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Monoclinic vanadium dioxide, VO2(M), is an archetypal
correlated material that exhibits a first-order phase transition,
from a low-temperature insulating monoclinic (M) to high-
temperature metallic rutile (R) phase, which is accompanied
by a switch in the optical transmission/blocking in the infrared
(IR) region.[1–3] These dramatic thermally induced switches in
electrical resistivity and optical response endows VO2 with
exciting prospective applications as a field-effect transistor
and as smart window materials.[4, 5] As a transition-metal
oxide, however, use in spintronics, which exploits both the
intrinsic spin and charge of electrons, should also be highly
desired.[6] An ideal component for spintronic devices is half-
metallic material, which is metallic for one spin channel and
insulating for the other, resulting in 100% spin polarization.[7]

Among oxides, only the bulk CrO2 and Fe3O4 have been
found to exhibit half-metallicity.[8] To the best of our knowl-
edge, the half-metallic character in the pristine VO2(M) is
scarcely reported.

Recently, ultrathin two-dimensional (2D) nanosheets that
have an exceptionally small thickness and one-dimensional
quantum confinement have received a surge of interests
owing to their fascinating physical and chemical proper-
ties.[9, 10] It has been predicted theoretically that reducing the
dimension of some bulk materials to 2D atomically thin
nanosheets will bring about half-metallicity.[11–14] For example,
Son et al. has predicted half-metallicity in nanometer-scale
graphene ribbons by using first-principles calculations.[11]

Pardo et al. predicted that half-metallic state with a semi-
Dirac point appears in few-layer VO2(M) confined within

insulating TiO2.
[12] However, the half-metallicity in low-

dimensional oxide systems has only been theoretically
predicted to date. On the other hand, methods for preparing
a freestanding ultrathin VO2(M) nanosheet with the thick-
nesses of less than 5 nm have not been available.[15] Partic-
ularly, even the pure bulk VO2(M) phase is notoriously
difficult to synthesize because of the existence of abundant
oxide forms and polymorphism.[16,17] The most widely used
solid-state synthesis usually requires the rigid synergic effects
of high-temperature post-treatment and narrow range of
oxygen partial pressures. Moreover, a conventional, simple
intercalation–deintercalation method to obtain nanosheets is
mainly limited to layered compounds, which is obviously
unsuitable to achieve the exfoliation of bulk VO2(M) with
a non-layered structure and little anisotropy. For another
monoclinic polymorph VO2(B), a quasi-layered compound
having the strongly covalent bonding between the layers, we
have recently developed a novel intercalation–exfoliation/
deintercalation strategy by insertion of lithium ions and
molecules (H2O) to obtain nanosheets.[18] To seek possible
ways for overcoming these difficulties in preparing ultrathin
VO2(M) nanosheets, the temperature-dependent structural
phase transition (SPT) characteristic of VO2(M) gives us
some hints, as the lattice will be swelled in some specific
directions during the reversible SPT across a critical temper-
ature (TC, around 68 8C). When transiting from the M to R
phase (Supporting Information, Figure S2), the VO2 structure
shows an increased symmetry, and the lattice constants of the
R phase are elongated with respect to the M phase by about
0.6% and 0.4% along the aR and bR axis, respectively.[19] This
reminds us that SPT-induced lattice expansion and aniso-
tropic strain could weaken the binding strength and thereby
assist the deintercalation.

Herein, considering the special thermally induced SPT
character possessed by VO2(M), we propose a SPT-assisted
synthetic strategy to achieve single-crystalline ultrathin
VO2(M) nanosheets with a thickness of about 3 nm. Bulk
VO2(M) is synthesized as the precursor, and the synthetic
route is summarized in Figure 1a, which basically involves
two steps: chemical lithiation of VO2(M) in LiCl solution and
exfoliation–deintercalation of VO2(R) in DMF/H2O solution.
Details of the synthesis and characterization are provided in
the Supporting Information. It was found that below or above
the TC, both of these two process would produce different
phases and shapes for the intermediates and the final
products. When the lithiation process is carried out at the
temperatures lower than TC, the intermediate shows a lamellar
morphology and remains in the pure monoclinic phase. If the
lithiation is performed above TC, the impurity phases of V6O13

are formed. Therefore, the intermediates lithiated in M phase
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are used for the following ultrasonic exfoliation/deintercala-
tion process. However, directly exfoliating the lithiated
VO2(M) intermediates at room temperature (below TC)
would produce the thick VO2(M) nanoplates with a thickness
of about 17.16 nm (Supporting Information, Figure S3). To
obtain ultrathin nanosheets with the thickness of about 3 nm,
we find that lithiated VO2(M) should firstly experience a SPT
process into the R phase. In this process, the lattice spacing is
swelled as seen from the cR direction, and thus subsequent
exfoliation/deintercalation of lithiated VO2(R) provides
a convenient way to obtain ultrathin VO2(R) nanosheet. As
the SPT between VO2(M) and VO2(R) is fully reversible,
ultrathin VO2(M) nanosheets are achieved through cooling
the ultrathin VO2(R) nanosheets to room temperature.
Taking the above together, M-phased lithiation followed by
R-phased exfoliation/deintercalation is confirmed to be an
effective strategy to produce ultrathin VO2(M) nanosheets.

The ultrathin nanosheets thus obtained have been fully
characterized by various techniques. Figure 1b shows a trans-
mission electron microscopy (TEM) image of the obtained
product, revealing the uniform freestanding and large-area
sheet-like morphology with lateral size of 200–500 nm,
whereas the inset magnified TEM image clearly revealed
their high crystallinity. Separation of the supernatant infers
the formation of stable and homogeneous VO2(M) nano-
sheets (Figure 1b, inset). The thickness of the as-obtained
ultrathin nanosheets was determined by tapping-mode atomic
force microscopy (AFM) (Figure 1c). The corresponding
height profiles of two typical piece of nanosheets show
a smooth 2D sheet with the thickness of 2.91 and 3.01 nm,
which is very close to the height of 2.61 nm along the [h11]
direction for circa 6 single-layer VO2(M) slabs. Statistical
results (Supporting Information, Figure S4) of the size for the
ultrathin nanosheets confirm the thickness of about 3 nm with
a yield of more than 90 %. The single-crystalline feature of the
VO2(M) nanosheets is verified by high-resolution TEM and
the corresponding selected-area electron diffraction (SAED)
pattern (Figure 1d). Two lattice fringes of 3.2 � and 2.5 �
correspond to the (011) and (200) lattice planes of VO2(M),
respectively. The SAED pattern (Figure 1d, inset) can be
indexed along the [001̄] zone axis projection.[20,21] Owing to
the fact that it is hard to perform the X-ray diffraction (XRD)
characterization on a single ultrathin structure, a layer-by-
layer assembly strategy was adopted to fabricate a nanosheet-
based film on which the XRD was performed to elucidate the
phase structure of the VO2(M) nanosheet. It can be seen that
all the diffraction peaks in the XRD pattern as shown in
Figure 1e could be readily indexed to the pure monoclinic
VO2 (JCPDS No. 82-0661), exhibiting strong (h11), for
example (011), (2̄11), and (211) diffraction peaks. This not
only revealed the high orientation of the VO2(M) nanosheet-
based film, but also illustrated that the VO2(M) nanosheet
had a highly [011] preferred orientation,[22] in accordance with
the HRTEM analysis. EDS analysis showed that the nano-
sheets are mainly composed of V and O without any impurity
element, with a V/O molar ratio of 1:1.8 (Supporting
Information, Figure S5), which is close to the stoichiometric
ratio of VO2. Therefore, we consider that within the detection
limit of XRD, EDS, and XAFS (mentioned later), the
existence of V�O byproducts in any other detectable form
could be excluded, and the as-obtained ultrathin VO2(M)
nanosheet is of the pure monoclinic phase.

The underlying growth mechanism of the synthetic ultra-
thin nanosheet is in fact closely related to its characteristic
thermally induced SPT. For the first lithiation process, it is
reasonable that the direct lithiation in high-temperature
solution would easily lead to the partial oxidization of the
valent-sensitive VO2. Thus, the lithiation of the bulk VO2(M)
under ambient conditions are favorable for the phase purity
of the final product. To clarify the SPT-assisted exfoliation–
deintercalation process, the XRD pattern for the bulk and the
intermediates are shown in Figure 2 for comparison. After
the insertion of Li ions, the crystal lattice spacing is slightly
expanded, as can be reflected by the low-angle shift of the
(011)M diffraction peak for the lithiated VO2(M). The
simulation gives the larger d011 of 3.209 � for the lithiated

Figure 1. a) The SPT-assisted intercalation–deintercalation strategy for
synthesizing freestanding ultrathin VO2(M) nanosheets. b) TEM image
of ultrathin VO2(M) nanosheets. Inset: the colloidal dispersion.
c) AFM image corresponding height profiles for nanosheets.
d) HRTEM image of an nanosheet and the corresponding SAED
pattern. e) XRD pattern of VO2(M) nanosheets and the reference
pattern of JCPDS card no. 82-0661 for bulk VO2(M).
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VO2(M) compared with that (3.206 �) for the bulk, while the
Dd of 0.003 � is too small for the next exfoliation–deinterca-
lation. Across the SPTupon heating, these lithiated M-phased
intermediates transform into the R phase, and the original
[011]

m
direction becomes [110]R.[23] The (110)R and (112)R

diffraction peaks for the lithiated VO2(R) further shifted
toward the low-angle side. Consequently, the lattice spacing
d110 for lithiated VO2(R) is 3.233 �, greatly larger than d011 for
lithiated VO2(M) by an amount of Dd = 0.024 �. The enlarge-
ment of the lattice spacing decreases the interaction force
between the layers, so that the energy required for the
exfoliation–deintercalation of VO2 in R phase is much lower
as compared to the case of M-phased deintercalation.

To explore the atomic structures of the VO2(M) nano-
sheets, we conducted X-ray absorption fine structure spec-
troscopy (XAFS) measurement at V K-edge. As shown in
Figure 3a, the kc(k) oscillation curve for the nanosheets

shows a small reduction in amplitude and a little difference in
spectral shape compared with that of bulk counterpart.
Moreover, in the corresponding Fourier transforms (Fig-
ure 3b), two peaks at around 1.20 and 1.63 � correspond to
the chemical bonds of the V�O split, and the other two at
around 2.12 and 2.86 � are associated to the V�V1 and V�V2
bonds, respectively.[24] However, the peak intensities for the
ultrathin nanosheets are weakened, and the V�V1 peak is
broadened. Considering the thickness of 3 nm for the nano-
sheets, these structural differences are mainly from the
surface structure distortion, while interior structure of nano-
sheets is almost the same as that of the bulk phase, resulting in
the close features in the overall spectra between the bulk and
nanosheets. The obtained surface structural parameters from
the least-squares fits (Supporting Information, Table S1) all
indicate the increased symmetry, which is characteristic of the
SPT from monoclinic to rutile phases. For example, the bond
lengths of dimerized V�V1 pairs in the V atomic chains
evolve from 2.65 and 3.12 � for the bulk to 2.73 and 2.99 � for
the nanosheets.

To unveil the changes of the electronic structures, we
performed first-principles calculations on 2D VO2(M) nano-
structures based on the atomic structures extracted from
EXAFS. The structural model of the VO2(M) single layer is
shown in Figure 3c, which have a circa 5 � thickness, and we
thus built a six-monolayer VO2(M) slab model to meet the
thickness of the as-synthesized ultrathin nanosheet. The
increased symmetry of V�V chain is shown in the relaxed
structure in the plane model. The calculated density of states
(DOSs) are shown in Figure 3 d. Clearly, the bulk VO2(M) is
a semiconductor, showing the band gap of about 0.65 eV, in
agreement with experimental and calculation results in
literature.[25] However, for the six-monolayer configuration
of VO2(M), we can find that the spin-down states show a band
gap of about 0.41 eV, whereas the spin-up states are gapless.
This strongly indicates that the ultrathin nanosheet possesses
a half-metallic conductive nature, a desired property in
enormous spintronic devices.

Reducing the dimensionality of VO2(M) from bulk to the
ultrathin 2D structure significantly alters its electronic
structure from semiconducting/insulating to half-metallic
state. From the aspect of the atomic structure, as revealed
by XAFS results, the surface distortion of nanosheets
supported the minimization of the surface energy and thus
would inevitably influence their electronic properties. The
higher surface symmetry implies that the surface is more close
to the metallic state compared with the interior, as the V�V
distance (2.99 �) is close to the critical distance (2.94 �) that
is required to lead to the itinerant electronic behavior.[25] The
spin band structure along high symmetry gives the metallic
channel, while that along low symmetry produces the
insulating/semiconducting channel. On the other hand, the
effects of quantum confinement may also give rise to a new
electronic state. For instance, the first-principles calculations
by Pardo et al. have also found that quantum confinement of
the VO2(M) slab down to about 1 nm can produce an
unexpected half-metallic character.[12] Nagashima et al. has
found that a minimum thickness of 5 nm of VO2(M) film is
needed to sustain the insulating state.[26] These mean that the

Figure 2. XRD patterns of a) standard VO2(M), b) bulk VO2(M), c) lithi-
ated VO2(M) intermediate, and d) lithiated VO2(R) intermediate. The
right and left panels magnify the shift of the diffraction peaks.

Figure 3. a) V K-edge extended XAFS oscillation function k3c(k) and
b) the corresponding Fourier transforms for ultrathin VO2(M) nano-
sheets. Data for bulk VO2(M) are shown for comparison. c) The
structural distortions of VO2(M) nanosheets viewed along the aM axis.
d) The calculated band structures of bulk VO2(M) and the six-
monolayer VO2(M) slab structure.
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conductive properties of VO2(M) depend strongly on its
thickness. This can be considered that a collective structural
dimerization along the rutile c axis is required for the
insulating state, which however is inhibited by confinement
in thinner layers. As a result, the unique surface distortion and
the quantum confinement endow ultrathin VO2(M) nano-
sheets with an excellent electronic structure of half-metal-
licity.

Apart from presenting half-metallicity, ultrathin VO2(M)
nanosheets also have the desired thermally induced SPT, as
their bulk counterpart does. However, the traditional varia-
ble-temperature XRD, differential scanning calorimetry
(DSC), and resistance measurements for identification of
the insulator-to-metal transition (IMT) accompanied with
SPT are only performed on the bulk sample.[27] Fortunately,
the far-IR spectroscopy with the advantage of excluding the
influence of the grain boundaries provides sensitive spectral
response to the intrinsic lattice vibrations during the phase
transition of finite-sized nanomaterials.[28, 29] As shown in
Figure 4, we found that, for both of the nanosheet and the

bulk, the IR transmittance shows strong steplike peaks (ca.
400–1000 cm�1) with sharp maximum at around 873 cm�1.
These absorption peaks are the characteristics for V�O
vibrations that arise from the asymmetrical VO6 octahedral in
monoclinic phase below TC.[30, 31] Increasing the temperature
across TC, these characteristic absorptions at lower wave-
numbers are significantly weakened, and the transmittance at
all wavenumbers are decreased, which is due to the formation
of rutile structure with higher symmetry. The evolutions of IR
transmittances indicate that the VO2(M) nanosheets also
display the thermally induced monoclinic-to-rutile structure
transition. The XAFS spectra can also provide the direct
evidence for the SPT. As shown in Figure 3b, the XAFS FT
curve for the nanosheets measured at 80 8C displays the
identical spectral features with those for the tetragonal rutile
phase,[24] confirming the structural transition from monoclinic
to rutile phases. Notably, the nanosheets show higher trans-
mittance compared with its bulk analogue (Figure 4a, inset).
The higher symmetry for the V�V pairs and the [VO6]
octahedron could damp the lattice vibrations, and thus reduce
the infrared absorption of V�V and V�O vibrations. Further,
the thinner thickness in nanosheet can also decrease the light
absorption. These synergistic effects between the microscopic

atomic structure and macroscopic morphological features
contribute to the higher transmittance in the far-IR region.

In summary, we have demonstrated a facile method to
fabricate large-area ultrathin VO2(M) nanosheets with an
average thickness of about 3 nm by lithiation in the M phase
followed by the exfoliation in the R phase. We show that the
Li intercalation and exfoliation–deintercalation can be finely
controlled by exploring the structural activation across
characteristic M/R phase transition. The as-obtained nano-
sheet shows a unique electronic state of half-metallic charac-
ter that is induced by surface structure distortion and
quantum confinement. The thermally induced monoclinic-
to-rutile SPT in VO2(M) nanosheets is successfully demon-
strated by variable-temperature far-IR spectra. Such free-
standing ultrathin VO2(M) nanosheets with half-metallicity
are expected to be useful for applications in spintronic
nanoelectric devices.
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