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Abstract: A nonaqueous liquid-phase route involving the reaction of vanadium oxychloride with benzyl
alcohol leads to the formation of single-crystalline and semiconducting VO1.52(OH)0.77 nanorods with an
ellipsoidal morphology, up to 500 nm in length and typically about 100 nm in diameter. Composition, structure,
and morphology were thoroughly analyzed by neutron and synchrotron powder X-ray diffraction as well as
by different electron microscopy techniques (SEM, (HR)TEM, EDX, and SAED). The data obtained point
to a hollandite-type structure which, unlike other vanadates, contains oxide ions in the channels along the
c-axis, with hydrogen atoms attached to the edge-sharing oxygen atoms, forming OH groups. According
to structural probes and magnetic measurements (1.94 µB/V), the formal valence of vanadium is +3.81
(V4+/V3+ atomic ratio ≈ 4). The experimentally determined density of 3.53(5) g/cm3 is in good agreement
with the proposed structure and nonstoichiometry. The temperature-dependent DC electrical conductivity
exhibits Arrhenius-type behavior with a band gap of 0.64 eV. The semiconducting behavior is interpreted
in terms of electron hopping between vanadium cations of different valence states (small polaron model).
Ab initio density-functional calculations with a local spin density approximation including orbital potential
(LSDA + U with an effective U value of 4 eV) have been employed to extract the electronic structure.
These calculations propose, on the one hand, that the electronic conductivity is based on electron hopping
between neighboring V3+ and V4+ sites, and, on the other hand, that the oxide ions in the channels act as
electron donors, increasing the fraction of V3+ cations, and thus leading to self-doping. Experimental and
simulated electron energy-loss spectroscopy data confirm both the presence of V4+ and the validity of the
density-of-states calculation. Temperature-dependent magnetic susceptibility measurements indicate strongly
frustrated antiferromagnetic interactions between the vanadium ions. A model involving the charge order
of the V3+ sites is proposed to account for the observed formation of the magnetic moment below 25 K.

Introduction

Anisotropic nanoparticles such as nanotubes, nanorods, and
nanowires are of not only scientific but also technological
interest. The anisotropy inherent in these nanomaterials provides
unique properties which are expected to be critical to the
function and integration of nanoscale devices.1,2 The attractive-
ness of one-dimensional nanomaterials is also reflected in the
large and rapidly growing number of publications in this exciting

research field. The interested reader is referred to several
excellent review articles.2–6

Among the different families of functional materials, metal
oxides play an outstanding role due to their redox activity.7,8

The possibility to change the oxidation state and the stoichi-
ometry provides unique opportunities to tailor the chemical and
physical properties. A particularly fascinating example along
these lines is the class of anisotropic vanadium oxides with
diverse morphologies including nanotubes,9–11 nanorods,12–14

† Department of Materials, ETH Zürich.
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nanowires,15–18 nanofibers,19 and nanobelts.20,21 On the nanos-
cale dimension, the higher specific surface area emerges as an
important improvement compared to bulk systems, having
significant implications with respect to energy storage devices,22–25

sensing,26 and catalytically active sites.27–29

Vanadium oxides are known to exhibit an exceptionally rich
variety of structural motifs and electronic ground states.30–32

Approximately 60 types of vanadium oxide frameworks are
divided into five classes based on the type of coordination
polyhedra present: tetrahedron, trigonal bipyramid, square
pyramid, regular octahedron, and distorted octahedron. V-O
compounds can further be divided into 14 subclasses character-
ized by more complex structural units.31 Vanadium oxides
frequently form low-dimensional structures, where mixed va-
lency of vanadium ions and interplay between spin-charge-
orbital degrees of freedom can lead to strongly correlated
electronic states. Metal-insulator transitions,33–35 supercon-
ductivity,36 or unusual spin states can be found.37 An important
and widely investigated class of such low-dimensional structures
is represented by the hollandite-type vanadium oxides with the
general formula AxV8O16, where A is an alkaline, alkaline-earth,
or another metal cation. The vanadium hollandite structure is,

in general, built of zigzag chains formed by edge-sharing VO6

octahedra. The individual chains are then connected via shared
corner oxygen atoms. Zigzag chains are well-known systems
where magnetic frustration plays a very important role. Their
ground state has been extensively studied in the past as a
function of the ratio between the exchange coupling constants
J2/J1.38–42 A quantum phase transition from the spin liquid phase
to the gapped dimer phase occurs at J2/J1 ) 0.2411.43 Several
different hollandite vanadium oxides with different ions inter-
calated into the channels are known in the literature,33–35,44 but
only BixV8O16 (1.6 < x < 1.8) has been studied in detail due to
the observed metal-insulator transition.33–35 In that particular
system, the molar ratio of V3+ and V4+ is close to 2:1, and it
is believed that the charge order, which is proposed to
be. . . V3+V3+V4+. . . , is a direct consequence of this specific
molar ratio.35 A mechanism in which charge and orbital ordering
are cooperative and cause the metal-insulator transition in this
system has been proposed.33 Before now, there is only one report
in the literature about a hollandite-type vanadium oxide which
contains only anions in the 2 × 2 tunnels.45 It has an
occupational disorder at the vanadium sites as well as in the
tunnels, and it is believed that the vanadium is in the single
oxidation state V3+. Concerning magnetic properties, V7.22O8-
(OH)8Cl0.77(H3O)2.34 shows significant spin frustration.45

In this work, we present the characterization of a novel
hollandite-type compound with the formula VO1.52(OH)0.77,
containing oxide ions in the 2 × 2 tunnels. The synthesis is
based on a simple one-batch process involving the reaction of
vanadium oxytrichloride with benzyl alcohol,46 analogous to
many other nonaqueous liquid-phase processes that use benzyl
alcohol as solvent and oxygen-supplying agent.47,48 In addition
to the crystal structure of this compound, which was solved
and refined by means of neutron diffraction and synchrotron
powder X-ray diffraction (XRD), also its electronic structure
was calculated using the local spin density approximation
including orbital potential (LSDA + U) method. On the basis
of these calculations, electron hopping from neighboring V3+

and V4+ atoms is proposed as a model for the electronic
conductivity. Furthermore, the role of the oxide ions in the
channel can be described as an electron donor, resulting in so-
called self-doping of this hollandite-type structure. The good
agreement of experimentally recorded and theoretically simu-
lated electron energy-loss spectra confirmed the validity of the
density of states (DOS) calculation. Morphological features, DC
electrical conductivity, and DC and AC magnetic susceptibilities
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are also thoroughly studied to obtain a clear picture of the
investigated material.

Experimental Section

Materials. Vanadium(V) oxychloride (99.995%) and benzyl
alcohol (99.8%, anhydrous) were obtained from Aldrich and used
without further purification. The heat treatment was performed in
Parr acid digestion bombs with 45 mL Teflon cups.

Synthesis. In a typical synthesis, 0.5 mL (0.92 g; 5.31 mmol)
of vanadium(V) oxychloride was slowly added to 20 mL of benzyl
alcohol. The vial was sealed and stirred at room temperature for
several minutes. The solution color gradually turned from red to
green-blue. The reaction solution was then transferred to the
autoclave and heated at 150 °C for 24 h in a regular laboratory
furnace. The resulting black suspension was centrifuged, and the
precipitate was thoroughly washed with ethanol (3 times) and dried
at 60 °C in air. The product was finally ground in a mortar to yield
a black powder.

Characterization. The XRD pattern was recorded in reflection
mode using a Philips PW 3040/60 X’Pert PRO (Almelo, Nether-
lands) diffractometer with Cu KR radiation at 45 kV and 40 mA.
The step size was set to 0.02° with measuring time of 20 s/step,
which is suitable for the Rietveld refinement. The synchrotron
powder XRD experiment (λ ≈ 0.512 Å) was performed at room
temperature with the high-resolution powder diffractometer located
at the Materials Sciences beamline at the SLS synchrotron light
source49 (Paul Scherrer Institute, Villigen, Switzerland). The neutron
powder diffraction data (λ ≈ 1.515 Å) were collected at room
temperature with the high-resolution neutron diffractometer HRPT50

at the spallation neutron source SINQ of the Paul Scherrer Institute.
The synchrotron X-ray data were used to solve the main structural
motif in the space group I4/m by the software FOX.51 The neutron
data enabled the location of the hydrogen atoms in the structure
also by FOX.51 The final combined refinement of the synchrotron
X-ray and neutron powder diffraction data was performed by the
software FULLPROF.52 The microstructural parameters were
extracted from the synchrotron XRD powder pattern using the
Rietveld method. The profile function was chosen to be the modified
Thompson-Cox-Hastings pseudo-Voigt (TCH pV) method, mak-
ing the size-strain analysis straightforward.53 In this approach, we
assumed that the line-broadening of the deconvoluted profile occ-
urred due to the small crystallite size and the presence of lattice
microstrain. The values of half-width parameters V, W, and X were
kept constant at instrumental values determined by using the
standard sample Na2Al2Ca3F14 (cubic system, space group I213, a
) 10.249 Å). The highly crystalline anisotropy was modeled
assuming a needle-like crystal shape offered within FULLPROF,
i.e., considering less broadening in the direction along the needle
axis. Scanning electron microscopy (SEM) characterization was
performed by using a Zeiss LEO 1530 microscope operating at 5
kV. Transmission electron microscopy (TEM) measurement was
performed on a Zeiss EM 912Ω instrument at an acceleration
voltage of 120 kV, while high-resolution transmission electron
microscopy (HRTEM) characterization was done using a Philips
CM200-FEG microscope (200 kV, Cs ) 1.35 mm) equipped with
a GIF 100 GATAN energy filter for electron energy-loss spectros-
copy (EELS) measurements. The samples for TEM characterization
were prepared in such a way that one drop of the dispersion of
as-synthesized powder in ethanol was deposited onto a copper grid
covered by an amorphous carbon film. The EELS spectra of the
samples were recorded at a collection angle of 8 mrad. The energy

resolution, which was estimated from the full width at half-
maximum of the zero-loss peak, was found to be 1 eV. The recorded
core-loss spectra were subjected to deconvolution using the Fourier
ratio method with low-loss spectra recorded under equivalent
conditions to reduce multiple-loss events. Finally, the background
under the edges was subtracted by applying the standard AE-r

background model. The density of the powder was determined at
23 °C using an AccuPyc 1330 gas-penetration pycnometer operating
with He gas. DC electrical conductivity was measured from the
powder sample pressed into a pellet in the temperature range of
305-439 K, employing the van der Pauw four-probe technique.
The pelletized sample was pressed against the cooled surface of a
closed-cycle He cryostat (Leybold) installed inside an argon-filled
glovebox. A Keithley Source Measure Unit 236 was used as a
programmable constant current source, and a Keithley Digital
Multimeter DMM 2002 was used for measuring the voltage drop
across the sample. The magnetization at applied field was measured
with a SQUID magnetometer (MPMS 5S, Quantum Design). Zero-
field-cooled (ZFC) and field-cooled (FC) runs were performed
between room temperature and 2 K in a static magnetic field of 10
kOe. For the magnetization measurements, the samples were loaded
into gelatin capsules and the measurements corrected for the
diamagnetic contribution of the sample holder. In the temperature-
dependent AC susceptibility (H ) 6.5 Oe) measurements, in-phase
�′ and out-of-phase �′′ signals were recorded simultaneously by a
two-channel lock-in amplifier operated at a fundamental frequency
ν varied between 1 and 103 Hz.

Calculation Details. The first-principles calculation was per-
formed by a full-potential (linearized) augmented plane-wave +
local orbitals method ((L)APW + lo) based on the density functional
theory (DFT) and implemented in WIEN2K code.54 Because of
the failure of the local spin density approximation (LSDA) due to
the presence of localized V 3d electrons, a spin-polarized calculation
including orbital correction potential (LSDA + U) was run,
assuming a ferromagnetic approximation for the paramagnetic state,
which simplifies the calculation procedure. The LSDA + U (SIC)
method introduced by Anisimov et al. was employed in the current
approach.55 The calculation was executed under the presumption
that the oxide ion O3 occupies the crystallographic site 2a with
the atomic coordinates (0, 0, 0) instead of the refined values (0, 0,
0.101) at 4e. Such an approximation is justified by the fact that the
(under)occupancy of the O3 site equals 58% [4e × 0.58 ≈ 2a],
and in addition, the z-coordinate of O3 can be regarded as 0 with
an anisotropic thermal parameter. Consequently, the stoichiometry
of the compound for which the DFT calculation was done is
VO2.25H, which is close to the experimentally determined stoichi-
ometry of VO2.29H0.77. The calculation was performed with an
energy cutoff constant RMTKmax ) 3, where Kmax is the cutoff for
the plane waves and RMT is the smallest of all muffin-tin radii.
Muffin-tin sphere boundaries separate an interstitial region from
the ion cores, and their radii were chosen as 1.8 au for V, 1.2 au
for O, and 0.6 au for H. Since the system contains hydrogen and
hence short OH bonds, the usual settings for such systems have
been employed. The effective intra-atomic correlation energy Ueff

is taken to be 4 eV. A total of 143 k-points on a shifted mesh in
the irreducible part of the Brillouin zone (IBZ) were used for the
self-consistent calculations. The calculation was considered to
converge when the total charge of the system was stable within
10-4 electron charges.

Results and Discussion

The initial and preliminary analysis of the crystal structure
of the vanadium oxyhydroxide nanorods involved Rietveld
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refinement of the X-ray powder diffraction pattern measured
by a conventional laboratory XRD machine. The reflections
observed matched well with the XRD pattern reported in the
ICDD PDF database (No. 00-500-1797), corresponding to
V8.18O16 ·1.46 H2O in the space group I4/m. Although the atomic
coordinates of this compound were not reported, the space group
with the allowed Wyckoff positions for the atoms represented
a suitable initial model for further structure solution and
refinement. Figure S1 in the Supporting Information presents
the Rietveld output plot of the processed XRD powder pattern,
indicating a good structural raw model. To get more detailed
structural information, including possible hydrogen atoms, high-
resolution probes such as synchrotron X-ray and neutron
diffraction were performed. The complementarity of X-ray and
neutron powder diffraction techniques was essential for the
success of the complete crystal structure determination of
VO1.52(OH)0.77. The scattering amplitudes of vanadium, oxygen,
and hydrogen atoms are in the ratio of 23:8:1 for X-rays and
roughly -0.4:5.8:-3.7 for neutron diffraction. Consequently,
hydrogen is almost invisible by X-rays, whereas vanadium is
almost invisible for neutrons. On the other hand, in the neutron
diffraction experiment, hydrogen and oxygen atoms strongly
scatter. Accordingly, the atomic coordinates of the vanadium
atoms are refined on the basis of the synchrotron XRD data
and kept constant during the refinement of the neutron diffraction
data. Furthermore, they can be well distinguished from each
other because the respective neutron scattering lengths are of
opposite signs. Figure 1 shows the Rietveld refinement plots of
synchrotron X-ray and neutron powder diffraction data, respec-
tively. A significant anisotropic peak-broadening is visible
due to the elongated crystal shape of the nanoparticles. The
anisotropic peak-broadening is modeled according to the TEM
results. The nonspherical shape is also responsible for the
imperfections in the fitting procedure, leading to oscillations of
the difference curve for the synchrotron data (Figure 1a). The
quality of fitting parameters (Rwp ) 10.5%) is nevertheless
satisfactory. The neutron diffraction pattern (Figure 1b) has a
substantial background due to the incoherent scattering from

hydrogen, thus corroborating its presence in the composition.
The two strongest peaks in the otherwise rather flat difference
curve correspond to d-spacings of 2.169 and 1.672 Å, respec-
tively, and are assigned to traces of an unidentified impurity in
such a small quantity that it is not observed in X-ray diffraction.
The crystallographic data of the refined structure and selected
bond distances are listed in Tables 1 and 2, while the structure
is shown in Figure 2, viewed in perspective (a), along the c-axis
(b), and along the a-axis (c). A highly distorted VO6 octahedron
constitutes the basic structural unit building up the vanadium
oxide framework.

The symbols of the atoms in Table 2 coincide with the
crystallographic site symbols in Table 1. The central vanadium
atom is surrounded by three equivalent oxygens atoms, O1
[1.868 (×1) and 1.985 Å (×2) distant], and three equivalent
O2 [2.106 (×1) and 2.055 Å (×2) distant]. Due to the high
distortion of the VO6 octahedron, the assignment of the oxygen
atoms to apical and equatorial ligands is not completely clear;
therefore, we have chosen the shortest (1.868 Å) and the longest
(2.106 Å) V-O distances to represent the bond between the
central V and the two apical oxygen atoms, although the O1a-
V-O2a angle deviates from 180° by about 15°. The remaining
four V-O distances in the VO6 octahedron are then chosen to
connect the central V with four equatorial O ligands. The
distortion of the VO6 octahedron is also evident from the
deviations of the bond angles from 180° and 90° (Table 2). Such
a pronounced distortion removes the triple degeneracy of the
t2g orbitals, having strong implications on the electronic structure
of this compound (see below). Typical for a hollandite-type
structure, the VO6 octahedra share edges to form double chains
parallel to the crystal c-axis. Four double chains, rotated roughly
by 90° with respect to each other, share corners to form tunnels.

These 2 × 2 tunnels have an approximate diameter (diagonal
O-O distance) of 5.477 Å, which is large enough to accom-
modate large cations or anions. Numerous reports can be found
in the literature where metal cations like K, Ti, or even Ba were
intercalated into V-O hollandite.31 Surprisingly, our structure
contains oxide ions O2- placed in the center of the channels,
which is proven by the same occupancy for the extra oxygen
(denoted as O3 and placed in the 4e site) from both synchrotron
XRD and neutron diffraction data and additionally confirmed
by inspection of the difference Fourier map. Channel oxide ions
are frequently reported for ion-conducting apatite-type silica-
tes.56–59 The oxide anion channel radius, expressed as the
distance between the channel oxide anion and the La cation,
amounts to 2.271 Å for La9SrSi6O26.5,57 2.288 Å for La9.5-
Si5.75Mg0.25O26,58 and 2.31 Å for La9.33Si6O26.56 These channel
radii are comparable to the channel size in VO1.52(OH)0.77 (either
2.738 Å, half of the oxygen-oxygen distance, or 1.791 Å, half
of the H-H distance), implying that the channels in the
hollandite structure are large enough for the intercalation of
oxide anions. The V-V distance along the chain of VO6

octahedra is 3.006 Å, while it is 3.293 Å along a double chain.
The V-V distance between two different walls is 3.493 Å.
Consequently, it is expected that the charge hopping and
magnetic exchange will preferentially occur in a direction

(56) Sansom, J. E. H.; Richings, D.; Slater, P. R. Solid State Ionics 2001,
139, 205.

(57) Beaudet-Savignat, S.; Vincent, A.; Lambert, S.; Gervais, F. J. Mater.
Chem. 2007, 17, 2078.

(58) Kendrick, E.; Sansom, J. E. H.; Tolchard, J. R.; Islam, M. S.; Slater,
P. R. Faraday Discuss. 2007, 134, 181.

(59) Tolchard, J. R.; Slater, P. R.; Islam, M. S. AdV. Funct. Mater. 2007,
17, 2564.

Figure 1. (a) Rietveld plot of the VO1.52(OH)0.77 crystal structure refinement
from synchrotron X-ray powder diffraction data at room temperature. The
measured data points are marked in red, the calculated profile is drawn as
a solid black line, and the difference curve is shown in blue. Green bars
correspond to the position of the Bragg reflections. (b) Same as in (a) but
for the neutron powder diffraction data.
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parallel to the crystal c-axis. Careful study of the scattering
density in the channels revealed that the hydrogen is attached
to only one oxygen site, O2. Refinement of the atomic
coordinates for H results in a characteristic OH bond length of
0.949 Å. The presence of O3 and H sites and the refinement of
atomic occupancies thereof leads to the nonstoichiometric
vanadium oxyhydroxide V1O2.29H0.77 [or VO1.52(OH)0.77]. To
obtain charge neutrality, the formal valence of vanadium is
+3.81; i.e., around 80% of vanadium sites are occupied by V4+,
and around 20% by V3+. The central channel oxygen O3 looks
like it is doubled in Figure 2a. However, such a splitting is, in
fact, artificial, since instead of (0, 0, 0.101) for this site, equally
good refinement is obtained if O3 is placed in the (0, 0, 0)
position and subjected to strong anisotropic thermal motions.
The representation of these central oxygens as ellipsoids, which
are strongly elongated along the c-axis, in fact suggests a very
shallow potential for the O3 at the center of the 2 × 2 channel.
However, this could also be a split position, in which O3
occupies the upper position in one channel and the lower
position in a neighboring channel. To resolve which of these
two possibilities is correct (i.e., more stable), DFT calculations

were performed in a supercell created from the 1 × 1 × 2
hollandite unit cells. By comparing the total energies of both
configurations, we found that the first solution, i.e., O3 placed
in the (0, 0, 0) position and subjected to strong anisotropic
thermal motions, lies about 26 mRy (0.354 eV) below the energy
corresponding to the split position. Although this energy
difference is relatively small, we restrict the discussion of the
DFT results to the first and more stable configuration. The
nearest neighbors of O3 are hydrogen atoms, suggesting that
the oxide anions are stabilized by hydrogen bonds.

The morphology of the VO1.52(OH)0.77 nanoparticles was
examined by SEM and TEM. An overview SEM image at low
magnification illustrates that the product is almost exclusively
composed of discrete and uniform particles with an anisotropic,
rod-like shape (Figure 3a). The pointed ends of the rods give
them an ellipsoidal, rice-like appearance, which is also con-
firmed by the TEM image in Figure 3b. Their length ranges
from 140 to 500 nm, with an average of 330 nm, and the width
varies between 50 and 105 nm, with an average of 80 nm. The
local crystallinity of a single nanorod was further elucidated
by HRTEM, revealing well-developed lattice fringes that extend
over the whole area displayed in Figure 3c without any defects.
The corresponding power spectrum (Figure 3d) was used for
the determination of the zone-axis orientation and the growth
direction of the nanorods. The lattice plane distances of 5.212
and 2.888 Å are clearly resolved, corresponding to the (020)
and (011) planes. In addition, the selected area electron
diffraction (SAED) pattern (Figure 3e), taken from just a part
of a single nanorod, can be indexed in accordance with the
power spectrum. Both reciprocal space patterns point to single-
crystallinity of the nanorod. Its orientation with respect to the
electron beam is determined as [100], and the growth direction
is deduced from the power spectrum as being along [002].

Consequently, the observed anisotropy in the synchrotron as
well as in the laboratory XRD patterns is modeled assuming
[002] as the preferential growth direction of the nanorods,
resulting in slightly higher values for the crystallite size in the
[002] direction (65.4 nm) compared to the average value in all
directions (49.1 nm). The discrepancy between the average
length of the nanorods and the average crystallite size in the
[002] direction implies that the nanorods are probably composed
of several single-crystalline subunits that are epitaxially arranged

Table 1. Crystallographic Data and Refined Structural Parameters Obtained from Combined Neutron and Synchrotron X-ray Powder
Diffraction

compound name vanadium oxyhydroxide

chemical formula V1O2.29H0.77 or VO1.52(OH)0.77

V-oxidation number +3.81
space group I4/m (No. 87)
Z 8
crystal system tetragonal
lattice parameters (Å) a ) 10.4255(6), c ) 3.0056(2)
cell volume (Å3) 326.682(42)
label site x y z site occupancy Bisotropic (Å2)

V 8h 0.1424(2) 0.6596(2) 0 1 1.18(8)
O1 8h 0.3375(8) 0.9632(6) 0 1 0.99(5)
O2 8h 0.3387(8) 0.7073(6) 0 1 0.99(5)
O3 4e 0 0 0.101(4) 0.58 (1) 0.99(5)
H 8h 0.364(1) 0.401(1) 0 0.77 (1) 0.99(5)

average crystallite size (nm) 49.1
standard deviation, measure of anisotropy (nm) 3.9
average crystallite size in [002] direction (nm) 65.4
average maximum microstrain e (×10-4) 15.5
Rp, Rwp (%) 1.36, 1.80
goodness of fit (�2) 2.3

Table 2. Calculated Bond Distances and Angles in the VO6
Coordination Octahedrona

bond multiplicity value (Å)

V-O1a ×1 1.868
V-O1e ×2 1.985
V-O2a ×1 2.106
V-O2e ×2 2.055

O-H bond length (Å) 0.949
H-H distance within the channel (Å) 3.582

angle value (deg)

O1a-V-O2a 165.41
O1e-V-O2e 168.21
O1e-V-O1e 98.40
O2e-V-O2e 93.99
O1e-V-O2e (lower) 82.63
O2a-V-O2e 75.37
O2a-V-O1e 92.85
O1a-V-O2e 94.87
O1a-V-O1e 96.66

a a, apical; e, equatorial. H-related bond lengths are also listed.
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with respect to each other via oriented attachment. In Figure
S2 in the Supporting Information, an additional HRTEM image
recorded at a different spot is shown to further confirm [002]
as the growth axis. Although both HRTEM images (Figure 3c
and Figure S2 in the Supporting Information) show a defect-
free crystal structure in the area studied, the appreciable
microstrain value of 0.15%, deduced from synchrotron XRD,
points to the presence of lattice defects. This observation seems

to be typical for nanoparticulate systems of reduced dimen-
sionality, like nanorods or nanofibers.60

The energy-dispersive X-ray (EDX) spectrum (Figure 4)
shows peaks of V, O, and Cl with an atomic ratio of 32.3:62.4:
5.3. The other detected elements, Cu and C, originate from the
carbon-coated copper grid used for the TEM analysis. The
qualitative agreement between the nonstoichiometric formula
proposed previously (O/V atomic ratio ) 2.29) and the atomic

Figure 2. Crystal structure of VO1.52(OH)0.77 viewed (a) in perspective,
(b) along the c-axis, and (c) along the a-axis. The vanadium atoms are
represented by red, oxygen by blue, and hydrogen by green spheres.

Figure 3. (a) SEM and (b) TEM overview images of VO1.52(OH)0.77

nanorods. (c) HRTEM image of a part of a nanorod. (d) Power spectrum
corresponding to the images in (c). (e) SAED pattern taken from the part
of the nanorod depicted in (c).

Figure 4. EDX spectrum recorded for the VO1.52(OH)0.77 nanorods.
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composition calculated from EDX (O/V atomic ratio ) 1.93)
is reasonably good, taking into account that EDX is not able to
detect hydrogen and that chlorine was not considered in the
chemical formula nor in the structural model. Nevertheless, it
is present in considerable amount. There are several possibilities
to rationalize the presence of chlorine. Either it is accommodated
within the channels as a part of the structure, or it is attached
to the surface of the nanorods. The third possibility is that the
impurity detected by neutron diffraction also contains chlorine.
To answer this question, a density measurement was carried
out. The resulting density from three measurements is 3.53(5)
g/cm3. Based on the proposed formula of VO1.52(OH)0.77 and Z
) 8, the calculated theoretical density of the material equals
3.59(3) g/cm3, agreeing quite well with the experimental result.
However, we have to point out that Rietveld refinement of the
neutron diffraction data can similarly be well fitted to the
formula VO1.23(OH)0.77Cl0.18; i.e., the oxide ions are replaced
by chloride ions. But the theoretical density of such a compound
amounts to 3.65(3) g/cm3, deviating more from the experimental
value. These findings suggest that the chlorine detected by EDX
is located not within the channels but on the surface of the
VO1.52(OH)0.77 nanorods and/or in the impurity.

Temperature-dependent measurements of the DC electrical
conductivity σ were performed on the powder sample pressed
into pellets (Figure 5). The conductivity exhibits typical
exponential semiconducting-like behavior in the temperature
interval of 305-439 K. The Arrhenius law for thermally
activated conduction [σ ) σ0 exp(-Eσ/kT), where k is the
Boltzmann constant, T is the temperature, σ0 is the pre-
exponential factor, and Eσ is the activation energy] is proven
by the linear dependence of ln σ on 1/T. Since the two σ(T)
curves show a small thermal hysteresis, a least-squares fit was
applied separately to each curve (heating, cooling), yielding two
activation energies Eσ. Based on the relation Eg ) 2Eσ, where
Eg is the band gap energy, we obtain an experimental band gap
for the nanorods of 0.64 and 0.76 eV for the cooling and heating
cycles, respectively. Due to the experimental setup for conduc-
tivity measurement (splitting off of the contacts after cooling),
we take the cooling branch as more reliable, and therefore the
band gap of 0.64 eV will be considered with higher reliability.
The electrical resistivity of the oxide-containing hollandite
nanorods at 32 °C was found to be 1.2 × 106 Ω · cm, which is
3 orders of magnitude higher than the corresponding resistivity
of its chloride counterpart (2 × 103 Ω · cm).45 However, one
should keep in mind that such a direct comparison is generally

inappropriate if the morphological features of the two materials
are different. The presence of transition metal ions in the mixed
oxidation states (V3+ and V4+ with the ratio V3+/(V3+ + V4+)
) 0.2) indicates that the electronic properties arise from electron
hopping between V3+ and V4+ ions. They can be described by
the small polaron model, in which the conductivity is expressed
by a modified Arrhenius formula proposed by Mott.61 Figure
S3 in the Supporting Information shows the DC conductivity
in a plot of ln σT vs 1/T recalculated from the cooling branch.
The dependence is linear, which means that the small polaron
model accounts very well for the experimental data in the
measured temperature range, and the fit to the Mott formula
gives an activation energy for conduction of 0.35 eV.

Because the LSDA method failed to correctly predict the
semiconducting ground state as evidenced from the DC con-
ductivity measurement, LSDA + U was applied, assuming that
only the 3d states of vanadium exhibit a tendency toward
localization, whereas all other electrons are considered as
itinerant within the LSDA scheme. The good basis set for the
projection of DOS onto the d states in the simulation is obtained
with the following choice of the orientation of the local system
(x,y,z) at the vanadium site: (1/�2)((1,0,1) and (0,1,0) with
reference to the a, b, and c directions in the conventional
tetragonal cell (a ) b). With such a choice, the local axes are
oriented toward the nearest oxygen sites that build up the VO6

octahedron in such a way that the z-axis is simultaneously
aligned parallel to the shortest (1.868 Å) and the longest V-O
bond (2.106 Å), while the x- and y-axes are directed toward
the other four previously defined equatorial oxygens. The cubic
component of the octahedral crystal field leads to a classic three-
below-two crystal field splitting: The five-fold degenerate 3d
orbitals split into a higher energy, doubly degenerate eg level
and a lower energy, triply degenerate t2g level. The eg states
comprise the 3dz2 and 3dx2-y2 orbitals, whose lobes point toward
the octahedral oxygen along the axes of the chosen local
coordinate system. In the case of the t2g states, the 3dxy orbital
points toward the orbital of type similar to that of the second
nearest neighbor of the vanadium atom, which is the vanadium
atom from the same vertical chain along the c-axis with the
lattice vector c (3.006 Å). The 3dxz and 3dyz orbitals are directed
toward the respective orbitals of the vanadium atoms of a double
chain 3.293 Å apart. The first Brillouin zone of the primitive
body-centered tetragonal lattice used for the calculation of the
band structure is displayed in Figure 6a. It encloses a dodeca-
hedron consisting of eight squares and four distorted elongated
hexagons. The elongation of the dodecahedron is determined
by the tetragonality (c/a), which for this system equals 0.2883.
For the band structure calculation, the special k-points of the
first Brillouin zone were chosen. The corresponding circuit is
denoted in Figure 6a, colored in green, and includes the
following special k-points: Γ (0 0 0), the center of the Brillouin
zone; X (0 0 1/2) and N (0 1/2 0), the centers of the faces; M
(-1/2 1/2 1/2), the center of an edge; and P (1/4 1/4 1/4), a
corner point joining three edges. The coordinates in the
parentheses express the position of the k-points in units of
reciprocal primitive vectors. The band structure of VO1.52-
(OH)0.77, calculated along the selected high-symmetry lines
within the first Brillouin zone for a majority spin-up projection
and for a minority spin-down projection, is shown in Figure
6b,c, respectively, and it is represented using connected colored
lines, where each color indicates one irreducible representation

(60) Djerdj, I.; Garnweitner, G.; Su, D. S.; Niederberger, M. J. Solid State
Chem. 2007, 180, 2154. (61) Livage, J. Chem. Mater. 1991, 3, 578.

Figure 5. Plot of the DC conductivity of the VO1.52(OH)0.77 nanopowder
pressed into a pellet.
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for this symmorphic space group. The calculated total density
of states as well as the partial densities of the oxygen 2p and
vanadium 3d states are displayed in Figure 7. At low energies,
there is a group of bands between -10 and -8 eV corresponding
to H 1s states hybridized with O2 2p states, which is clearly
visible in Figure 7d. This strong overlap of H 1s and O2 2p
orbitals is expected due to the fact that hydrogen is attached to
O2 of the VO6 framework, as experimentally confirmed. The
following group of bands from -7 to -2.5 eV is composed of
mainly O 2p states, but in this range there is also a non-

negligible contribution from the V 3d states. From the molec-
ular-orbital point of view, the bands with mainly O 2p character
can be interpreted as the O 2p-dominated lower σ and higher π
states. At higher energy, in the spin-up channel between -2.5
and -1.5 eV, there are three bands colored blue, light brown,
and yellow that correspond to O 2p states of the oxide ions
(denoted also as O3 in Figure 7) in the channels. The same
bands in the spin-down channel are shifted toward the Fermi
level, forming thus the top of the valence band.

The dispersion of the bands of the oxide ions is large (around
1 eV) along M-N (i.e., parallel to the diagonal of the ac plane
in the conventional tetragonal lattice) and Γ-P (along a space
diagonal), while it is small along Γ-X (i.e., parallel to the
diagonal of the ab plane) and N-P (along the b-axis).
Consequently, a geometrical consideration of the band disper-
sions implies that the 2p electrons of the oxide anions are well
localized in the ab crystal plane but less localized along the
conventional tetragonal c-axis. Assuming O3 in the (0 0 0)
position, O3-O3 separation measured along the c-axis equals
3.0056 Å (lattice parameter c). Obviously, the O3-O3 distance
along the c-axis is short enough to account for such a large
band dispersion along the same axis. We also noticed that the
O3 spin-up and spin-down bands have different energy positions,
providing compelling evidence for the magnetic exchange. The
exchange splitting is 0.643 eV, as determined from the shift of
the peaks between the majority and minority O3 DOS. Such an
exchange may be directly related to our ferromagnetic ap-
proximation of the paramagnetic state and may change if other
(i.e., antiferromagnetic state) approximations are applied. The
group of bands between -2 and 4 eV for the spin-up and
between 0 and 5 eV for the spin-down channel corresponds to
V 3d states with the admixture of O 2p states, as evidenced
from Figure 7. The last group of energy bands, which lies high
in energy (higher than 4 eV for v or 5 eV for V), belongs to the
V 4s,p states.

The angular momentum projected DOS at the vanadium site
(Figure 8) shows some interesting features. The minority channel
clearly reveals the almost perfect splitting of the 3d t2g and eg

groups of bands due to the cubic component of the octahedral
crystal field. The t2g states appear almost exclusively in the
energy range from 1 to 3 eV, while the bands between 3 and 5
eV are dominated by the eg states. The small t2g-eg configu-
ration mixing is a direct consequence of the octahedral distortion

Figure 6. (a) First Brillouin zone of the primitive body-centered tetragonal lattice. The special k-points (Γ, X, M, N, P), reciprocal primitive vectors, and
the circuit, colored in green, for the calculation of the band structure are denoted. (b) Calculated band structure for spin-up (v) states of VO1.52(OH)0.77 along
the high-symmetry lines within the first Brillouin zone. (c) Calculated band structure for spin-down (V) states. The zero point of the energy is set at the Fermi
level.

Figure 7. Total DOS of VO1.52(OH)0.77 and partial DOS for V, O1, O2,
and O3 calculated for both spin channels.
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observed in the diffraction experiments. It is noteworthy that
the contribution of the eg states to the admixture of O 2p and V
3d bands in the valence band is higher, forming thus σ bonds,
as compared to the contribution of the t2g states, which give
rise to π bonds. The respective antibonding π* and σ* states
are formed in the conduction band by t2g and eg states hybridized
with O 2p states. This observation is in agreement with the
choice of the local coordinate system at the V site, with the eg

orbitals pointing toward the six O ligands. However, due to the
facts that the vanadium atom is a bit shifted out of the equatorial
plane spanned by the four oxygen atoms and that the angle
between the apical oxygen-vanadium and opposite apical
oxygen atoms deviates from 180°, the contribution of the eg

orbitals reaches into the π* region (Figure 8). Furthermore, it
is interesting to notice that, for the spin-down channel in the
region from -2 eV up to the Fermi level, there are bands of
exclusively O 2p character without any admixture with V 3d
states. They originate from the oxide ions in the channel, O3.
The band gap, which amounts to 0.91 eV, is then formed
between occupied O3 2p states and empty V 3d (t2g) states.
The fact that pure p states extend to the Fermi level means that
these states can be used as electron reservoirs, causing a
nonintegral population of the d bands. Similar behavior was
reported in the case of CrO2.62

Regarding the majority spin bands, one can see in the upper
part of Figure 8 that, besides the octahedral crystal field splitting
of the V 3d levels similar to that observed in the minority
channel, there is a further splitting of the three-fold degenerate
t2g orbital into a lower dxy and a higher congruent dxz/dyz orbital.
In this case, only the dxy orbital is fully occupied, and the dyz/
dxz orbitals are only partially filled due to the fact that some of
these bands lie in the valence band and some are positioned in
the lower part of the conduction band. This result demonstrates
the orbital ordering among the t2g orbitals. Recalling the spatial
directionality of dxy, dxz, and dyz orbitals whose lobes point
toward the lobes of equivalent orbitals of neighboring metal
sites within the double vertical chain along the c-axis, one might
expect a V-V coupling similar to that in the case of metallic
VO2.63 According to the strength of the interaction between 3d
electrons of neighboring atoms in oxides, they may be either
itinerant or localized. Goodenough obtained a semiempirical
expression for the room-temperature critical separation of
localized vs itinerant 3d electrons in oxides, which is 2.94 Å
for a V4+-V4+ ion.64 In our case, the shortest V4+-V4+

distances within the same double chain (3.006 and 3.293 Å)
are larger than this critical distance, implying that the 3dxy and
3dxz/3dyz electron orbitals are localized. Among the t2g orbitals,
the 3dxy electron orbitals lie lowest in energy in the spin-up
channel, followed by 3dxz/3dyz, whose corresponding bands form
the top of the valence band together with a minute contribution
of the 3dxy orbitals, which can be deduced from the overlapped
peaks in the corresponding DOS (Figure 8). However, the 3dxz/
3dyz bands also lie at the bottom of the conduction band, forming
thus the band gap of 0.42 eV. This band gap and the band gap
in the spin-down channel are obviously direct band gaps,
because the maxima of the valence band coincides with the
minima of the conduction band at the M point of symmetry in
reciprocal space. Recalling the finding that the formal valence
of vanadium in the VO1.52(OH)0.77 is +3.81, around 80% of
the vanadium site is occupied by V4+ and around 20% by V3+.
The vanadium site with V4+ contains only one spin-up d-
electron in the 3dxy orbital, while the V3+ sites have a second
d-electron in the 3dxz/3dyz orbital with the same spin orientation.
This information can be extracted from the band structure in
the spin-up configuration, where all the bands corresponding
to the 3dxy states are occupied, while the occupation of the bands
with 3dxz/3dyz character is proportional to the V3+ fraction. This
observation elucidates the mechanism of semiconductivity in
this compound, obviously involving the hopping of an extra
electron to the acceptors of the same tunnel wall. If an extra
electron with spin-up configuration is in an initial band
corresponding to the 3dxz/3dyz state (at V3+ site), then it can
hop only to the nearest V4+ site on the neighboring chain; in
terms of energy, it crosses the Fermi level and ends up in the
corresponding conduction band. Splitting of the partially filled
3dxz/3dyz bands occurred due to orbital polarization induced by
the strong on-site Coulomb interactions. Similar to the spin-
down channel, the p-d hybridization causes additional O 2p
contributions to the 3d group of bands, forming bonding-
antibonding σ and π states. The main difference is that the empty
3dxz/3dyz states hybridized with O 2p states constitute the
antibonding π* states in the conduction band, while the rest of
the 3dxz/3dyz states from the valence band form the respective
bonding π states. The 3dxy states are less hybridized with the O
2p states: their corresponding DOS curves mutually overlap less
compared to 3dxz/3dyz and O 2p states, leading to a higher
localization of the 3dxy orbitals.

The LSDA + U band calculation with the effective orbital
potential value of Ueff ) 4 eV for V 3d electrons yields the
semiconducting ground state, in agreement with the experimental
data. Such an employed DFT scheme tends to enhance the
localization of the t2g electrons and introduces correlation effects
of the Mott-Hubbard type. The strongly correlated nature of
the VO1.52(OH)0.77 system is reflected in the high value of the
effective Hubbard U, Ueff, compared to the bandwidth W (∼2
eV), which in fact opens the band gap. Another important and
interesting aspect is the contribution of the oxide ions in the
channels to the semiconductivity. We showed previously that
its pure 2p bands form the top of the valence band in the spin-
down channel. These electrons are then released to the conduc-
tion band, occupying the empty 3dxz/3dyz states and increasing
the effective number of the V3+ sites that represent the origin
of the hopping electrons. Such materials might be considered
as located in the negative charge-transfer gap region of the

(62) Korotin, M. A.; Anisimov, V. I.; Khomskii, D. I.; Sawatzky, G. A.
Phys. ReV. Lett. 1998, 80, 4305.

(63) Eyert, V. Ann. Phys. 2002, 11, 650.
(64) Goodenough, J. B. J. Solid State Chem. 1971, 3, 490.

Figure 8. d-Pojected DOS at the V site. The Fermi level EF is set to 0 eV.

11372 J. AM. CHEM. SOC. 9 VOL. 130, NO. 34, 2008

A R T I C L E S Djerdj et al.

http://pubs.acs.org/action/showImage?doi=10.1021/ja801813a&iName=master.img-007.jpg&w=173&h=132


Zaanen-Sawatzky-Allen diagram,65 which is not unusual for
transition metal oxides containing cations in high oxidation states
and with rather high electron affinities. In our case, the
contribution of the oxide ions to the band structure in a certain
way prefers to allocate the compound in the negative charge-
transfer gap region.

To further elucidate the vanadium oxidation state and to study
the local electronic structure, we performed an EELS measure-
ment in the core electron excitation region. Figure 9 shows the
electron energy-loss spectrum of VO1.52(OH)0.77 over an energy
range of 510-545 eV. The spectrum can be divided into one
region below 528 eV, reflecting the V 2p contribution, and one
above 528 eV, assignable to O 1s. The peaks at 518.1 and 524.5
eV correspond to excitations from the V 2p3/2 (L3) and V 2p1/2

(L2) core levels, respectively. Due to its strong sensitivity to
the electronic configuration (the occupation of the d orbital), a
reliable indicator for the determination of the oxidation state of
the vanadium is the intensity ratio of the V 3p3/2 to V 3p1/2

excitations, I(L3)/I(L2). Theoretical considerations based on 2j
+ 1 degeneracy in a one-electron model gave for L3/L2 an
intensity ratio of 2:1.66 However, experimental values for the
L3/L2 intensity ratio deviate from 2:1 due to a strong interaction
between the hole in the V 3p core level and the electron excited
into the unoccupied V 3d band from the core level, the so-
called core-hole interaction.67,68

It was found that, if the oxidation state of vanadium decreases,
the L3/L2 intensity ratio increases.69 According to Waddington
et al., this ratio for V3+ is 1.46 and for V5+ it amounts to 0.89.70

Comparison of the reported EELS spectra for the V-O system
indicates that the L3/L2 intensity ratio is less than 1 for V2O5,
close to 1 for VO2, and more than 1 for V2O3.69,71 In our case,
the measured L3/L2 intensity ratio in Figure 9 equals 1.09, which
is, according to these literature reports, the signature of V4+.

The unoccupied O 2p states are accessible to experimental
probes, because they appear as a fine structure (electron energy-

loss near-edge structure, ELNES) in the O K ionization edge.
In this context, one has to remember that, within a one-electron
approximation, the simulation of the L-edge fails due to the
strong electron correlation effects.72 Therefore, we focused on
the O K-edge, which is modeled using the simulation module
TELNES, combined with the band structure calculations. The
experimental O 1s part of the EELS spectrum consists of a single
left-hand asymmetric peak centered around 534 eV (denoted
by the arrow) and a broad peak around 544 eV. The former is
assigned to the transitions from O 1s core level to a final 2p
state in σ* hybridization with a vanadium 3d state, while the
latter is attributed to the transition from the O 1s core level to
the empty V 4s,4p band. The peak, which appears as a shoulder
of the main peak centered at 534 eV, belongs to the transition
from the O 1s state to a final 2p state in π* hybridization with
a V 3d state. The simulated O K ELNES fine structure (dotted
line in Figure 9) is in good agreement with the experimental
data, additionally corroborating the validity of the band structure
calculations. The calculated and experimentally observed O K
edges show the absence of a clear separation of peaks arising
from the transitions from the O 1s state to a final 2p state in π*
and σ* hybridization with a vanadium 3d state, although in the
calculated DOS such a separation is clearly visible. This
observation can be explained by the fact that the total calculated
O K ELNES is the overall contribution from different non-
equivalent oxygen atoms in a specific spin channel. Each
contribution has its own individual shape, which is shown in
Figure S4 in the Supporting Information. O1 and O2 contribute
with exactly the same spectral shape, whereas O3 does not
contribute at all due to the absence of final states for the
transition. As a result of summing up all the individual
contributions, the π* and σ* overlap and are not clearly
distinguishable in the total experimental and simulated O K
edge.

Vanadium oxides often have intriguing magnetic properties,
and therefore the temperature dependence of the magnetic
susceptibility was measured. DC magnetic susceptibility in-
creases monotonically with decreasing temperature in the range
between 300 and 1.5 K (Figure 10). However, its temperature
dependence cannot be simulated with a single model over the
entire temperature range. A clear demonstration of the complex-
ity of the DC susceptibility temperature dependence is seen from
the plots of the inverse magnetic susceptibility �-1 (inset to
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Figure 9. V 2p and O 1s core electron excitation spectrum of
VO1.52(OH)0.77 after correction for background and multiple scattering.
Calculation of the oxygen edge is displayed with the dotted line.

Figure 10. Temperature dependence of the magnetic susceptibility �
measured in DC field H ) 1000 Oe. The inset shows the reciprocal
susceptibility as a function of the temperature. The straight line is the best
fit to the Curie-Weiss law at high temperatures (150-300 K).
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Figure 10) and the �T (Figure S5 in the Supporting Information).
Two possible magnetic transitions are indicated: (i) the first
transition at around 80 K, where �-1 starts to deviate from the
linear dependence and �T slightly increases, showing thermal
hysteresis, and (ii) the second transition below 20 K, where �T
rapidly drops to zero.

Let us first try to analyze the high-temperature range between
300 and ∼80 K. Since the magnetic susceptibility at high
temperatures does not converge to zero, we assume that the
measured � has two contributions in this range: a Curie-Weiss
contribution, �CW ) C/(T - θ), due to the localized vanadium
moments, and the temperature-independent contribution, �0. The
latter contribution is due to the diamagnetic term, �dia, and the
orbital Van-Vleck paramagnetism, �VV; i.e., �0 ) �dia + �VV.
Alternatively, �0 could arise also from the temperature-
independent Pauli paramagnetism of itinerant electrons, but this
possibility has been already ruled out on the basis of conductiv-
ity measurements. To estimate �dia, we use Pascal constants and
derive -20.6 × 10-6 emu mol-1 Oe-1 for VO1.52(OH)0.77. To
reliably estimate �VV, however, one needs to measure the
magnetic susceptibility at very high temperatures, much higher
than the temperature set by the exchange interaction. Literature
values for �VV of other known vanadium oxides (including
hollandites) are typically around (1-2) × 10-4 emu mol-1

Oe-1. Since �0 is rather ill defined, this makes the fitting very
unstable, and the extracted parameters strongly depend on the
choice of temperature interval. If one attempts to fit the
susceptibility data between 300 and 150 K with �(T) ) �CW +
�0 and taking �0 ) 2 × 10-4 emu mol-1 Oe-1 from other
systems, then the obtained parameters are C ) 0.457(2) emu
mol-1 Oe-1, θ ) -157(2) K. The deviation from the fit below
∼150 K, which is clearly revealed in the inverse susceptibility
plot after �0 subtraction (inset in Figure 10), could arise from
the short-range order effects discussed below. However, it is
very easy to understand the obtained Curie constant. The Curie
constant C ) 0.457(2) emu mol-1 Oe-1 corresponds to peff )
1.91 µB. For V4+ and V3+, one can calculate the expected
effective moments to be 1.73 and 2.83 µB, respectively. The
average effective moment for 81% V4+ and 19% V3+ is thus
(0.81 × 1.73 + 0.19 × 2.83)µB ) 1.94 µB, which is very close
to what we find from our fits.

The �-T plot also suggests an additional anomaly at very
low temperatures, i.e., below 20 K (Figure S6 in Supporting
Information), where the measurements taken during the ZFC
and FC runs differ. Although charge disorder on vanadium may
suggest some kind of a spin-glass ground state, we note that
the shape of the FC and ZFC curves is not typical for spin-
glasses, where a kink in the magnetic susceptibility is expected.
It rather resembles a weak ferromagnetic or even superpara-
magnetic state. To distinguish weak ferromagnetism from
superparamagnetism, AC susceptibility measurements were
performed. Figure 11 shows the temperature dependence of the
real part of the AC susceptibility (�′) at different frequencies
between 1 Hz and 1 kHz. We find that �′ increases rapidly at
the temperature at which DC � measured under ZFC-FC
conditions starts to differentiate. Although the change in the
measurement frequency affects the values of �′, there is no clear
shift of the transition temperature, TC ≈ 25 K, and only a small
reduction of �′(T) for T < TC is observed with increasing
frequency. The imaginary part of the AC susceptibility, �′′ (T),
shows a steep rise at TC and a clear maximum well below TC at
T′ ) 11 K (ν ) 1 Hz), as shown in the inset of Figure 11. T′
is only weakly frequency-dependent and increases to T′ ) 12.1

K for ν ) 100 Hz. The appearance of the frequency-dependent
maximum in �′′ (T) below TC suggests dynamic spin freezing
for temperatures T ′ < TC. The absence of a corresponding
feature in �′(T) can be understood as a consequence of the large
real part of the susceptibility associated with a weak ferromag-
netic ground state.

The magnetization curve (Figure 12) taken at T ) 4.2 K
strongly speaks for the formation of a magnetic moment below
∼25 K. The hysteresis is superimposed on the linear-field-
independent contribution, �lin, which may originate from the
orbital part described above. The M(H) curve (apart from the
hysteresis effect) can be well described as a sum of two
contributions:

M(H)) �linH+ ngµBJBJ(gµBH

kBT ) (1)

Here, J is the total angular momentum and BJ is the Brillouin
function standing for the description of the magnetic part. The
fit of experimental data to the function M(H) given by eq 1 is
also displayed in Figure 12. We find a fairly large �lin

contribution, i.e., �lin ) 11.8 × 10-3 emu mol-1 Oe-1,
suggesting that, in the low-temperature phase, the orbital
contribution is very important. The total angular momentum is
found to be J ) 8.5, which is consistent with the formation of
magnetic clusters.

In order to understand the low-temperature magnetic proper-
ties, we recall that the Curie-Weiss temperature is θ )-157(2)
K and then compare this value with the transition temperature
TC ) 25 K. The ratio between these two temperatures is θ/TC

) 6.3. This ratio is taken as an empirical measure of frustra-

Figure 11. Temperature dependences of real, �′, and imaginary, �′′ (inset),
components of AC susceptibility measured with AC field of amplitude H
) 6.5 Oe at various frequencies.

Figure 12. Magnetization curve taken at T ) 4.2 K. Inset: Enlarged view
of the magnetic hysteresis curve up to H ) 400 Oe.
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tion,73 and the materials with θ/TC close to or larger than 10
are considered strongly frustrated materials. The presence of
frustration and a quasi-one-dimensional magnetic structure are
likely responsible for the short-range order effects and also
explain the deviations of the magnetic susceptibility from the
Curie-Weiss law up to ∼150 K. The occurrence of frustration
in hollandite structures may not be so unexpected from the
structural point of view. The channel walls are built of double
chains of edge-sharing VO6 octahedra, where the overlap of t2g

orbitals leads to strong exchange antiferromagnetic coupling.
On the other hand, the exchange coupling between the neigh-
boring walls is predicted to be small, judging from the V-O-V
angle. The arrangement of the vanadium ions in the individual
channel wall can be mapped on the so-called zigzag chain
(Figure 13). This system has been extensively studied in the
past. Two different ground states, a spin-liquid ground-state and
a gapped dimer phase, were found depending on the ratio
between the exchange coupling constants along the chain and
perpendicular to the chain. In our case, the V4+ (S ) 1/2) zigzag
chain is interrupted with the V3+ (S ) 1) moments, which act
as magnetic impurities. We suggest that, at very low temper-
atures, these moments locally polarize their neighborhood either
via weak interchain coupling or via second nearest-neighbor
interactions, leading to a local staggered magnetization within
a region characterized by a correlation length �. At very low
temperatures, � increases sufficiently to account for the magnetic
ordering. This order should not be taken independently from
the suggested orbital ordering. The system we report in this
work has a molar ratio of V4+/V3+ ) 4:1. If our hypothesis of
orbital and charge order is correct, then the low-temperature
charge order should be. . . (V4+V4+)(V4+V4+)V3+. . . , where
within each (V4+V4+) pair their S ) 1/2 spins pair into singlet
state. The remaining V3+ (S ) 1) moments contribute to the
observed Curie-Weiss behavior as well as initiating the low-
temperature magnetic ordering.

Conclusions

A simple solvothermal reaction between VOCl3 and benzyl
alcohol resulted in the formation of ellipsoidal nanorods with a
novel hollandite-type structure with the formula VO1.52(OH)0.77.
Thorough structural characterization by laboratory powder XRD,
synchrotron powder XRD, and neutron diffraction revealed that
the crystal structure consists of a framework of highly distorted

VO6 octahedra arranged in double chains along the c-axis,
resulting in a 2 × 2 tunnel structure, with oxide ions occupying
the centers of these tunnels. Hydrogen atoms are attached to
one of the oxygens from the VO6 octahedra, leading to hydroxyl
groups. According to the structural probes as well as the
magnetic measurements, the formal valence of vanadium is
+3.81. The experimentally evidenced semiconducting properties
clearly demonstrated the need for involving U together with
the spin polarization in the band structure calculations, underlin-
ing that, in this nanomaterial, electron correlations play a crucial
role. The band structure calculation also suggested a hopping
mechanism of the electrons between V3+ and V4+ neighbor-
ing sites. Additionally, the oxide ions in the channels lead
to a self-doping effect by acting as an electron donor,
increasing the concentration of the V3+ cations. The magnetic
properties are highly complex, involving antiferromagnetic
correlations, frustration effects, and formation of a magneticly
ordered state below TC ) 25 K.

The VO1.52(OH)0.77 nanorods are an instructive example of
how a simple, one-pot synthesis procedure can result in the
formation of a highly complex material. The application of
several state-of-the art characterization tools was required to
elucidate the structural and physical properties. Some of the
results were rather unexpected, and only the combination of
experimental data with theoretical modeling made it possible
to understand and interpret them. There is no doubt that, in
addition to synthetic work, the detailed investigation of the
physical and structural properties is equally important toward
a fast implementation of nanomaterials into technological
applications.
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Figure 13. Zigzag chain of vanadium ions in the hollandite structure.
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