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Effect of water intercalation on VO, layers in dodecylamine-intercalated vanadium
oxide nanotubes
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Dodecylamine-intercalated vanadium oxide nanotubes were obtained by distinct synthesis processes. Water
intercalation in the nanotube structure was identified in a marked manner by the distortion of the VO, layers
in the x-ray diffraction patterns and enhanced V#*=0 absorption in the Fourier-transform infrared spectra.
Our electron spin resonance measurements sensitively reflect changes in the microscopic structure and mag-
netic interactions introduced by the water intercalation in the vanadium oxide nanotubes.
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I. INTRODUCTION

Quasi-one-dimensional nanostructures are attracting con-
siderable interest, especially for technological applications
such as catalysts, censors, and electrodes.!™ Of particular
interest are the vanadium oxide nanotubes (VO,-NTs). Vana-
dium oxides (VO, with 1.0<x<2.5), with mixed valency
typically of V# and V>*, constitute a class of compounds
widely used as cathode materials in the Li-ion batteries.>*6~°
The electrical conduction mechanism of VO, is generally
taken to be electron hopping between V>* and V**.* They
can undergo a metal-to-Mott insulator transition, become su-
perconductive, or show unusual quantum spin states.'%!! The
VO,-NTs were observed to be a frustrated spin liquid, in
which the electron spins have random orientations, with ap-
proximately one spin for each of the three V sites.® The oc-
tahedral V(1) and V(2) sites constitute a double layer, the
tetrahedral V(3) site lying between them.!> The spins in the
octahedral sites (chain sites) are strongly antiferromagneti-
cally correlated, some of them being coupled in dimers ex-
hibiting a spin-gap behavior and the others forming trimers.
Due to the spin frustration, the tetrahedral magnetic sites are
only weakly correlated.!?> The V(3) site lying in the deepest
energy level of vanadium sites is also the most deeply buried
in the structure, and the V(1) site lying in the highest level is
also the most exposed one, indicating that V(1) is the
doping-sensitive site.® The electrical and magnetic properties
of VO,-NTs may be controlled by electron or hole
doping 513

In this work, we address the effects of the intercalated
water molecules in VO,-NTs, giving rise to a change in the
layered structure and physical properties. V,0Os xerogel
(V,05-nH,0) has been obtained either by protonation of
vanadates in aqueous solutions or by hydrolysis and conden-
sation of V,05.1>!% Water molecules intercalated in the VO,
layered structure may be introduced during the synthesis by
cation-exchange, acid-base chemistry, or redox reactions and
may give rise to amorphorization of the VO, layered
structure.*!>-18 In order to obtain a deeper insight into the
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VO,-NTs, we have carried out x-ray diffraction (XRD),
Fourier-transform infrared (FTIR) spectroscopy, as well as
electron spin resonance (ESR) measurements. In particular,
ESR was employed to obtain information on the water inter-
calation effect on the V** ions, which are responsible for the
electrical and magnetic properties of the nanotubes.

II. EXPERIMENT

Two distinct synthesis processes with same starting mate-
rials were followed in this work. In the “powder” method,’
V,05 powder (Sigma) and dodecylamine (Aldrich, 98%) in a
molar ratio of 2:1 were added to ethanol and stirred for 2 h
in air. The resulting yellow solution adduct was reacted with
de-ionized water and stirred for 48 h at room temperature. In
the “sol-gel” method,'* V,05-nH,O gels were obtained from
V,05 (Aldrich) dissolved in a solution of hydrogen peroxide
(Aldrich, 30%) and stirred for 24 h at room temperature. The
gels were then added to dodecylamine (Aldrich, 98%) in a
molar ratio of 2:1 and stirred for 24 h. After each process,
the composites were transferred to an autoclave at 180 °C
for ten days and washed with ethanol and de-ionized water.
The resultant solids were dried at 80 °C for 6 h in air. The
samples obtained through the sol-gel method (“SVNT”) and
the powder method (“PNVT”) were used for this work. The
FTIR spectra were taken using a Bomem MB spectrometer,
with a slit resolution of 0.2 nm, and a JEOL JES-FA200
spectrometer was used for the ESR experiment at 9 GHz.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns for PVNT and SVNT,
both displaying low-angle reflection peaks characteristic of
the layered structure. The interlayer distances were measured
to be 3.04 nm (SVNT) and 2.78 nm (PVNT), comparable to
previous reports (2.74 nm).? The greater interlayer distance
of SVNT is indicative of water molecules intercalated be-
tween the VO, layers in addition to dodecylamine,'# in con-

trast to the case of PVNT. The high-angle reflection peaks of
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FIG. 1. (Color online) X-ray powder diffraction patterns of the
VO,-NTs obtained through distinct routes. Inset: transmission elec-
tron microscope (TEM) image of the PVNT.

the VO,-NTs are dissonant, indicating that the VO, layers in
the SVNT are slightly distorted due to the intercalated water
molecules.” The transmission electron microscope (TEM)
image (inset of Fig. 1) shows the PVNT multiwall nanotubes
with a quasilayered structure, consisting of concentric shells,
with an average outer diameter of 70.48 nm and interlayer
distance of 2.67 nm.>%13

Figure 2 shows the FTIR spectra of the VO,-NTs. The
peaks in the 500—1000 cm™' range can be attributed to vari-
ous vibrations of the V—O type.!° In particular, the peaks at
1013 and 997 cm™! can be assigned to the V>*=0O stretch-
ing mode, and those at 999 and 971 cm™' can be attributed to
the V#*=0 bonds.?® As shown in the inset of Fig. 2, the
absorption peak corresponding to the V¥#*=0 bonds in the
SVNT is stronger than that in the PVNT, which indicates that
water intercalation gives rise to an increase in the V4
concentration. The two peaks manifested in the
2800—3000 cm™! frequency range reflect the C—H stretch-
ing mode.?%131921 The bending vibrations of the H—O—H
(around 1600 cm™) and V—O—V (around 500 cm™')
bonds are also apparent.!” The absorption intensity of the
H—O—H stretching in the SVNT is much stronger than
that in the PVNT, indicative of the water intercalation in the
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FIG. 2. (Color online) FTIR spectra of the PVNT and the
SVNT. Inset: the absorption peaks corresponding to the V>*=0
and the V#*=0 bonds. An increase in the V**=0O absorption
peak in the SVNT is noticed.
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FIG. 3. (Color online) (a) SVNT ESR spectrum at 400 K fitted

by two Lorentzian line components and (b) the residual hyperfine
structure obtained by subtraction of the Lorentzian fits.

SVNT. In the VO,-NTs, evidence for the protonation of alky-
lamine (NH,— NH;") has been seen by the absorptions as-
signed to a NH;* vibration (3500-3300 cm™").2%2! The pro-
tonation by intercalated water molecules gives rise to a
distortion of the VO, layer,* as seen in the V—O—V equa-
torial stretching. The redshifts, of the 595.2 cm™' peak to
561.3 cm™" and of the 502.2 cm™! peak to 477.0 cm™!, with
increasing sheet distance are associated with the stretching
vibration modes of the O—V; and O—V, bonds in a dis-
ordered V—O—YV framework.%19-2!

Figure 3 shows an ESR line shape in SVNT fitted by two
Lorentzian line components (FIT1 and FIT2) and the re-
sidual hyperfine spectrum obtained by subtraction of the
Lorentzian fits.”>?* The ESR intensity arising from the V*#*
concentration is stronger in SVNT than that in PVNT, indi-
cating that the water intercalation gives rise to the electron
transfers. The hyperfine-split line arising from the isolated
spins is also much stronger in the SVNT than in the PVNT,
with its areal fraction being about 1%. The eight-line hyper-
fine splitting structure indicates that the 3d electrons of the
V# jon are strongly localized, interacting with only one va-
nadium nucleus.?* The ESR line shape of the two Lorentzian
line components superposed by a hyperfine structure indi-
cates that the V#* ions are inhomogeneously distributed. The
intercalated water molecules would act to increase the inho-
mogeneity in the vanadium oxide nanotubes. Considering
that the V(1) site is the doping-sensitive one, the hyperfine-
split lines may be ascribed to the isolated V#*(1) ions.?

In a powder, the hyperfine spectrum of the superposition
of all the orientations is very complicated and poorly re-
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TABLE I. Principal values of the hyperfine structure at 400 K.
The principal z axis corresponds to the direction normal to the
vanadium oxide layer. The values for a V,05 single crystal were

cited from Ref. 22.
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Ay Ay
81 8l 8aver (mT) (mT)
V5,05 1.98 1.92 1.96 6.6 18.4
SVNT 1.96 1.92 1.95 8.7 19.3
PVNT 1.98 1.92 1.96 7.8 18.4

solved. As was reported in a previous ESR study of amor-
phous V,0s, the large anisotropy of hyperfine coupling may
give a much simpler spectrum.?* ESR spectra of V,05 single
crystal have usually been described by a uniaxial g tensor
and a hyperfine coupling tensor, with their principal z axis
corresponding to the direction normal to the vanadium oxide
layer. The uniaxial g tensor and the hyperfine coupling tensor
were obtained from the ESR spectra, as shown in Table
1:2224 The g tensor was determined by the center fields of the
hyperfine spectra. Due to the weak hyperfine spectrum, the
parameters of the PVNT include larger uncertainties than
those of SVNT and the parameters perpendicular to the z
axis are more erroneous than those parallel to the z axis. The
greater hyperfine splitting in SVNT indicates the stronger
hyperfine interaction and thus the stronger localization of the
3d electrons at the V#*(3) site in SVNT. This may be as-
cribed to the intercalated water molecules accompanying a
structural change, as seen by the redshifts in the V—O—V
stretching modes in the FTIR spectra (Fig. 2).*13

The spin susceptibilities, in Fig. 4, were obtained from the
ESR intensity for the two Lorentzian line components, FIT1
and FIT2 lines. The susceptibility of the FIT1 line compo-
nent in PVNT in Fig. 4(a) is shown to be much greater than
that of the FIT2 line component. According to previous
reports,®!? there are three types of spin complexes in the
system: quasifree spins at the V(3) sites and spin dimers and
trimers comprising the V(1) and V(2) sites. Thus, the FIT2
line component of PVNT, without water intercalation, exhib-
iting only a simple paramagnetic behavior at all tempera-
tures, can readily be ascribed to the quasifree spins at the
V(3) site, which is known to be nearly decoupled from the
V(1) and V(2) sites due to the frustration of the exchange
coupling. On the other hand, the FIT1 line of PVNT can be
assigned to the V(1) and V(2) sites, for which the spin sus-
ceptibility is dominated by the spin trimers in the low tem-
perature region and by the spin dimers in the high tempera-
ture region because of the spin gap and singlet-triplet
excitation of spin dimers.'> Owing to thermally activated
singlet-triplet excitation across the dimer gap, the ESR sus-
ceptibility of the antiferromagnetic spin dimers in PVNT can
be observed to increase with increasing temperature in the
high temperature region.

As shown in Fig. 4(b), while the total ESR spin suscepti-
bility for SVNT is apparently much greater than that for
PVNT in agreement with the increase in the IR absorption
peak of the V¥**=O bond, the ESR susceptibility of the
FIT1 line in SVNT is comparable to that of the FIT2 line.
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FIG. 4. (Color online) Spin susceptibilities for the ESR line
components of (a) PVNT and (b) SVNT as a function of
temperature.

This indicates that the fitted ESR lines have distinct origins
in PVNT and SVNT, calling for distinct line assignments. In
fact, according to the literature, while the V(3) site is con-
sidered to be doping insensitive, electron doping to the V(1)
site, presumably taking place by water intercalation in our
case, is known to remove the spin frustration between the
V(2) and V(3) sites.® Once the spin frustration is removed, a
strong exchange interaction between the V(2) and V(3) sites
renders the two sites indistinguishable in ESR. The interact-
ing V(2)-V(3) sites are decoupled from the spin dimers and
trimers, as there are no unpaired spins on the nearby V(1)
sites. Therefore, the interacting V(2)-V(3) sites as well as the
quasifree V(3) site can be assigned to the FIT2 line in SVNT,
the intensity of which becomes much larger than that of the
FIT2 line in PVNT. Thus, the relative increase in the FIT2
line intensity and the relative decrease in the FIT1 line in-
tensity in SVNT can be systematically explained by assum-
ing electron doping effect arising from the water intercala-
tion. Nonetheless, the spin susceptibility of the FIT1 line in
SVNT still appears to be dominated by the spin trimers in the
low temperature region and by the spin dimers in the high
temperature region as in the case of PVNT.

Figure 5 shows the ESR linewidth of the FIT1 line in the
two VO,-NTs as a function of temperature. In both
VO,-NTs, it increases with increasing temperature, whereas
the ESR linewidths for the other ESR lines show little tem-
perature dependence, with the ESR linewidth of FIT2 line
being about 53.1 mT and the hyperfine structure linewidth
being about 19.4 mT in SVNT, and the ESR linewidth of
FIT2 line being about 17.5 mT in PVNT. The hyperfine
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FIG. 5. (Color online) ESR linewidths of the FIT1 line in the
VO,-NTs as a function of temperature.

structure linewidth in SVNT is greater than the linewidth of
FIT2 line in PVNT. Since the hyperfine structure originates
from the isolated spins, the line broadening of the hyperfine
structure may be ascribed to the structural distortion of the
VO, layers, giving rise to a change in the hyperfine splitting.
The larger FIT2 linewidth in SVNT than in PVNT may be
attributed to the antiferromagnetic correlation between the
V(2) and V(3) sites; the FIT2 line in PVNT arises from qua-
sifree spins on the V(3) site, whereas the FIT2 line in SVNT
includes a large contribution from the antiferromagnetically
correlated V(2) and V(3) sites as well as the quasifree spins.
The increase in the FIT1 linewidth with increasing tempera-
ture can be attributed to mobile holes, giving rise to spin flips
and thus line broadening.'® The fact that the temperature de-

PHYSICAL REVIEW B 76, 045434 (2007)

pendence of the ESR linewidth arising from the mobile holes
was observed only in the FIT1 line component would thus
indicate that the mobile holes are associated with the V(1)-
V(2) plane but not with the V(3) site.

In summary, water intercalation in dodecylamine-
intercalated vanadium oxide nanotubes obtained by a sol-gel
method was markedly identified by means of x-ray diffrac-
tion and Fourier-transform infrared spectroscopy measure-
ments. Our electron spin resonance study showed that the
mobile holes in the vanadium oxide nanotubes have some-
thing to do with the V(1)-V(2) planes but not with the V(3)
site lying between them and that intercalated water mol-
ecules give rise to an increase in the V#* ion concentration
and to changes in the magnetic interactions between the
spins at distinct vanadium sites.
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