a lot of room for optimization (length,
annealing conditions) and the fact that the present findings
can compete with the best reported nanostructured V2O5,
gives this material a very promising perspective for use in
lithium-ion intercalation devices. Another advantage of the
highly ordered V2O5 porous layer is that it is directly grown on
a conductive substrate, that is, it provides an easy operation
for lithium-ion battery devices without addition of polymeric
binders or graphitic particles to improve the electronic
conduction in the electrode.[17]

In summary, we show that V2O5 layers with homogeneous
nanoporous and nanotubular structures can successfully be
fabricated by anodization of vanadium using complex fluo-
ride-based electrolytes. The pore size and layer thickness can
be controlled by the electrochemical conditions. These highly
ordered V2O5 porous layers have a high potential for
applications, for example, in lithium-ion batteries. Moreover,
this simple and very successful approach may provide a new
platform for growth of ordered oxide structures on transition
metals where formation of self-organized oxide layers was not
observed so far.

Experimental Section
Vanadium foils (0.25 mm, 99.8%, Advent Materials) were used as
substrates, which were ground and polished to a mirror finish before
use, followed by rinsing with deionized (DI) water and ethanol,
respectively. Electrochemical anodization was carried out at room
temperature in a solution of ethylene glycol (EG, Riedel-de Ha�n,
99.5%) with different amounts of HF, that is, from 0.1 to 0.6m
(40 vol%, Merck). Before anodization, metallic titanium with differ-
ent concentrations from 200 to 2000 ppm was dissolved in the solution
to introduce [TiF6]

2� ions in the electrolyte. As control experiments,
other buffer species such as (NH4)2TiF6 (Sigma–Aldrich, 99.99%),
NH4BF4 (Sigma–Aldrich, 99.99%), and NaBF4 (Sigma–Aldrich,
� 98.0%) were used (7 mm (NH4)2TiF6 with 0.1m HF, 14 mm

NH4BF4 or NaBF4 with 3m H2O in ethylene glycol). Other control
experiments were done by dissolving V of different concentrations in
the fluoride electrolyte. Anodization was conducted at different
potentials from 40 to 300 V for certain duration to grow nanoporous
layers. Experiments were carried out at room temperature in a two-
electrode set-up with platinum gauze as a counter electrode. After
anodization, the samples were immersed in ethanol overnight
followed by annealing at 200 8C for 3 h in air. A field-emission
scanning electron microscope (Hitachi FE-SEM S4800) equipped
with an energy dispersive X-ray (EDX) analyzer was used to
investigate the morphology and composition of the samples. The
crystal structure of the sample was evaluated using X-ray diffraction
(XRD) analysis which was performed by an X’pert Phillips PMD with
a PANalytical X’celerator detector using graphite-monochromatized
CuKa radiation. Additional investigation on the composition and
chemical states of the anodic layers was obtained from using X-ray
photoelectron spectroscopy (XPS, PHI 5600, PerkinElmer). Lithium-

ion insertion experiments were performed as discussed in the
Supporting information (Figure S9).
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