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ABSTRACT: The electrochemical behavior and magnetic properties of electro-
chemically lithium-doped mixed valence vanadium oxide nanotubes (VOx-NTs)
have been studied. The materials were synthesized hydrothermally. Primary amines
(CH;—(CH,);,—NH,) were used as spacer molecules aiding to retain the
nanotubular shape of the VOx layers. Cyclic voltammograms and potentiostatic
measurements indicate that the electrochemical behavior of this material is fairly
sensitive to the preparation conditions. Specific capacity values for this material are
higher than similar template VOx-NTs. Lithium doping level of x = 0.1 in two
different VOx-NTs gives rise to room-temperature ferromagnetism in Li,VOx-NTs.
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1. INTRODUCTION

In recent years, it turned out that nanoscaled materials can
yield improved performance when used in electrodes of energy
conversion devices, for example, batteries. For example, electro-
des made of nanoparticles of transition metal oxides such as
CoO, NiO, CuO, or FeO exhibit electrochemical capacities of
700 mAh/g with 100% capacity retention for up to 100 cycles and
high recharging rates."

The particular advantage of nanoparticle-based electrodes
includes shorter lithium diffusion lengths and higher surface area
than in micrometer electrode materials that leads to performance
improvement of lithium-ion batteries.”*

Among nanostructured materials those with tubular morphol-
ogy are of large interest due to size-induced properties and
complex nanoscale architecture.* ¢ In this context, self-orga-
nized oxide nanostructures provide a promising approach. In-
norganic nanostructures such as TiS,, SnO,, or MoS, .1, with x
~ 0 and y &~ 0.3 have been studied in terms of battery
application.”® TiO, represents nowadays a powerful candidate
for this application as well.” In this paper, we focus on self-
assembled vanadium oxide (VOx) nanostructures synthesized
for the first time by Spahr et al.'® In general, VOx can be found in
many forms and can have many and very different chemical or
physical properties, in particular when different oxidation states
of the vanadium ions are realized. The nanotubular modification
that is addressed here can be synthesized only when organic
spacer molecules are applied. Such spacer molecules can be for
example primary amines or diamines, helping to retain the
nanotube shape of the VOx layers. To be specific, VOx nanotubes
can have diameters of 15—150 nm, tunnel openings between 5
and 50 nm, and lengths up to 15 ym. The nanotubes are formed
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by rolled VOx layers that show similarities with BaV,0,4-nH,0,
where 1 = 4.4. In this material, V;0 4 layers are stacked along one
direction with Ba>" ions and H,0 molecules located in between
the layers. Analogously, the VOx nanotubes are formed by similar
layers with the above-mentioned organic spacers placed in
between. There can be 2—30 layers of VOx forming either
tubular or spiral structures."® "> The organic molecules do not
only affect the morphology of the nanotubes but also their
electronic properties since the oxidation state of the vanadium
ions is influenced.'® In addition, the amines embedded between
crystalline VOx layers can be exchanged by various metal cations,
such as alkaline, alkaline-earth, or transition metals, without
destroying the nanotubular shape but influencing their electro-
chemical properties.'>'*7'¢

To assess possible applications of this material in lithium
battery technology,'” several electrochemical studies have been
performed explicitly on ion-exchanged VOx-NT. For example,
Mng VO, s-nH,O was reversibly intercalated/deintercalated
with Li and the material shows a specific capacity of 140 mAh/
g."* Mo-doped tubes have an initial sgeciﬁc capacity of 200 mAh/
g that drops to half after 50 cycles.1 Na't, Ca™, and K were as
well successfully embedded between VOx layers. All of these
have shown good electrochemical properties with averaged
specific capacities around 150 mAh/g over 100 cycles.'"® The
structural defects are also relevant in electrochemical properties
of such materials. It has been shown that defect rich VOx
nanorolls exhibit superior electrochemical properties compared
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to well-ordered material with specific capacities of approximately
300 mAh/g."® These values already approach the theoretical
capacity for exchanged nanotubes that amounts to about 370
mAh/g when all vanadium is reduced to V>, This extreme case
is however unlikely because total reduction of V>* to V** would
induce strong structural deformations (collapsing) of the VOx-
NT structure.”

Besides studying the applicability of VOx-NTs as electrode
materials in lithium ion batteries, their electronic properties have
been studied both in the pristine material'*** and after lithium
doping.*"**** By doping the VOx-NTs with either electrons"**
or holes,*! a nonlinear field dependence of the magnetization is
observed at room temperature. This surprising ferromagnetic-
like response renders VOx-NTs a novel type of self-assembled
nanoscaled magnets.

In this work, both the electrochemical performance and the
effect of Li-intercalation on the magnetic properties of hydro-
thermally synthesized VOx-NTs have been studied. For this
purpose, cyclic voltammetry and potentiostatic measurements
have been performed. Using these electrochemical methods, it
has been found that the electrochemical properties of similarly
synthesized nanotubes differ from each other. Most probably
these differences arise from influence of amines used during
synthesis of the nanotubes. In addition, the effect of lithium
doping on the magnetic properties of VOx-NT's has been studied
after electrochemically intercalating different amounts of
Lithium into VOx-NTs.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Vanadium oxide nanotubes were synthesized
using the hydrothermal procedure similar to that described in
refs 13 and 21. A solution of vanadium (V°") triisopropoxide
[VO(iOPr);] and a primary amine (CH;—(CH,),;—NH,) in a
molar ratio of 2:1 in absolute ethanol (3 mL per g of
[VO(iOPr);]) was stirred under nitrogen atmosphere for 1 h.
This resulted in a light-yellow solution of alkoxide-amine adduct.
This was hydrolyzed with water (S mL per g of [VO(iOPr);])
while stirring. The adduct was continually stirred and aged at
room temperature for ~4 days, turning dark orange. The
hydrothermal reaction of this composite in an autoclave at
180 °C for 8 days yielded a black powder of VOx-NTs that
was then washed with ethanol and hexane and dried at 85 °C in
vacuum for ~30 h. The VOx-NTs have been characterized using
scanning electron microscopy (SEM) in a FEI Nova-Nanosem-
200 and transmission electron microscopy (TEM) in FEI
Tecnai F30.

2.2. Electrochemical Measurements. Electrode materials
have been prepared from a mixture of VOx-NTs, 10 wt % of
Carbon SP (Timcal, LTd, Bodio, Switzerland), and 5% of PVDF
binder (Solexis, Tavaux Cedex, France). Approximately 10 mg of
mixture pressed in pellet was placed in two-electrode Swagelok-
like cells. The cells were assembled inside the glovebox under Ar-
atmosphere (0,/H,0 < 2 ppm). In the two-electrode cell,
lithium metal was used as negative electrode and VOx-NTs as
positive electrode. The two parts were separated by two sheets of
Whatman borosilicate glass fiber, soaked in electrolyte to main-
tain good ionic conductivity and well-physical separation of the
two electrodes. The electrolyte used was 1 M solution of LiPFg
salt in ethylene carbonate (EC)/dimethyl carbonate (DMC)
mixture 1:1 in weight (Ferro Corporation, Ohio, U.S.A.). Cyclic
voltammetry and potentiostatic measurements were performed

using a VMP multichannel controller (Princeton Applied Re-
search, Illingen, Germany). The experiments were performed at
fixed temperature of T = 25 °C.

2.3. Magnetic Measurements. Electrochemical (potentiostatic)
techniques were used to obtain lithium doped VOx-NTs,
ie. Li,VOx-NTs with the particular Li-content x = 0.0S, 0.1,
0.155, 0.2, and 0.4. The magnetic properties of both undoped
and doped VOx-NT's were studied. For this purpose, a MPMS-XLS
SQUID magnetometer (Quantum Design, Darmstadt, Germany)
was applied for investigations of the field dependence of the
magnetization at constant temperatures. The ‘Li NMR experi-
ments were carried out with a Tecmag pulse solid-state NMR
spectrometer in a field of 4 T.

3. RESULTS AND DISCUSSION

The morphology of the synthesized VOx-NT's was investi-
gated by means of SEM and TEM. In Figure 1, the multilayer
tubular morphology is illustrated. In general, the tubes have inner
diameters between 20 and 30 nm and the outer diameters are
varying between 50 and 100 nm.

3.1. Cyclic Voltammetry. In the following, electrochemical
studies of different samples (1—5) of VOx-NTs are described.
Although the synthesis conditions of all five samples have been
very similar, small deviations in the hydrothermal synthesis
process yield subtle but visible differences in the electrochemical
behavior.

The cyclic voltammograms for the first cycle for VOx-NT (1)
are shown in Figure 2. The starting potential was around 3.2 V.
From this value, the potential was cycled between 1.8 and 3.5V
using different scan rates. First, the cell was discharged (going
from 3.2 to 1.8 V) using scan rates of 0.2 and 0.0S mV/s,
respectively. As expected, the overall behavior is similar for the
two scan rates but the current is larger in case of the faster
sweeping rate. Upon discharging, that is, Li-intercalation, two
reduction peaks indicating two different electron transfer reac-
tions are encountered at 2.42 and 2.09 V, respectively. During the
cell charging, one finds two peaks at 2.83 and 3.17 V. In general,
the data shown in Figure 2 suggest that the discharged material in
the cathodic sweep was reversibly charged during the anodic
sweep, or in other words that the electrons transfer process is
chemically reversible. This electron transfer appears at a specific
voltage due to redox reaction when the reduction of V> to V**
takes place (or V** to V*"). Note that at 2.73 V, the cathodic
scan presents a shoulder, which is probably associated with the
anodic peak at 2.64 V. For VOx-NT (1) the initial discharge
capacity is 140 mAh/g when the current was swept with a scan
rate of 0.05 mV/s.

Cyclic voltammograms for the materials VOx-NT (2), (3),
(4), and (5) performed with 0.02 mV/s are shown in Figure 3.
The CVs are generally similar with reduction/oxidation peak
pairs in the same potential region, but there are small differences
between the materials. For each batch, four consecutive CV
cycles were performed (only the first circle is shown). For all
experiments, the cutoff potentials were 1.8 and 4 V, always
starting with the discharge of the material. The starting potentials
were around (3.2 £ 0.2) V, indicating a stable behavior over the
mounting procedure of the electrode materials.

In the following, subtle differences between the four materials
are discussed. For VOx-NT (2) upon discharge the electron
transfer due to reducing of V°* to V** occurs at 2.83 V as
displayed by the very pronounced reduction peak. Upon further
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Figure 1. Tubular morphology of VOx-NTs proven by SEM (left) and TEM (right) studies.
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Figure 2. Cyclic voltammogram for VOx-NT (1) performed with scan
rate of 0.2 and 0.05 mV/s, respectively. The arrows indicate the
discharging and charging of the material.

cycling, this value slightly shifts to higher potentials. The
corresponding oxidation peak is situated at 2.94 V. Both peaks
exhibit shoulders which are most probably related and disappear
upon cycling. The peaks are broader in VOx-NT (3) but at very
similar potentials: the reduction peak is centered on 2.8 V
(anodic peak at 2.99 V) and shifts to 2.82 V during further
cycling. The current peak intensities vary more over cycling than
those in VOx-NT (2). Again, the shoulder at 2.57 V completely
disappears already in the second cycle of this experiment and
both the reduction and oxidation peaks narrow upon cycling. For
VOx-NT (4) and (S), the first reduction occurs at a lower
potential than in the other materials, that is, at 2.56 and 2.62
V, respectively. Here, there are stronger effects of cycling that
yield a shift to 2.82 V (2.9 V) in the fourth cycle. The oxidation
peaks are found at 2.96 and 3.1 V. Note, that the oxidation peak is
narrower than the cathodic one. The peak around 2 V is
attributed to possible reduction of V** to V¥, as also valid for
VOx-NT (3).

Figure 4 illustrates a resume of the specific capacity values for
VOx-NTs studied in this work taken from CV experiments. The
highest initial discharge capacity is found for VOx-NT (3) and
(5), which displays values of 145 mAh/g. The specific capacities
decrease upon cycling, for example, to 114 mAh/g in batch (3).
In contrast, VOx-NT (4) has 123 mAh/g initial discharge
capacity that increases to 153 mAh/g in the second cycle.

The electrochemical behavior presented in Figure 2 (for VOx-
NT (1)) and Figure 3 (for VOx-NT (2—5)) differs, although all
materials have been synthesized in a very similar way. In addition
to the effects of the synthesis procedure, aging plays an important
role in VOx-NTs since the nanoscaled morphology implies
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Figure 3. Cyclic voltammograms for VOx-NT (2), (3), (4), and (5)
performed with a scan rate of 0.02 mV/s. The arrows indicate the
discharge and charge of the material.

chemical reactivity. Moisture, that is, water is known to reduce?®
the Vo' to V¥, and therefore in the studied materials the mixed
vanadium valence is possibly different from the value of 4.4"
suggested in refs 11 and 22. It is also possible that if extra water
enters in the VOx-NTs, the available space for Li intercalation
decreases, controlling their electrochemical properties.

Also different amounts of the amines influences the mixed
valence of the V in the VOx layers thereby causing possible
differences between similarly prepared materials. In addition, the
surfactant can reduce the available surface area for redox reac-
tions and can also form aggregates that would block the Li ions
access to intercalation sites in the VOx layers. These effects can
be smaller if the nanotubes have cracks in the walls. This atomic
scale disorder would give a higher accessibility for Li ions and
thus an increased specific capacity. Different sizes of the nano-
tubes can give different Li diffusion distances. Short distances
give high surface area and this lowers the Li" insertion rate
density in the intercalation process, which in turn, postpones the
decreasing of the capacity.

In the following, the differences in the electrochemical behavior
of the materials will be discussed. The CV of VOx-NT (1)
presented in Figure 2 is similar to that of template free VOx-NT
shown in ref 10, raising the question of amines role in this material.
In general, the amines are expected to cause a partial passivation of
the nanotubes.'® However, the electron transfer reactions present
in VOx-NT (1) occur at similar potential as in Ca-exchanged VOx-
NT?° indicating that in the first case the amines did not signifi-
cantly avert the lithium intercalation process.
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As described above for batches (2—5), there are variations of
the anodic and cathodic peak positions. It is straightforward to
assign the differences to structural deformation, aging of the
material, or crystallinity loss during cycling. A resistance of the
reduced VOx layers to readopt their original structure may also
generate differences.”® The most obvious difference in the CVs of
the materials is the presence of additional clear features around 2
Vin the cathodic scans of VOx-NT (3) and (5) and at 3.7 Vin the
anodic scan (S). The cathodic peaks might indicate the second
reduction process V** to V> of the materials, although usually
potentials lower than 2 V are needed for this electron transfer.'®
Peak broadening in the second cycle compared to the first one, as
mentioned for VOx-NT (3), can be explained by structural
rearrangements of the electrochemical active VOx layers after
the first cycle. Clear modifications of an I—V curve in the second
cycle compared to the first one suggest that irreversible trans-
formations occur during the initial Li insertion process. In the
following cycles, neither substantial change in the peak potential
value nor in the curve shape is present, indicating quasi redox-
reversible intercalation process for these cycles.

Another interesting feature is the observation of a very broad,
nearly plateaulike reduction peak in VOx-NT (5). One might
speculate that in this region the broadening and overlapping of
the reduction peak itself and the shoulder seen in VOx-NT (2)
and (3) yield the plateaulike behavior. Broadening is a typical
result of a more disordered structure. For example, in VOx-NT
(3) the fact that the second cycle is different from the first one
indicates a structural rearrangement after the first cycle. This is
even more pronounced in VOx-NT (5). Here, already the peaks
in the charging and discharging cycle exhibit different widths so
Li-insertion and extraction is governed by different mechanism.

The electrochemical behavior found for VOx-NTs (2—5) is
very similar to that described by Sun et al. for defect rich Na™-
exchanged VOx-nanorolls that have been synthesized by a similar
method," indicating a possible amine deficiency in the first case.
The hydrothermal step during the synthesis of the VOx-NTs is
crucial for the electrochemical properties of this material. It has
been shown that a larger amount of amines remained in between
the VOx layers after a Na-exchanged process induces different
electrochemical behavior'® by blocking the Li ion access to sites
in the VOx layers and therefore affecting their electrochemical
properties.

The specific capacity behavior upon cycling displayed by the
data in Figure 4 is a feature also found in other VOx nanos-
tructures (for example, in refs 10 and 19). It is typically caused by
amorphization or other structural changes that appear over
cycling. In the case of VOx-NTs at hand, Li might remain
between the VOx layers so that it is not completely deintercalated
upon charging, thereby lowering the reversible capacity and
decreasing the number of available sites for Li ions.

VOx-NTs studied in this work have slightly superior specific
capacity values than VOx-NTs with template found in the
literature. For VO, 45 (TEMP)y 34 (TEMP = C;4H;3NH,), the
initial specific discharge capacity amounts to 120 mAh/g. If the
templates are removed, values of 180 mAh/g are found.'’
Interestingly, the specific capacity values described in this work
are comparable to those for different ion-exchanged VOx-NTs,
although the synthesis methods are different.'® The higher values
of specific discharge capacities for templated VOx-NTs in the
present work indicates that the amines did not completely block
the available sites for the Li intercalation/deintercalation process.
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Figure 4. Specific discharge capacity as obtained from the CVs shown in
Figure 3.
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Figure S. Potential versus specific capacity and the Li amount x in
Li,VOx-NT obtained from potentiostatic studies on VOx-NT (3). The
scans have been performed at rate C/100 (I = 0.027 mA). The arrow
indicates numbering of cycles from 1 to 20.

3.2. Potentiostatic Measurements. Figure S shows potentio-
static data on VOx-NT (3) where the potential of the electro-
chemical cell was maintained constant until the current reached a
previously established limit (C/# rate). Subsequently, the poten-
tial was decreased (when discharging) or increased (when
charging) using S mV steps. The rate used was C/100, that is,
complete discharge in 100 h. The curves show slight changes of
the slope at potential values of 2.4, 2.6, and 2.8 V. The absence of
an obvious plateau in these curves is the clear indication of a
monophasic Li intercalation process, that is, there is no discrete
phase formation during cycling. Interestingly, the first three
cycles of the potentiostatic experiment are different from the
following ones. This difference may arise from different inter-
calation processes present in the first three cycles compared to
the later ones. A similar conclusion might be drawn from
differences between the first and the other cycles in CV experi-
ments. One possible scenario is that in the beginning, Li* ions
are inserted in a quite disordered way between the VOx-layers
(valid for cycles 1 to 3). In a presumably second step of the
intercalation process, the Li" ions might then diffuse to find
favorable sites in the interlayer spaces of the structure, affecting
the VOx structure (valid from cycle 4 onward).
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Figure 6. Field dependence of the magnetization of Li,VOx-NT (3) at
300 K for x = 0, 0.05, 0.1, 0.155, 0.2 ,and 0.4.

The data in Figure 5 again allow following the effect of cycling
on the specific discharge capacity. In the first cycle, it amounts to
130 mAh/g, which corresponds to a Li-intercalation level of 0.66
(cf. upper abscissa of Figure S). This value decreases with cycling
and it reaches a roughly constant value after the tenth cycle. This
decrease can be the result of side reactions, or maybe Li ions sites
are blocked by amines. Note that due to a smaller potential
window used for the potentiostatic experiments, the specific
capacity is slightly lower than in the CVs. Using potentiostatic
experiments, it has been shown that the Li-intercalation process
is a monophasic process with no drastic structural changes of the
studied material (see comments on Figure 5). The values of the
specific capacities found here are higher than those found for
other template VOx-NTs presented in literature, but smaller than
for template-free nanotubes. A previous study has shown that the
structure of mixed-valent vanadium oxide nanotubes is stable
against electron transfer upon Li-doping.** Generally, it is known
that the nanotube morphology is preserved after cycling.17’26

3.3. Magnetic Properties. Using electrochemical methods as
described above, Li was intercalated in VOx-NTs in order to
study the magnetic properties of Li,VOx-NTs as a function of
electronic doping for 0.05 < x < 0.4. The magnetic properties of
undoped VOx-NTs have been already shown in detail
elsewhere.”® In the pristine material, vanadium ions have a mixed
valence state, with an average valence count of ~4.4+ (i.e., x ~
2.2 in VOx-NT)."" Hence, approximately 60% of the V sites
exhibit magnetic V** ions (3d", S = 1/2) and 40% nonmagnetic
V> ions (3d° S = 0). The magnetic properties reflect the
appearance of individual spins, antiferromagnetic dimers, and
trimers.””> However, upon Li-doping the magnetic properties are
completely changed, that is, the spin gap disappears in electro-
chemically doped VOx-NT's and a ferromagnetic-like response
evolves at room temperature at the doping level x = 0.1.”

In general, by applying an electrical voltage, lithium is inserted
in the crystal structure and the valence of the transition metal ion,
that is, the number of electrons in the 3d shell of the V ions, is
altered. Doping with electrons is expected to reduce V> into
V* and therefore to increase the number of the magnetic sites,
that is, V*" (S = 1/2). An increase of the number of magnetic
sites is indeed observed with our experimental data. In addition,
however, there is a clear evolution of a ferromagnetic-like
response upon doping visible in Figure 6. Here, the field
dependence of the magnetization measured at room temperature
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Figure 7. Doping dependence of the saturation magnetization (left-
hand side) and of the "Li- NMR line shift (right-hand side) for Li,VOx-
NTs (3).

(T =300K) for Li,VOx-NT is shown. For the undoped material,
the field dependence of the magnetization has a linear behavior as
expected for a paramagnet. Clear nonlinear field dependence in
applied fields up to 0.2 T appears at x = 0.05, gets most
pronounced at x = 0.1, and vanishes at higher doping levels.
Our data hence provide clear evidence that Li-doping drasti-
cally changes the magnetic interaction between the vanadium
magnetic moments. While the pristine material is governed by
antiferromagnetic dimers and trimers, room temperature ferro-
magnetism is present in Lip ; VOx-NT. The detailed analysis of
ESR, #SR, and NMR enabled us to conclude that the ferromag-
netic-like response in Lig ; VOx-NT is associated with the forma-
tion of small ferromagnetic clusters.”* Interestingly, the data in
Figure 6 imply a particular role for the doping level x = 0.1 where
additional ferromagnetic-like contribution is most pronounced.
A quantitative analysis of the nonlinear feature in M (B) is done
by subtracting the linear high-magnetic field dependence of the
magnetization that allows extracting the saturation moment of
the ferromagnetic-like response. The result of this analysis is
shown in Figure 7. The data clearly show the particularly large
effect at x = 0.1 as well as a strongly nonmonotonous doping
dependence. The particular role of this doping level is corrobo-
rated by the shift of the “Li- NMR line (Figure 7). The main
factor affecting a monotonic growth of the NMR frequency of
this line upon Li doping is the hyperfine interaction with the
vanadium d-electrons. The increase of the Li doping provides
additional electrons to the matrix thus, progressively reducing
the number of nonmagnetic V" (4d°% S =0) ions and increasing
the number of magnetic V*" (4d’, S = 1/2) ions containing one
electron on the d-shell. Apparently, the origin of the sharp line
shift for the Lip,VOx-NT sample is different. SV NMR (not
shown here) does not indicate any anomalies that could be
related to the excess of the amount of the magnetic V** sites at
this particular doping level. Therefore, the "Li NMR line shift can
be only due to the internal magnetic field at the position of the
lithium nuclei.”* Thus an “extra” displacement of the lithium line
of the Lip;VOx-NT sample to a higher frequency (Figure 7)
gives evidence for the appearance of the static (at least on the
NMR time scale) ferromagnetically ordered areas around the Li
sites that create an internal field on all Li nuclei in the sample.
The unexpected occurrence of room-temperature ferromag-
netism upon electrochemical lithium doping of VOx-NTs has
been described in more detail in ref 24 for Li,VOx-NTs (1). For
both Li,VOx-NTs (1) and Li,VOx-NTs (3), it appears that the
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Li concentration x = 0.1 represents the optimal doping level for
the room temperature ferromagnetism hinting at a delicate
balance between electronic and structural factors. Although our
studies exhibit differences in the electrochemical response, the
evolution of HTFM appears robust against small deviations, that
is, in morphology. High-temperature ferromagnetism attributed
to ferromagnetic clusters formation has been also found in
nanoscale diluted magnetic semiconductors (DMS)*?® and
ascribed to collective polaronic effects.””*® As discussed in ref
24, a polaronic scenario may be relevant for VOx-NTs as well
suggesting that an appropriate tuning of the electronic, structural,
and magnetic properties of transition metal oxide nanostructures
by lithium intercalation may indeed result in high-temperature
ferromagnetism.

4. CONCLUSIONS

In the present work, mixed valence VOx-NTs have been
characterized both by electrochemical and magnetic methods.
It is concluded that the electrochemical behavior of the VOx-
NTs is very sensitive to the preparation conditions. Different
surfactant content and/or amount of water could influence the
electrochemical properties of VOx-NTs. Different nanotube
sizes, as well as aging of the material can be another source for
differences in electrochemical behavior of similarly prepared
VOx-NTs. The electrochemical properties of the studied com-
pounds are superior to other template-VOx-NTs. Using electro-
chemical techniques, the charge carrier density in VOx-NT can
be modified and controlled via lithium intercalation into the
structure. Room-temperature ferromagnetism has been found
for the optimal Li doping level Lip;VOx-NTs in two different
batches, although being distinct from the electrochemical point
of view.
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