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The reversible intercalation of ions into and out of a host
crystal lattice is the foundation of many applications, such as
switchable electrochromic devices and rechargeable Li+-ion
batteries.[1–4] A frequently investigated host material is TiO2,
in rutile or anatase form, as the lattice allows small ions, such
as H+ or Li+ ions, to be reversibly inserted from an electrolyte
solution when a comparably low cathodic voltage is applied.[5]

The insertion is accompanied by a reduction process, TiO2+

Y+ + xe�$YTiO2 (Y+ is the charged ion, for example, H+ or
Li+). The formation of a Ti3+ species leads to a drastic change
in the electronic and optical properties (a swift color change)
of the material.[6–9] The kinetics and magnitude (color
contrast) of H+- or Li+-ion insertion, as well as the reversi-
bility of the electrochromic reaction, are controlled by solid-
state diffusion/migration of the incorporated species. To
shorten the solid-state diffusion path and time, efforts have
been made to operate TiO2-based devices with nanoparticu-
late systems.[10] Herein, we use a nanotubular geometry and
show that the solid-state diffusion step can be drastically
accelerated by a widening of the host TiO2 lattice by niobium
doping. Moreover, the lattice widening makes the TiO2/Nb
nanotubes much less sensitive to morphological damage in
repeated intercalation cycles, compared with classical TiO2
nanoparticles (such as Degussa P25) or undoped TiO2 nano-
tubes. Furthermore, the lattice widening effected by niobium
is so great that not only H+ and Li+ ions can be inserted into
the widened TiO2 lattice, but even much larger Na

+ ions.
Self-ordered nanotube layers can be grown using a simple

electrochemical process on titanium and other transition
metals.[11–16] The nanotube length can vary from approxi-
mately 100 nm to several hundred micrometers, and the
diameter from 10 to 200 nm.[17,18] Generally, the “as-formed”
nanotubes are amorphous, but they can be annealed to form a
crystalline anatase structure.[19]

Figure 1b presents a layer (1 mm thickness) of TiO2
nanotubes that were grown in a phosphate–fluoride electro-
lyte on a titanium substrate, and Figure 1c presents a layer
(1 mm thickness) of TiO2/Nb nanotubes that were grown
under similar conditions on a b-Ti55Nb45 (b-Ti45Nb) substrate.
For comparison, a film (1 mm thickness) of P25 nanoparticles
on a titanium substrate is presented in Figure 1a. Compared

Figure 1. Field-emission scanning-electron microscope (FE-SEM)
images of cross-sections and top views (insets) of a) a layer of P25
nanoparticles on a titanium substrate, b) a layer of TiO2 nanotubes on
a titanium substrate, and c) a layer of TiO2/Nb nanotubes on a single-
phase b-Ti45Nb substrate.
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to titanium or niobium substrates, titanium–niobium alloys
provide greater geometrical flexibility with respect to the
achievable tube length and diameter.[20] X-ray diffraction
(XRD), energy-dispersive X-ray (EDX), and X-ray photo-
electron spectroscopy (XPS) analyses showed that the as-
formed TiO2 and TiO2/Nb nanotubes are amorphous, and that
the TiO2/Nb nanotubes have a uniform ratio of atomic
concentrations (26% Ti, 13% Nb, and 61% O) over the
entire length of the nanotubes.
For any intercalation application, the magnitude and

speed of the intercalation process, the reversibility of the
switching process, the required threshold potential for switch-
ing, and the long-term stability of the nanostructures are
factors of prime importance. Figure 2 shows the coloration

and bleaching process for the three samples shown in
Figure 1. Very strong color contrast is observed for the
TiO2/Nb nanotubes, while almost no color contrast is appar-
ent for the P25 nanoparticles and the TiO2 nanotubes
(Figure 2a). The exchanged charges due to H+ uptake and
release are QP25= 8.3 mCcm�2 for the P25 nanoparticles,
QTi= 76.4 mCcm

�2 for the TiO2 nanotubes, and QTiNb=

126.1 mCcm�2 for the TiO2/Nb nanotubes, indicating a
significantly increased storage capacity in the niobium-
doped nanotubes. Typical for intercalation processes with
TiO2 nanostructures is that repeated proton insertion and
release leads to a slow, continuous deterioration of the
nanostructures[21,22] (inset in Figure 2b) and a lower color
contrast (DR). However, the TiO2/Nb nanotubes retain their
morphological integrity and color contrast during the entire
cycling sequence (Figure 2b). The anodic charge after
100 cycles decreased by only 21% for the TiO2/Nb nanotubes,
while it dropped by a factor of two for the TiO2 nanotubes and
by a factor of three for the P25 nanoparticles.

From Figure 2c, it is apparent that a significantly smaller
threshold potential for switching is required for the TiO2/Nb
nanotubes. For example, to achieve a color change of contrast
comparable to that observed for the TiO2/Nb nanotubes at
� 1 V (DU= 2 V), switching potentials of � 1.5 V (DU= 3 V)
and � 2 V (DU= 4 V) are necessary for the TiO2 nanotubes
and the P25 nanoparticles, respectively.
The insertion kinetics are significantly affected by the

niobium doping of the TiO2 nanotubes. From Figure 2d, it is
apparent that the switching rate constants (Dk) determined
for the TiO2/Nb nanotubes are several times higher than for
the other systems, particularly for moderate switching poten-
tials. Even more drastic effects occur for the insertion of Li+

ions and, surprisingly, Na+ ions into the TiO2/Nb nanotubes in
non-aqueous electrolytes. While the insertion of H+ and Li+

ions into TiO2 nanostructures is well-documented, there had
not previously been a convincing demonstration that bigger
ions, such as Na+ ions, could be inserted into a TiO2
nanostructure.
Figure 3 shows current-response and reflectance values

for a series of different cathodic polarization potentials. For
the three types of nanostructures, the insertion of Li+ ions is

accompanied by a color change, once a threshold cathodic
polarization potential is reached: for the P25 nanoparticles,
the threshold potential is around �1.3 V, for the TiO2
nanotubes it is around �1 V, and for the TiO2/Nb nanotubes
considerable switching occurs even at �0.7 V (Figure 3a and
b). Under the experimental conditions used herein, no
significant insertion of Na+ ions was detected for the P25
nanoparticles or the TiO2 nanotubes, whereas reversible
insertion and release of Na+ ions, combined with reversible

Figure 2. a) Photographs of the P25 nanoparticles, the TiO2 nanotubes,
and the TiO2/Nb nanotubes polarized anodically at 1 V and cathodi-
cally at �1 V in 0.1m HClO4 (H

+ insertion) in the first cycle. b) Color
contrast (DR) after 100 cycles of anodic/cathodic polarization (inset:
SEM image of the TiO2 nanotubes after 100 cycles). The anodic/
cathodic potential was applied for 20 s. c) Color contrast and
d) switching rate constant (Dk) calculated from reflectance measure-
ments when a potential pulse was applied. DU =1 V corresponds to
the potential switching from 0 to �0.5 to 0.5 V with a 20 s pulse.

Figure 3. Amperometric measurements under different cathodic polar-
ization potentials during potential pulsing in propylene carbonate
containing a) 1m LiClO4 (Li

+ insertion) and c) 1m NaClO4 (Na
+

insertion) for the P25 nanoparticles, the TiO2 nanotubes, and the
TiO2/Nb nanotubes. Reflectance measurements performed simultane-
ously with the amperometric measurements b) in (a) and d) in (c).
The anodic potential used during potential pulsing was 0 V.
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color switching, was detected for the TiO2/Nb nanotubes
(Figure 3c and d).
We ascribe the strong effects of the niobium doping of the

TiO2 nanotubes to a lattice expansion that widens the
intercalation path for field-aided ion insertion and extraction.
Figure 4a shows the XRD patterns for the TiO2 and TiO2/

Nb nanotubes annealed at 450 8C in air. Only anatase

reflections are detected in the XRD patterns of both types
of nanotubes; no peaks that can be attributed to Nb2O5 or
other niobium oxides are detected. However, for the TiO2/Nb
nanotubes, a shift of all the anatase peaks to lower q values is
observed in the XRD pattern (Figure 4b). By using BraggGs
law,[23] assuming tetragonal symmetry, we calculated the
following cell parameters: for the TiO2 nanotubes, a= 3.792
and c= 9.492 H, and for the TiO2/Nb nanotubes, a= 3.830 and
c= 9.532 H (accuracy: � 0.0005 H).
Furthermore, the lattice expansion is supported by density

functional theory (DFT) band calculations (see Figure S1 in
the Supporting Information). The cell volumes and the c/a
ratios of anatase (TiO2) and of NbTi3O8 were obtained from
total-energy calculations. In NbTi3O8, the central titanium
atom of the Ti4O8 anatase unit cell is replaced by a niobium
atom. The optimized volume of 143 H3 and the c/a ratio of
2.55 determined for anatase are in good agreement with the
reported results.[24] The optimized volume of 146 H3 deter-
mined for NbTi3O8 (the optimized c/a ratio is 2.55) is greater
than that for anatase. Moreover, the calculated energy barrier
for the hopping of Li+ ions between neighboring octahedral
sites in anatase decreases by about 0.1 eVupon increasing the
cell volume from 128 to 142 H3. The results are in line with the
experimentally observed lattice widening and increasing of

the switching rate constant in the TiO2/Nb nanotubes, which
lead to facilitated ion hopping (insertion) within the lattice.
In summary, the novel TiO2/Nb nanotubes reported

herein have a well-defined geometry, with a short diffusion
length, and enlarged lattice parameters, which reduce the
diffusion/migration barrier for small ions into the host
structure. Therefore, the insertion of larger ions, such as
Na+ ions, is facilitated, uptake kinetics are greatly improved,
storage capacity is increased, electrochromic color contrast is
increased at a reduced switching potential, and resistance
against electrode deterioration is increased.

Experimental Section
For the substrates, titanium (99.6% purity, Advent) and a single-
phase b-Ti45Nb alloy (ATIWah Chang) were cut into 2 J 2 cm pieces.
These surfaces were polished using a suspension of 0.06 mm colloidal
silica. Afterwards, the substrates were sonicated successively in
acetone, isopropanol, and methanol, followed by rinsing with
deionized water and drying in a nitrogen stream.

Details about the anodization set-up are given elsewhere.[25] To
form the layers of nanotubes, the substrates were anodized in a
phosphate–fluoride electrolyte (1m NaH2PO4+ 0.5 wt% HF, pH 4.5)
at 20 V (Ti) and 10 V (b-Ti45Nb). The potential was ramped from the
open circuit potential (OCP) to the final potential with a step rate of
500 mVs�1 and was held at the final potential for 2 h. After
anodization, the samples were rinsed with deionized water and
dried in a nitrogen stream.

The film of P25 nanoparticles was prepared by dispersing P25
nanoparticles (0.5 g, Degussa) in deionized water (500 mL) and then
ultrasonicating the dispersion for 30 min to obtain a uniform
suspension. Afterwards, the suspension (1 mL) was applied to the
mechanically polished metallic titanium surface and dried in air for
several hours. The sample was then annealed for 1 h at 450 8C in air.
The steps of applying the suspension to the titanium surface and
thermally annealing the sample were repeated several times, until a
thickness of approximately 1 mm was obtained.

Thermal treatments of the nanostructured layers were carried out
using a rapid thermal annealer (Jipelec JetFirst 100) for 1 h at 450 8C
in air, with a heating/cooling rate of 30 8Cmin�1.

A field-emission scanning electron microscope (Hitachi FE-SEM
S4800) was used for morphological characterization of the samples.
The length of the nanotubes was directly obtained from SEM cross-
sections.

XRD analysis was performed with a powder diffractometer
(XGpert Philips PMD with a Panalytical XGcelerator detector) using
graphite-monochromatized CuKa radiation (l = 1.54056 H).

For the insertion of H+, Li+, and Na+ ions, and for the electro-
chromic measurements, the samples were mounted into an O-ring-
based electrochemical cell. Opposite to the sample, a platinum ring
electrode and an Ag/AgCl electrode were used as counter and
reference electrodes, respectively. The wall of the cell consisted of a
quartz-glass window. The cyclic voltammetry and chronoamperomet-
ric measurements were performed using an Autolab/PGSTAT30
setup.

To evaluate the switching rate constant and the color contrast,
reflectance measurements (l = 600 nm) were carried out during
potential pulsing in 0.1m HClO4 in water, in 1m LiClO4 in propylene
carbonate, and in 1m NaClO4 in propylene carbonate. After the
potential is switched to cathodic, the reflectance decreases exponen-
tially according to I= (Imax�Imin)e�Dkx + Imin, where Imax is the max-
imum reflectance intensity, Imin is the minimum reflectance intensity,
andDk is the switching rate constant. The contrast of the color change
is expressed by DR= Imax/Imin.

Figure 4. a) XRD patterns of the TiO2 and TiO2/Nb nanotubes after
annealing at 450 8C for 1 h in air. Labels indicate anatase reflections.
b) Comparison of the two main anatase peaks in the XRD patterns of
the P25 nanoparticles, the TiO2 nanotubes, and the TiO2/Nb nano-
tubes.
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Total-energy and force first-principles calculations were carried
out using a plane-wave pseudopotential method in the framework of
DFT.[26,27] We used Vanderbilt-type ultrasoft pseudopotentials[28] and
the generalized gradient approximation (GGA) of Perdew–Wang for
the exchange–correlation functionals.[29] A 20 J 20J 8 Monkhorst–
Pack grid of special k points in the irreducible Brillouin zone and a
plane-wave cutoff of 500 eV were used in the calculations. Activation
energies were obtained from plots of energy versus lattice coordi-
nates.
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