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ABSTRACT: Galvanostatic and cyclic voltammetric experiments
have been used to identify the main capacity limiting phenomenon
for TiO2 nanotube electrodes with nanotube lengths between 4.5
and 40.5 μm and mass loadings up to 10.5 mg cm−2. The results for
the nanotube electrodes, which were synthesized by using a two-
step anodization and evaluated in pouch cell batteries containing
lithium metal counter electrodes, show that higher capacities could
be obtained by using voltammetric rather than galvanostatic cycling
and that the capacity is limited by the TiO2 lithiation step. The
maximum average TiO2 lithiation degree (which correspond to an
average composition of about Li0.55TiO2) is a result of a decrease in
the lithium ion diffusion rate with an increasing concentration of
LixTiO2 in the nanotubes. This saturation effect is also responsible for the diffusion-controlled decrease in the capacity seen when
increasing the constant current cycling rate. The different electrochemical lithiation and delithiation behaviors are explained based
on the differences between the LixTiO2 and TiO2 concentration profiles obtained in the nanotubes. During the lithiation, the
increasing LixTiO2 concentration in the nanotubes gives rise to a decreasing lithiation voltage when the LixTiO2 concentration
becomes sufficiently high. The areal capacity of the nanotube electrodes can be increased from 0.18 to 1 mAh cm−2 (at a rate of C/
5) by increasing the length of the nanotubes from 4.5 to 40.5 μm. Although the cell resistance is shown to be practically independent
of the nanotube length, the increasing mass loading and hence current required at a given cycling rate result in larger iR drops for the
longer nanotubes. The data also indicate the presence of a lithium-ion trapping effect due to two-way diffusion of lithium ions in the
lithiated nanotubes in analogy with the behavior previously found for lithium-alloy-forming electrode materials.
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1. INTRODUCTION

During the past decade significant efforts have been made to
improve the power performance of lithium-ion batteries to
obtain batteries with high energy as well as power densities.
These activities stem from the increasing demand for improved
rechargeable batteries suitable for use in several applications
including consumer electronics and electric vehicles.1,2

Extensive research has been conducted regarding the develop-
ment of different nanostructured electrode materials (e.g.,
transition metal oxides and carbon materials) as a means of
improving the power densities of lithium-ion batteries1,3,4 by
decreasing the diffusion distances in the electrode materials.
The increased surface area of such nanostructured materials
has, however, also been reported to give rise to increased
problems (e.g., irreversible capacities) due to unwanted
reactions involving the electrolyte.1,4

Although many reports1,3 have demonstrated that excellent
high-rate battery performances can be achieved with various
nanostructured electrode materials, it is important to note that
the power densities in many cases were obtained with thin film
electrodes (e.g., electrodes with a thickness <1 μm) having

relatively low active mass loadings (e.g., <0.1 mg cm−2). While
such electrodes are interesting from a scientific point of view,
their capacities would generally be too low for most practical
applications. Care should consequently be taken when
comparing power densities for electrodes with different mass
loadings as practically any electrode material would exhibit a
high power density when present as a monolayer on an
electrode surface. It is hence very important to develop
nanostructured electrode materials that exhibit high energy and
power densities even for mass loadings of the order of several
mg cm−2.
It is also important to realize that the performances of

conventional lithium-ion batteries depend on the presence of
additional (inactive) components such as binders and
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conductive additives. As a result, the performance of the
electrode in the battery often becomes dependent on, for
example, the slurry preparation processing method, the nature
of the additives, the obtained interfaces between the different
electrode components, and the porosity and pore size
distribution of the electrode, in addition to the electrochemical
behavior of the active material and the used mass loading.2,4−7

To systematically study the influence of the mass loading on
the electrochemical performance of a specific electrode
material, the influence of the above-mentioned factors should
clearly be minimized. This can be done by using freestanding
additive-free electrodes with readily controllable mass loadings.
It the latter case it is important that electrode thicknesses and
active material mass loadings, analogous to those typically used
in lithium-ion batteries, can be realized. This means that the
electrode thickness should be between 10 and 70 μm and that
the active material mass loading should be 2.5−15 mg cm−2.
There is consequently a strong need for the development of
well-defined, binder (and additive)-free monolithic electrodes
with readily scalable mass loadings which can be used as model
electrodes in fundamental studies on the electrochemical
performance of different materials.
One promising way to increase the energy and power

densities of lithium-ion batteries involves the replacement of
the conventional composite electrodes with freestanding three-
dimensional (3D) electrodes composed of nanorods or
nanotubes. With these types of binder- and additive-free
monolithic electrodes, it should be possible to obtain mass
loadings enabling the attainment of high energy densities while
at the same time realizing the short radial diffusion lengths
required to obtain good rate performances. In addition, this
type of monolithic electrode also facilitates fundamental
studies of the parameters controlling the rates of the lithiation
and delithiation processes and hence the capacities of the
electrode material.
During the past decade, nanostructured TiO2 has been

extensively studied as an alternative anode material to graphite
in, for example, high-power-density lithium-ion bat-
teries.4−6,8−14 In TiO2 (e.g., anatase) nanotube-based electro-
des, lithium ions are inserted as counterions to maintain the
electroneutrality as the titanium is reduced from Ti4+ to Ti3+

according to the following reaction: TiO2 + xLi+ + xe− =
LixTiO2. Although the theoretical capacity of TiO2 is 335 mAh
g−1 for x = 1,3 a maximum lithiation degree of x = 0.5 is
generally assumed,15 yielding a practical TiO2 capacity of 168
mAh g−1. The high potential, around 1.8 V vs Li+/Li, makes
TiO2 a safer alternative compared to graphite but also increases
the need for high-voltage cathode materials to obtain a battery
with sufficiently high energy and power densities.6 Although
the volume expansion of titanium dioxide upon its lithiation is
small, i.e., below 4%,3,6 its electrical conductivity is generally a
limiting factor for bulk TiO2 materials. The influence of this
problem can, however, be decreased significantly when using
different TiO2 nanostructures. Titanium dioxide nanotube
electrodes have, for example, been shown to exhibit stable
performances during thousands of cycles.16 It is therefore
reasonable to assume that freestanding and vertically aligned
TiO2 nanotube-based electrodes obtained via anodization of
titanium should be well-suited for fundamental studies of, for
example, the influence of the mass loading on the electro-
chemical performance of the electrodes. The fact that the TiO2
nanotube length can be varied to obtain different mass loadings
has already been explored in conjunction with lithium-ion

microbattery applications.2,5,17 Although the electrochemical
performance of TiO2 nanotube based electrodes has been
described by several authors,5,18−20 the influence of the
nanotube length and hence the mass loading on the
electrochemical performance of the electrodes has so far not
been investigated systematically. It is therefore still not clear
which factors limit the capacity of TiO2 nanotube electrodes
with high mass loadings at high cycling rates.
In the present work, the influence of the nanotube length on

the capacity and electrochemical performance of monolithic
anatase TiO2 nanotube electrodes is systematically investigated
for electrodes with nanotubes with a length of 4.5−40.5 μm.
With mass loadings up to 10.5 mg cm−2, the capacities of these
electrodes are comparable to those used in conventional
lithium-ion battery electrodes. The capacity limiting factors are
studied for different nanotube lengths and cycling rates by
using both constant current and cyclic voltammetry experi-
ments. It is shown that the nanotube length influences the
capacity as well as the rate performance of the electrodes and
that the delithiation process is inherently more straightforward
than the lithiation process. This difference between the
electrochemical behaviors seen during the delithiation and
lithiation steps is demonstrated to stem from the different
concentration profiles for the lithiated form of TiO2 generated
in the nanotubes. The advantages of using both cyclic
voltammetry and constant current experiments in the electro-
chemical characterization of the nanotube electrodes and the
identification of the capacity limiting steps are also discussed.

2. EXPERIMENTAL SECTION
2.1. Manufacturing of the TiO2 Nanotubes. The TiO2

nanotubes were manufactured by using a previously described5

anodization process. Prior to the anodization, the titanium foils (0.1
mm thick, 99.6+% purity, Advent) were cut into 1.5 cm × 1.5 cm
pieces that were cleaned by sonication in ethanol for 15 min, followed
by rinsing with deionized (DI) water and drying in a flow of nitrogen.
The anodization electrolytes were prepared from ethylene glycol
(99.5% purity, <0.1 wt % of H2O) which was mixed with DI water (5
vol %) and NH4F (0.1 or 0.2 M). All electrolytes were prepared by
using reagent grade chemicals (Sigma-Aldrich). The anodizations of
the titanium pieces were performed by using a two-step process at
room temperature employing a two-electrode system comprising a
platinum counter electrode as previously described.5

The first anodization step was performed with a DC power source
(SM7020-D or SM3004-D, Delta Elektronika) by stepping the voltage
from zero to the desired value (i.e., 60−75 V), after which the voltage
was maintained for at least 3.5 h. The obtained nanotube layer was
then removed by using sonication in DI water to expose the
underlying textured titanium substrate.

The second anodization was performed on this textured titanium
substrate using the same experimental conditions (as used in the first
anodization step) for up to 2 h. After this, the samples were rinsed in
DI water and finally dried in a flow of nitrogen. Annealing treatments
of the formed TiO2 layers were performed in air at 350 °C for 5 h
employing a heating rate of 6 °C min−1 starting at room temperature,
after which the samples were left to cool within the furnace.

2.2. Material Characterization. High-resolution scanning
electron microscopy (SEM) (Zeiss 1550) was used to study the
morphology of the obtained anodic TiO2 films, and cross-sectional
measurements were performed on mechanically cracked samples. The
average mass of the 10 μm long TiO2 nanotubes was determined by
peeling off five nanotube films from the titanium substrates by using
sonication in DI water combined with mechanical bending, after
which the weight difference was determined with an analytical semi-
microbalance (Mettler Toledo, AT261 Delta Range, 0.01 mg). X-ray
diffractometry (XRD) was employed in the crystal structure

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c00298
ACS Appl. Energy Mater. 2020, 3, 4638−4649

4639

www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00298?ref=pdf


characterization of the annealed nanotubes layers using a grazing
angle of 1°, employing a Siemens 5000D diffractometer equipped
with monochromatic Cu Kα radiation.
2.3. Battery Assembly and Testing. The lithium-ion battery cell

assembly involving the TiO2 nanotube electrodes was performed as
previously described.5 Prior to the assembly, all electrodes were dried
in a vacuum oven inside the glovebox at 120 °C for 5 h. The TiO2

nanotube electrodes, with an area of about 1 cm2, were electro-
chemically tested against metallic lithium foil counter electrodes in
polymer-coated aluminum pouch cells containing a glass fiber
separator (Whatman) soaked with an electrolyte composed of 1.0
M LiPF6 in EC:DEC (1:1) electrolyte (BASF, LP40).

The assembled cells were galvanostatically cycled between 1.5 and
2.5 V vs Li+/Li using an Arbin or Digatron battery tester at different

Figure 1. SEM micrographs depicting the employed highly ordered TiO2 nanotube electrodes: (a) large area top view, (b) cross-sectional view, and
(c−i) the lengths of the TiO2 nanotubes (i.e., the thicknesses of the TiO2 electrodes). The inset in (a) shows a magnification of the top-view image.

Figure 2. (a) Cyclic voltammograms for 4.5 μm long nanotubes at three different scan rates. (b) Cyclic voltammograms for 34.5 μm long
nanotubes at three different scan rates. (c) Charge and discharge curves for 4.5 μm long nanotubes (d) Charge (delithiation) and discharge
(lithiation) curves for 34.5 μm long nanotubes. Note that the cutoff voltages used in the 5C and 10C experiments in (c) and (d) were 1.2−2.5 and
1.2−2.7 V, respectively.
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C-rates. At a rate of 1C, the full discharge and charge both take 1 h to
complete. The C-rate of nanotube electrode was calculated based on a
determination of the total capacity of the electrode using an initial
experiment performed at a rate of approximately C/25. During the
high rate cycling experiments, an extended potential window of 1.2−
2.5 V (at a rate of 5C) or 1.2−2.7 V (at a rate of 10C) was used to
decrease the influence of the iR drop. It should also be noted that a 30
s long open-circuit period was used after reaching the cutoff voltages
in all galvanostatic cycling experiments.
The cyclic voltammograms for the TiO2 nanotube/Li cells, which

depict the second cycle for each cycling rate, were recorded by using a
VMP2 potentiostat/galvanostat by first scanning from the open-
circuit potential (OCP) down to 1.2 V vs Li+/Li and then up to 2.5 V
(or 2.7 V vs Li+/Li at scan rates higher than 1.2 mV s−1) and finally
back to the OCP by using scan rates between 0.01 and 2 mV s−1.

3. RESULTS AND DISCUSSION

Figure 1 shows SEM images of the manufactured freestanding
TiO2 nanotube electrodes with nanotube lengths (i.e.,
electrode thicknesses) between 4.5 and 40.5 μm manufactured
with the previously described5 two-step anodization approach
and the anodization conditions presented in Table S1. The
nanotube length was varied by adjusting the anodization
conditions, e.g., the anodization time, voltage, and the fluoride
concentration.5,9,18,19,21 A well-defined top layer was obtained
for most of the anodization conditions, although the 34.5 and
40.5 μm long nanotubes exhibited less well-defined top areas.
For the 40.5 μm nanotubes, some areas with “nanograss” could
thus be seen (see Figure S1) due to the collapse of the upper
parts of the nanotubes. The presence of these thinner tube
walls in the top layer is attributed to the increased influence of
the etching by the fluoride ions due to the higher electrolyte
concentration (i.e., 0.2 M NH4F rather than 0.1 M NH4F)
used in the manufacturing of these nanotubes. The outer
diameter and wall thickness of the nanotubes, which depend
on the applied voltage and the fluoride ion concentration in
the electrolyte, were found to be 150−160 nm and 50−65 nm,
respectively. Based on the geometry of the top layer, the
porosity of the nanotube layer was calculated to be 20−25%.
For the 10 μm long nanotubes, the TiO2 mass loading was
found to be 2.9 mg cm−2 (see the Experimental Section), in
good agreement with the value of 2.6 mg cm−2 calculated
based on the geometry of the nanotubes. The XRD
diffractograms for the 4.5 and 34.5 μm long annealed TiO2
nanotubes in Figure S2 clearly show that the as-formed
nanotubes were converted to the crystalline anatase phase
during the annealing step.
On the basis of the well-defined nanotubular structures in

Figure 1, it is reasonable to assume that the mass loading of
TiO2 should be proportional to the nanotube length. The TiO2
mass loading for the 4.5 and 40.5 μm long nanotube electrodes
was hence assumed to have been 1.2 and 10.5 mg cm−2,
respectively. As already indicated above, this was not entirely
true for the 34.5 and 40.5 μm long nanotubes as the walls of
the top layers were significantly thinner for the longest
nanotubes.
As is seen in Figure 2, where the 4.5 and 34.5 μm long

nanotube electrodes are used as examples, the electrochemical
performance of the highly ordered, anatase TiO2 nanotube
electrodes was investigated at room temperature by using both
cyclic voltammetric and galvanostatic discharge/charge cycling
in the voltage range between 1.5 and 2.5 V vs Li+/Li at
different cycling rates (i.e., 0.01 to 1 mV s−1 and C/5 to 10C,
respectively). It should be noted that a voltage window

between 1.2 and 2.5 V was used in the 1.0 mV s−1

voltammetric experiments while the voltage window in the
galvanostatic experiments was extended to 1.2−2.5 V when
using the 5C rate and 1.2−2.7 V for the 10C rate to obtain a
more complete lithiation (see below). Capacity normalized
cycling curves for the 4.5 and 34.5 μm electrodes are shown in
Figure S3. All nanotube electrodes showed well-defined
plateaus at about 1.8 and 1.9 V vs Li+/Li on the lithiation
and delithiation steps, respectively, by using a rate of C/5.
Both the voltammetric and galvanostatic results indicate that
the lithiation (i.e., the TiO2 reduction: TiO2 + xLi+ + xe− =
LixTiO2) was less straightforward than the corresponding
delithiation reaction, in good agreement with previous
findings.5 It can thus be seen that the lithiation plateaus in
the galvanostatic cycling curves (see Figure 2c,d) became less
and less well-defined with increasing cycling rate although well-
defined plateaus could still be seen in the corresponding
delithiation curves. As previously explained,5 this effect cannot
be ascribed to double-layer charging effects as the double-layer
charging contribution to the overall capacities for the present
TiO2 nanotube electrodes should be negligible. In the
galvanostatic cycling curves it can also be seen that the
lithiation capacity decreased significantly when increasing the
cycling rate. Even though this is generally seen for TiO2
nanotube electrodes, it is still not immediately clear why the
capacity decreases in this way when the cycling rate is
increased and if this effect depends on the length of the
nanotubes. Information regarding this can, however, be
obtained by comparing the shapes of the cycling curves and
the voltammograms in Figure 2. Here it should be recalled that
under constant current (i.e., constant rate) conditions the cell
voltage merely represents the voltage required to maintain the
selected current at a particular point of time while the current
(i.e., the rate of the reaction) is recorded as a function of the
potential (and time) in the voltammetric experiments. One
complication with constant current experiments is that there
are several possible reasons for reaching the cutoff voltages
during the cycling. In the ideal case, this is due to the
completion of the reaction when the full capacity of the
electrode is utilized on the experimental time scale employed.
However, the influence of ohmic drop (i.e., iR drop) effects,
mass transport limitations, or a too low electron transfer rate
can also give rise to an increased overpotential which can cause
the cutoff value to be reached prematurely. As the current (and
hence the rate of the reaction) is recorded as a function of the
potential in the voltammetric case, Figure 2 clearly shows that
the lithiation was incomplete at a voltammetric scan rate of 1
mV s−1 even when extending the lithiation potential window
from 1.5 to 1.2 V. The shapes of the lithiation (i.e., reduction)
peaks in the 1 mV s−1 cyclic voltammograms (see Figure 2a,b)
also indicate that the lithiation reaction was diffusion-
controlled at potentials beyond the lithiation peak potential.
A reduction current was thus still seen at potentials between
1.2 and 1.5 V on the subsequent positive scan in Figure 2a,b.
The results clearly demonstrate that a complete lithiation of
the electrode could not be attained in the 1 mV s−1 cyclic
voltammetric experiments. The diffusion-controlled behavior,
which is further illustrated by the much broader lithiation peak
seen for a scan rate of 1 mV s−1 rather than 0.2 mV s−1, is also
reflected in the galvanostatic results. As indicated above, the
influence of diffusion should be even more pronounced in the
galvanostatic (than in the voltammetric) experiments due to
the employed constant current, i.e., the imposed constant
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reaction rate, conditions. Note also that the reduction time
available in the 1 mV s−1 voltammetric experiment
corresponded to about 1100 s, whereas the reduction times
were 720 and 1800 s in the 5C and 2C galvanostatic
experiments, respectively. The present results thus demon-
strate the advantages of using a combined galvanostatic and
cyclic voltammetric approach when studying the electro-
chemical behavior of electrode materials. It can likewise be
concluded that the capacity decrease seen when increasing the
cycling rate mainly was due to diffusion limitations affecting
the lithiation. This means that the full capacity of the nanotube
electrodes only is reached if the time domain available for the
lithiation reaction is long enough to allow a lithiation of the full
volume of the nanotubes. As will be explained below, a
complete lithiation is, however, unlikely to be realized under
normal cycling conditions.
In Figure 2c,d, it is clearly seen that the delithiation curves

were more well-defined than the corresponding lithiation
curves (see also Figure S3). This effect, which incidentally
cannot be explained based on thermodynamic considerations
involving single- and two-phase reactions, illustrates the
inherent difference between the lithiation and delithiation
processes previously discussed by Wei et al.18 The results show
that the oxidation of the LixTiO2 containing electrode was less
affected by diffusion although such effects still may be seen
when comparing the voltammograms obtained for the different
scan rates for both electrodes (see Figure 2a,b). This finding
supports the conclusion that the delithiation step is inherently
faster than the lithiation step.18,22−24 The latter is explained by
the fact that during the lithiation step lithium ions move into
the material to give rise to a material with fewer positions
available for the accommodation of the subsequent lithium
ions, whereas new free positions are continuously generated
during the delithiation step. This hypothesis, which implies
that the capacity is limited by the lithiation reaction, is also in
excellent agreement with recent results obtained for other
electrode materials undergoing lithiation and delithiation
reactions.25,26

Upon comparison of the results for the two different
nanotube lengths in Figure 2, it is immediately clear that the
electrode capacity was larger for the electrode with the longer
nanotubes. Apart from this, the main differences between the
electrochemical behavior for the 4.5 and 34.5 μm long
nanotube electrodes (see Figure 2c,d as well as Figure S3)
were that the potential differences between the lithiation and

delithiation plateaus in the galvanostatic cycling curves, as well
as between the voltammetric lithiation and delithiation peak
potentials, were smaller. Sharper lithiation peaks were also seen
in the cyclic voltammogram for the 4.5 μm nanotube electrode.
These effects can be explained by the presence of a larger iR
drop for the electrode with the longer nanotubes as the
employed current, and hence the iR drop, should scale with the
mass of the nanotubes since the wall thickness of the
nanotubes was approximately the same for all nanotubes.
When the nanotube length is increased from 4.5 to 40.5 μm,
the current required to maintain the same cycling rate should
hence increase by a factor of 9, assuming that the cell
resistance was independent of the length of the nanotubes (see
below). The iR drop resulted in a shift in the lithiation and
delithiation peak potentials which decreased the time available
for these reactions. The influence of the capacity limiting
diffusion-controlled lithiation reaction should therefore be
more pronounced for the long nanotubes than for the short
nanotubes. When the voltammetric scan rate is increased, a
larger capacity drop should consequently be seen for the longer
nanotubes. In the galvanostatic experiments, an increased iR
drop would analogously give rise lower capacities due to a
decreased effective cycling voltage window. Because the iR
drop depends on the current used in the constant current
experiments and the current depends on the mass loading of
the electrode, larger capacity drops should thus always be seen
for electrodes with higher mass loadings, merely as a result of
the iR drop. Care should therefore be taken when comparing
results obtained for electrodes with different mass loadings
unless the change in the iR drop has been compensated for by
an appropriate adjustment of the cutoff limits.
A closer look at the voltammograms in Figure 2a,b shows

that there was no significant difference between the width of
the peaks at half-height for the 4.5 and 34.5 μm long nanotubes
for a scan rate of 1 mV s−1. This is important as it indicates that
the length of the nanotubes did not influence the cell resistance
significantly. This shows that the cell resistance was dominated
by another contribution, most likely the electrolyte resistance.
The increase in the resistance of the nanotubes, obtained when
increasing the length of the nanotubes, was hence too small to
affect the cell resistance. As the difference between the peak
potentials for the 4.5 and 34.5 μm long nanotubes was about
30 mV for a scan rate of 1 mV s−1, the voltammetric peak
currents indicate that the cell resistance was about 3 Ω. It
should also be mentioned that the ratio between the peak

Figure 3. (a) Rate capabilities for TiO2 nanotube electrodes with nanotube lengths between 4.5 and 18 μm. (b) Rate capabilities for TiO2
nanotube electrodes with nanotube lengths of 34.5 and 40.5 μm.
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currents for the 4.5 and 34.5 μm long nanotubes was about 7
while the ratio between the length of the nanotubes (and
hence the ratio between the expected mass loadings) was 7.8.
The latter supports the hypothesis that the increased iR drop
seen for the longer electrodes mainly was a result of the
increased currents due to the larger mass loadings.
To study the rate performance of the different nanotube

electrodes, the behaviors of all the electrodes were investigated
at rates between C/5 and 10C as is shown in Figure 3a,b. The
results clearly demonstrate that the electrochemical perform-
ances of all the electrodes were very stable. Although the
electrodes were cycled at various rates for more than 240
cycles, the final areal capacities (obtained at a rate of C/5)
were only about 5% lower than the initial values. In this study,
areal rather than gravimetric capacities are mainly employed
due to the difficulties associated with accurate determinations

of the mass of the nanotube electrodes. The results in Figure 3
thus demonstrate that the capacity decreases seen for all the
nanotube electrodes when increasing the cycling rates were not
due to any degradation of the electrodes. The relatively small
change in the capacity seen when increasing the rate from 2C
to 5C was a result of an increase in the voltage window
intended to compensate for the increased iR drop. The gradual
decrease in the capacity seen for the two electrodes with the
longest nanotubes at the highest C rates (see Figure 3b) is
particularly interesting as it suggests the presence of a memory
effect affecting the subsequent cycling at the lower rates (this
effect will be discussed in more detail below). The discharge
capacity (i.e., the TiO2 lithiation capacity) thus decreased
during the 5C and 2C cycles performed after the 10C cycles
even though no such effect was seen in the corresponding
experiments prior to the 10C experiments. It is seen that the

Figure 4. Voltammetric areal cathodic (i.e., lithiation) and anodic (i.e., delithiation) capacities for the (a) 4.5 μm and (b) 34.5 μm TiO2 nanotube
electrodes, respectively, as a function of the scan rate.

Figure 5. (a, b) Cathodic (i.e., lithiation) voltammetric capacity as a function of the scan time for the 4.5 and 34.5 μm long nanotubes, respectively.
(c, d) Cathodic (i.e., lithiation) capacity as a function of the square root of the scan time at high scan rates for the 4.5 and 34.5 μm long nanotubes,
respectively.
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highest areal capacities were found for the electrode with the
longest nanotubes (i.e., the 40.5 μm electrode) at all rates
except 10C (and in the 5C cycles after the 10C experiments).
The highest areal capacity, 1.0 mAh cm−2, which was obtained
at the C/5 rate by using a current density of 0.21 mA cm−2, is
incidentally sufficiently high to be compatible with lithium-ion
microbatteries. The areal capacity for the 40.5 μm electrode
was, however, smaller than expected based on the length of the
nanotubes. At the C/5 rate, the capacity of the 40.5 μm
electrode was about 6 times larger than that for the 4.5 μm
electrodes (i.e., 1.0 compared to 0.17 to mAh cm−2), whereas a
factor of about 9 would be expected based on the nanotube
length ratio. A similar effect was previously seen for nanotubes
with lengths between 4.5 and 14.5 μm at a cycling rate of C/
10.5 The too low areal capacities for the long nanotubes, which
can be explained by the increased degree of etching of the
longer nanotubes and the increased influence of the iR drop on
the cycling window indicated above, are also reflected in the
volumetric electrode capacities shown in Figure S4. The
highest volumetric and gravimetric capacities of 0.04 mAh
cm−2 μm−1 and 138 mAh g−1, respectively, were consequently
found for the 4.5 μm nanotube electrode at a cycling rate of C/
5. This value is close to that reported for a lithiation degree of
x = 0.5, indicating that the whole electrode was active during
these cycling conditions. This together with the observed
capacity retention at the higher cycling rates indicates a good
penetration of the electrolyte into the nanotubes. The 4.5 μm
thick electrode also showed a very good rate performance as
the capacity retention was 60% after increasing the rate from
C/5 to 10C. Because the corresponding capacity retention for
the 40.5 μm was 35%, the rate performances were better for
electrodes composed of short nanotubes while the areal
capacities were higher for electrodes with the longer nano-
tubes. This difference in the behavior can mainly be explained

by the fact that a lower mass loading resulted in a lower current
and hence a smaller iR drop.
To study the influence of the scan rate on the capacity in

more detail, the lithiation and delithiation areal capacities for
the 4.5 and 34.5 μm long nanotubes were plotted as a function
of the voltammetric scan rate in Figure 4. For the lithiation, the
capacity was also plotted as a function of the scan time and the
square root of the scan time in Figure 5. Cyclic voltammo-
grams as well as plots of the capacity as a function of the scan
rate for the 14, 18, and 25.5 μm nanotube electrodes are found
in Figures S5−S7. In Figure S8 cyclic voltammograms with a
wider range of scan rates are also shown for the 34.5 μm
nanotube electrode. For the 4.5 and 34.5 μm nanotube
electrodes, the capacities were found to decrease in a nonlinear
manner with decreasing scan time. Figure 5a,b further indicates
that the capacities approached limiting values at sufficiently
long scan times (i.e., low scan rates). As seen in Figure 5c,d,
the voltammetric capacities were proportional to the square
root of the scan time when the scan time was sufficiently short.
The latter experimental data indicate that the capacities were
limited by a diffusion-controlled reaction, in good agreement
with the conclusion above and previous findings.25−27 Because
a linear relationship between the charge and the square root of
the scan time merely should be obtained under semi-infinite
diffusion conditions, only the data for the highest scan rates
were used in Figure 5c,d. The analogous behavior seen for the
4.5 and 34.5 μm long nanotubes is not unexpected as the wall
thicknesses were practically the same for both electrodes. This
finding shows that the diffusion process of interest was the
radial diffusion of the (charge-compensating) lithium ions into
the nanotube walls along the full length of the nanotubes. As is
seen in Figure 5a,b, the capacity increased rapidly with
increasing time at short cycling times (i.e., high scan rates)
while the increase was slower for longer cycling times (i.e.,
lower scan rates). For sufficiently long cycling times, a limiting

Figure 6. (a) Cathodic (i.e., lithiation) constant current capacity as a function of the time for (a) the 4.5 μm and (b) the 34.5 μm long nanotubes,
respectively. (c, d) Cathodic (i.e., lithiation) capacity versus the square root of the time for the 4.5 and 34.5 μm long nanotubes, respectively.
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capacity should, consequently, be obtained for the nanotubes.
Based on the highest capacities seen in Figure 5a,b, the
maximum degree of lithiation reached in these experiments
was found to correspond to x ∼ 0.55 by using a scan rate of
0.01 mV s−1 and the 4.5 μm long nanotubes. The maximum
capacity decreased with increasing length of the nanotubes,
most likely due to the iR drop effect discussed above. On the
basis of the shapes of the curves in Figure 5a,b and the
maximum x value of ∼0.55, it is concluded that the lithiation
becomes more and more difficult as the concentration of the
lithiated form of TiO2 increases in the nanotubes and that this
phenomenon prevents a full lithiation (i.e., x = 1) from being
reached on the time scale of the experiments. The results,
hence, imply that the diffusion coefficient for the lithium ion
diffusion in the lithiated TiO2 nanotubes decreases significantly
with increasing degree of lithiation, in agreement with previous
findings.12,18,22,23

A comparison of the data in Figures 5 and 6 shows that the
maximum capacities reached in the voltammetric experiments
were significantly higher (i.e., 1.3 and 1.5 times higher for the
4.5 and 34.5 μm nanotubes, respectively) than those obtained
in the constant current experiments. This is not unexpected as
the lithiation reaction rate is seen to decrease with time in the
voltammetric case whereas the capacity in the constant current
case is determined by the time during which the lithiation can
support the selected current (i.e., reaction rate). The lithiation
current (i.e., the lithiation rate) is thus a function of both the
potential and time in the voltammetric experiments while the
use of a constant current requires the reaction to proceed at a
constant rate until the cutoff limit is reached. In contrast to the
voltammetric case, linear plots of the capacity versus the square
root of the time were obtained in the constant current
experiments for all rates except the 10C rate, as is seen in
Figure 6. The 10C capacities were excluded due to significant
iR drop effects and the Li+ trapping effects discussed below.
The more prominent diffusion control in the constant current
experiments indicates that the attainable capacity in this case
mainly depends on the thickness of the diffusion layer. At a
higher rate, the diffusion layer will be thinner, which means
that the critical concentration of the lithiated form of TiO2 is
reached after a shorter time. The constant current results
consequently support the hypothesis that the capacity is
limited by the decrease in the diffusion rate of the Li+ ions in
the lithiated form of TiO2 once the concentration of the latter
becomes high enough, as is clearly seen in voltammetric data in
Figure 5.
According to the experimental results, the capacity at a

certain cycling rate should thus be limited by the rate of the
diffusion of (the charge balancing) lithium ions into the
nanotubes associated with the reduction of Ti(IV) to Ti(III).
This phenomenon can be explained using a simple model in
which the TiO2 capacity is related to the diffusion layer
thickness in the material as previously described for Cu2O-
containing nanorods.27 If the active material is viewed as
cylindrical pillars, the largest capacity increase should be seen
for the shortest times (i.e., the largest cylinder radius). Such an
asymptotic behavior is in good general agreement with the
experimental data, although the semi-infinite diffusion assumed
in Figure 5c,d only is expected to apply for small penetration
depths. As the thickness of the diffusion layer should depend
on the square root of the time, an increase in the cycling rate
from 5C to 10C is expected to give rise to decrease in the
capacity of the nanotubes by a factor of about 1.4 (the

cylindrical shape of the nanotubes needs to be taken into
account when calculating this change). This value is in good
agreement with the capacity decreases involving factors of
about 1.4 and 1.5 seen when increasing the cycling rate from
5C to 10C for the 4.5 and 34.5 μm long nanotubes,
respectively. The latter cycling rates were used as the semi-
infinite diffusion approach only should be valid for short
diffusion times, as is also seen in Figure 5. Another
complication is that the lithiation of the nanotubes will take
place both from the outer surface of the nanotubes and inward
as well as from the nanotube surface in contact with the
electrolyte in the center of the nanotube (see Figure 1) and
outward. During the lithiation step, the number of free
octahedral sites will also decrease with increasing degree of
lithiation,18,22−24 which gives rise to a decreased diffusion rate
due to the increased repulsion between the lithium ions. This
repulsion effect will make the lithiation more and more
difficult, which explains the sloping part of the galvanostatic
cycling curves seen in Figure 2c,d, particularly for the highest
scan or cycling rates. During the delithiation step, the number
of free octahedral sites will instead increase, which makes the
delithiation step more straightforward (see Figure 2c,d). As
described previously,18 the delithiation process can, never-
theless, be associated with an initial overpotential due to the
lack of free octahedral sites in the lithiated TiO2 layer. The
latter effect can explain the decrease in the voltage seen in the
middle part of the delithiation step. Analogously, the cyclic
voltammograms in Figure 2a,b indicate that while the
reduction (i.e., lithiation) peaks exhibited significant tailing
particularly for the highest scan rates, the oxidation peaks were
more symmetric. When the nanotube length was increased
from 4.5 to 34.5 μm (see Figure 2a,b), the reduction peak
became broader even though the width of the oxidation peak
remained approximately the same. The latter phenomenon,
which clearly cannot be explained by iR drop (which should
have affected both the reduction and oxidation peaks) or
electron transfer kinetic effects, indicates that the lithiation
current was controlled by the Li+ diffusion rate within the TiO2
nanotubes. Because the TiO2 reduction current did not decay
to zero during the lithiation step, the TiO2 was not completely
reduced during the cathodic scan. The oxidation current, on
the other hand, decayed practically to zero during the
oxidation scan at all rates except the highest (i.e., 1 mV s−1).
The reduction remained incomplete even when the reduction
of the 4.5 μm long nanotubes was continued down to 1.0 V
(instead of 1.2 V) (see Figure S9). It can thus be concluded
that the TiO2 reduction is less facile (than the corresponding
oxidation reaction) since the concentration of the lithiated
form increases at the electrode surface during the lithiation
step. This increase in the surface concentration of the lithiated
form makes further lithiation more and more difficult,
particularly at high rates where there is little time available
for the diffusion toward the interior parts of the nanotubes.
A more detailed comparison of the results in Figure 2c,d

indicates that the change in the plateau voltage with increasing
cycling rate was larger for the delithiation than that for the
corresponding lithiation. This finding, which is in good
agreement with previous data,18 can be explained by the fact
that the surface concentrations of the lithiated and delithiated
forms of TiO2 (which determine the potential of the TiO2
electrode and hence the cell voltage) should vary much less
during the lithiation step than during the delithiation step. The
latter stems from the fact that the diffusion layer grows into the
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nanotubes during the lithiation step, whereas the delithiation
step involves the release of lithium ions at the electrolyte/
nanotube interface. A concentration gradient with respect to
the lithiated form would hence develop during the delithiation
step, whereas the surface concentration of the lithiated form
should stabilize rather quickly during the lithiation step. The
potential of the TiO2 electrode should therefore always be
lower during lithiation than during delithiation, even in the
absence of significant iR drop effects.
Because the lithiation and delithiation potentials are

determined by the surface concentrations of the lithiated and
delithiated forms of TiO2, the presence of plateaus in the
cycling curves merely indicates that the reactions proceed at
steady state in these regions. As true equilibrium conditions
clearly cannot be reached under constant current conditions,
the shapes of the cycling curves will mainly depend on the
experimental time domain and the diffusion rates in the
materials under study. If the diffusion is fast with respect to the
lithiation and delithiation rates, the steady-state behavior can
be maintained longer since the changes in the surface
concentrations remain small. During the lithiation step this
means that the time during which the surface concentration of
the lithiated form of TiO2 remains low enough not to affect the
next lithiation reaction becomes shorter as the cycling rate is
increased. The shift to lower potentials seen in the lithiation
curves in Figure 2c,d, particularly for the higher rates, and the
results in Figure 6 can hence be explained based on the gradual
saturation of the surface with respect to the lithiated form of
TiO2.
A closer look at Figure 2a,b indicates the presence of an

additional small peak at about 1.3−1.4 V vs Li+/Li in the 1 mV
s−1 voltammogram for the 4.5 μm nanotube electrode. An
analogous peak is likewise seen in the voltammogram for the
34.5 μm long nanotubes. As this small peak was seen in the
diffusion-controlled region, the peak must have been caused by
an effect increasing the electroactive surface area and/or
facilitating the diffusion of the lithium ions in the lithiated
TiO2 nanotubes. This latter effect, which may be explained by
a reorganization of the lithiated TiO2, may also explain the
onset of a second plateau at about 1.5 V vs Li+/Li in the 0.2C
cycling curves in Figure 2c,d. Given that the additional plateau
only is seen in the 0.2C cycling curves, it is reasonable to
assume that the reorganization only takes place for a
sufficiently high degree of lithiation. These results in Figure
2 are incidentally, in good agreement with our previous

findings,28 demonstrating the presence of a second lithiation
plateau at about 1.6 V vs Li+/Li as well as a corresponding
delithiation plateau for analogous 10 μm long TiO2 nanotubes
cycled at a rate of 0.2C at 80 °C in 1 M LiTFSI in propylene
carbonate. The fact that the extra lithiation and delithiation
plateaus were very clearly seen in the latter article supports the
hypothesis that an activation-controlled reorganization takes
place at a sufficiently high degree of lithiation and that this
facilitates further lithiation of the TiO2 nanotubes. This
hypothesis is likewise in good agreement with the increase in
the voltammetric current seen in the diffusion-controlled
region as well as the increased ability of the TiO2 nanotubes to
undergo constant current lithiation. It has been reported that
anatase undergoes a phase transformation from the tetragonal
anatase phase to an orthorhombic lithium titanate during the
lithiation.12,29−32 A small lithiation peak at about 1.35 V vs
Li+/Li was found to be characteristic for the further
intercalation of TiO2 beyond the tetragonal/orthorhombic
phase boundary for small TiO2 particle sizes.30,33 As
mentioned above, the lithiation rate has been assumed to be
limited by the increasing Coulombic repulsion between the
lithium ions and the slow lithium ion diffusion in the highly
lithiated phase.22,30,31 During and after the phase trans-
formation, the redox reaction should still be TiO2 + xe− +
xLi+ = LixTiO2 since the gravimetric capacities reached in the
previous paper28 only were about 150 mAh g−1, which
correspond to x ∼ 0.45. The latter value is in very good
agreement with the corresponding result for the 4.5 μm
nanotube electrode in Figure 2c, indicating a gravimetric
capacity of about 150 mAh g−1.
In Figure 3, another interesting effect is seen at rates above

2C for the 34.5 and 40.5 μm long nanotubes as the capacity is
seen to decrease even when the cycling rate was maintained
constant. Because the lost capacity was recovered once the
cycling rate was decreased again, the effect was unlikely to have
been due to any loss of nanotubes during the high rate cycling.
This capacity decrease can, on the other hand, be explained by
a lithium-trapping effect caused by the inability to delithiate
the nanotubes completely at rates above 2C, in analogy with
previous findings.22 This inability would give rise to an
increasing concentration of the lithiated form of TiO2 at the
surface of the nanotubes which would decrease the cell voltage,
causing the cutoff limit to be reached faster and faster. In
analogy with recent findings for other electrode materials,25,26

this shift in the cell voltage is ascribed to the increased ratio

Figure 7. Schematic illustration of the lithium-trapping effect caused by two-way diffusion of lithium ions in the TiO2 material. The open-circuit
potential (OCP) steps correspond to the 30 s long pauses included between the lithiation and delithiation steps.
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between the surface concentrations of the lithiated and
delithiated forms of TiO2 and the decreased lithium diffusion
rate in the lithiated electrode. The trapping hypothesis is
further supported by the fact that XPS experiments have shown
that the Ti(III) oxidation state still could be detected in the
electrode after the delithiation step.20 This is in good
agreement with the capacity decreases and general electro-
chemical performances observed here. The lithium-trapping
effect can be explained by the diffusion-controlled lithium
trapping model25,26 according to which some of the lithium
ions continue to diffuse toward the inner parts of the electrode
even during the delithiation step (see Figure 7). The latter is a
result of the presence of a two-way diffusion situation during
the delithiation step since the concentration of the lithiated
form of TiO2 then is very close to zero both at the electrode
surface and in the inner parts of the nanotubes. In the present
case, the influence of this effect should have been particularly
pronounced since a 30 s long open-circuit pause was used
between the lithiation and the delithiation steps. At a rate of
10C, the 360 s long lithiation step was hence followed by a 30 s
long pause, during which there should have been diffusion of
the lithiated form of TiO2 from the nanotube surfaces toward
the inner parts of the nanotubes (see Figure 7). As a result of
this, some of the lithiated TiO2 would hence escape oxidation
during the subsequent delithiation step. On the next cycle, this
would result in a lower lithiation charge since the lithiation
cutoff limit would be reached more quickly as a result of the
TiO2 nanotubes already containing the lithiated form of TiO2.
The influence of the trapping effect should hence increase with
increasing cycling rate, in accordance with the experimental
results in Figure 3. The experimental results, however, also
indicate that the influence of the trapping phenomenon
increased with an increasing length of the nanotubes (see e.g.
the 5C and 10C results in Figure 3b). The latter can be
explained by the larger influence of the iR drop seen for the
longer nanotubes as a result of the higher current needed to
obtain a certain cycling rate, as discussed above. On the basis
of the present results, it is thus reasonable to assume that the
trapping phenomenon previously demonstrated for alloy
forming electrode materials such as silicon, tin, and
aluminum25,26 likewise can be seen for TiO2 nanotube
electrodes. This indicates that the trapping phenomenon is a
general phenomenon which also should be seen for
intercalation based electrode materials. The latter is, however,
not unexpected as the trapping effect is caused by lithium ions
or lithium atoms diffusing into the electrode material during
the lithiation step while the diffusion during the delithiation
step generally take place in two directions, i.e., both toward the
electrode surface and toward the inner parts of the electrode.

4. CONCLUSIONS
The present results demonstrate that highly ordered and
freestanding anatase TiO2 nanotube electrodes with nanotube
lengths between 4.5 and 40.5 μm, exhibiting areal capacities up
to 1 mAh cm−2 at a rate of 0.2C, can serve as model electrodes
in fundamental studies of the electrochemical performance of
TiO2 electrodes. Because the areal capacity scales roughly with
the length of the nanotubes, electrodes with mass loadings up
to 10.5 mg cm−2 can readily be manufactured. This and the
excellent cycling stability seen for the TiO2 nanotube
electrodes show that these types of electrodes are interesting
alternatives to conventional TiO2 particle-based composite
electrodes containing binders and conducting additives.

While the use of longer nanotubes favors the attainment of
higher areal capacities, the best rate performance is seen for
electrodes with short nanotubes. The latter is a direct result of
the larger iR drops associated with the cycling of the electrodes
with longer nanotubes given their higher mass loadings as
higher currents are required to maintain a specific constant
current cycling rate. This clearly illustrates the problems
associated with comparisons of results obtained with electrodes
with significantly different mass loadings. Rate-capability tests,
performed without any compensation for the variation in the
iR drop, therefore mainly constitute tests of the dependence of
the capacity on the ohmic drop.
The electrochemical results, which were obtained with cyclic

voltammetry and constant current experiments, further
indicate that the cell resistance was independent of the length
of the nanotubes and that the capacity of the electrodes is
limited by the lithiation step. The rate of the lithiation step is
controlled by the lithium ion diffusion rate in the nanotubes as
this rate decreases dramatically once the concentration of the
lithiated form of TiO2 becomes high enough in the nanotubes.
In the constant current cycling curves, this effect gives rise to a
gradual shift in the lithiation voltage to lower and lower values.
The cell voltage consequently reaches the cutoff limit
prematurely once the diffusion rate becomes too low to
support the selected current (i.e., the desired cycling rate). In
the voltammograms, the saturation effect is clearly seen when
plotting the lithiation capacity as a function of the duration of
the lithiation step. Longer and longer lithiation times are thus
required to reach higher and higher lithiation degrees as there
is less and less room for the Li+ ions to move in the lithiated
form of TiO2. As indicated by the voltammetric and constant
current results, the TiO2 nanotubes undergo a structural
reorganization at about 1.4 V vs Li+/Li during the lithiation
step. This reorganization facilitates further lithiation, most
likely via the generation of new positions that become available
for the diffusing lithium ions. Despite the latter effect, a
complete lithiation of the TiO2 nanotubes, corresponding to
the realization of Li1TiO2, remains unrealistic on the time scale
of conventional experiments. This should also be true for
intercalation-based electrode materials in general.
As constant current experiments, unlike voltammetric

experiments, demand a specific diffusion rate, it is also clear
that higher lithiation degrees should be obtained using
voltammetric rather than constant current cycling. An average
lithiation degree corresponding to Li0.55TiO2 was hence
obtained at a scan rate of 0.01 mV s−1 while an average
lithiation degree of Li0.42TiO2 was reached by using a (constant
current) rate of 0.2C. It should, however, be pointed out that
the surface concentration of the lithiated form of TiO2 should
be much higher than the average concentration (i.e., lithiation
degree) reported above. It should therefore be possible to
reach even higher lithiation degrees by carrying out the
lithiation in the form of separate steps separated by heat
treatments of the electrode material, facilitating the attainment
of a homogeneous concentration in the electrode material.
Although the practical importance of such an approach would
be questionable in conjunction with battery applications, the
concept could be used to determine the true maximum degree
of lithiation for a battery material.
In addition, the experimental results indicate that lithium

ions undergo trapping within the TiO2 nanotubes in a manner
analogous to that previously found for lithium atoms in alloy-
forming negative electrode materials such as silicon, tin, and
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aluminum. This finding therefore shows that the lithium-
trapping effect (involving a two-way diffusion process during
the delithiation step) is present also in lithium-ion intercalation
or insertion materials. More importantly, the results indicate
that the diffusion-controlled trapping phenomenon should be
seen whenever a species is inserted into an electrode material
in association with an electrochemical reaction via the
generation of a concentration gradient in the electrode
material. It is therefore important to tune the cycling
conditions so that the time domain of the experiments is
compatible with the diffusion distances in the electrode to be
able to completely utilize the electrode material and thereby
reduce the effects of the two-way diffusion effect.
The present results likewise confirm that the delithiation

reaction is inherently more straightforward than the lithiation
step, as the delithiation gives rise to an increase in the number
of available lithium ion sites which increases the lithium ion
diffusion rate in the material. The resulting difference between
the surface concentrations of the lithiated form of TiO2 during
the lithiation and delithiation steps (combined with the iR
drop effect) is also reflected in the differences seen between
the lithiation and delithiation potentials (i.e., the polarization).
The magnitude of the latter differences will therefore depend
on the experimental conditions (e.g., the employed current
density or scan rate) since a concentration gradient of the
lithiated form of TiO2 always will be present in the nanotubes
if the current is larger than zero. In the interpretation of the
electrochemical behavior of TiO2 nanotube electrodes, as well
as many other electrodes for lithium-based batteries, it is hence
essential that these nonequilibrium conditions are taken into
proper account.
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