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Simple and fast fabrication of single crystal VO2
microtube arrays
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Single crystal VO2 is a strongly correlated electron material that has shown great potential for

a wide range of high-performance modern device applications, such as microbolometers,

lithium ion batteries, microactuators and strain sensors. However, the present fabrication

methods for single crystal VO2 almost always require complicated procedures, strict con-

ditions and long reaction times of up to one week. Here, we report a simple, fast, low-cost and

green method for fabricating single crystal VO2 using a thermal oxidation route based on

resistive heating of a vanadium foil in air. Our method not only reduces the complete fab-

rication time from hours to tens of seconds but also naturally forms single crystal VO2

microtube arrays that are nearly vertically aligned on the surface of a V2O5 substrate.

Microstructure characteristics and the reversible phase transition between the monoclinic

VO2 and rutile VO2 phases demonstrate that the obtained single crystal VO2 is the same as

that achieved by other fabrication methods.
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Vanadium dioxide (VO2) is an archetypal metal-insulator
transition (MIT) material, which has received increasing
attention in the exploration of the MIT mechanism1–3 and

has applications in various modern devices, such as electronic
inks4, supercapacitors5, thermal diodes6, thermal emitters7, smart
windows8, temperature sensors9, and radiative thermal memris-
tors10. The MIT of VO2 features a dramatic change in the elec-
trical conductivity, optical reflectivity, magnetic susceptibility,
and dielectric function because of the accompanying reversible
structural phase transition between the monoclinic insulating
phase (M1) and the tetragonal metallic phase (rutile structure, R)
at approximately 67 °C11. The phase transition characteristics and
the physical properties of VO2 are strongly related to its stoi-
chiometry, crystallinity, and morphology, which are generally
determined by the fabrication methods12. Representative fabri-
cation methods include reactive sputtering1, pulsed laser
deposition2,3,6, hydrothermal methods4, electrodeposition5,
molecular beam epitaxy8, chemical vapor deposition13, thermo-
lysis14, and magnetron sputtering15 for polycrystalline VO2 films
or nanoparticles. Despite the potential large-scale applications of
polycrystalline VO2, the poor crystal quality and weak MIT
properties12 make it difficult for polycrystalline VO2 to meet the
requirements of high-performance modern devices.

In contrast, single crystal VO2 has excellent MIT
properties11,12, which not only has been utilized for exploring
intrinsic MIT physics16,17 but also has demonstrated great
potential for manufacturing high-performance micro-
bolometers18, lithium-ion batteries19, microactuators20, and
highly sensitive strain sensors21. So far, various methods have
been utilized for fabricating single crystal VO2

11,12. Several
representative fabrication methods such as self-flux method,
solution growth technique, vapor transport method, and hydro-
thermal method are briefly introduced as follows. The self-flux
method16,22 can fabricate high-quality single crystal VO2 micro-
rods with lengths of a few millimeters and widths of ~100 µm by
heating V2O5 powder to 800–1100 °C in a vacuum tube furnace.
During heating, the V2O5 is partially reduced and converts to
single crystal VO2 in the molten V2O5. However, the fabrication
time is very long and is approximately 1 week23. The solution
growth technique24,25 can fabricate bulk single crystal VO2 with
lengths of up to greater than 10 mm and widths of up to 1 mm by
heating a mixture of VO2 powder and V2O5 powder, which are
sealed in a silica tube up to 1050 °C and slowly cooled up to 100 h
to 775 °C25. The rod-like bulk single crystal VO2 grows along the
high-temperature rutile c axis during heating and cooling pro-
cess24. The vapor transport method17,18,20 can fabricate rectan-
gular cross-sectional single crystal VO2 nanowires with lengths of
tens of micrometers and widths of tens of nanometers to a few
micrometers by evaporating V2O5

17,18,20 powder or VO2
26

powder at approximately 950 °C and transporting the vapor by Ar
carrier gas to a substrate in a quartz tube furnace. Although the
fabrication time of the vapor transport method is much shorter
than that of the self-flux method or solution growth technique,
the fabrication time is still too long, approximately 5 h26.
Recently, it was reported that the hydrothermal method can also
be utilized to fabricate nearly round cross-sectional single crystal
VO2 nanowires with lengths of tens of micrometers and widths of
hundreds of nanometers by heating an aqueous solution of V2O5,
H2C2O4·2H2O, and H2SO4 at 100 °C for 10 h, followed by heating
the as-obtained precursor solution at 260 °C for 24 h27. This
method realized massively production of single crystal VO2

nanowires. However, the fabrication time is also very long. To
date, high-quality single crystal VO2 with different sizes from
nanometers to millimeters can be fabricated as reviewed above;
however, fabricating single crystal VO2 via these present methods
not only requires complicated procedures17–19,21,24,25,27, strict

conditions17–19,21,24–27, or special equipment16–18,21,22,24–26, but
also consumes a great deal of energy because of the very long
heating times; thus, these methods are costly.

In this work, we report a simple method for fabricating single
crystal VO2 via a thermal oxidation route28 based on the resistive
heating29 of V foils in air using an ordinary laboratory power
supply. The complete fabrication time is only tens of seconds,
which is the fastest method for fabricating single crystal VO2 to
date. Interestingly, the as-fabricated single crystal VO2 with a
length of up to 430 µm and an average width of approximately
6.8 µm naturally forms high-density microtube arrays that are
nearly vertically aligned on the surface of a V2O5 substrate
without additional treatments. Moreover, the only required raw
materials are commercially pure V foil and air, the as-fabricated
products are only VO2 and V2O5, and there is no waste; thus, our
fabrication method has a low cost and is environmentally
friendly.

Results
Fabrication of single crystal VO2 microtube arrays. The fabri-
cation of single crystal VO2 microtube arrays contains two suc-
cessive processes, i.e., heating a V foil in air with a direct current
to approximately 1700 °C in tens of seconds to synthesize vana-
dium oxide on the surface of the V foil and then cooling the as-
synthesized vanadium oxide to below 250 °C in a few seconds
(Supplementary Movie 1). Figure 1 depicts a typical temperature
vs. time curve for the growth process of single crystal VO2

microtube arrays. Here, each temperature recorded by a pyrom-
eter (temperature range of 250–2000 °C) refers to the temperature
of the central region of the V foil, i.e., the highest temperature
throughout the V foil. At the beginning of the heating process, the
surface of the V foil is oxidized gradually in air (photograph no. 1,
inset in Fig. 1), and the as-synthesized product is a mixture of
solid vanadium oxide (VOx, where x is the O–V atomic ratio),
mainly V2O5 and VO2

29, when the temperature of the V foil is
below 678 °C (the melting point of bulk V2O5

30). With con-
tinuous heating, the temperature of the V foil and as-synthesized
solid VOx continually increases to over 678 °C. The solid VOx

melts into a liquid and gradually forms two droplets31 that cover
both sides of the V foil (photograph no. 2, inset in Fig. 1).
Obviously, the liquid droplets increase in thickness as the tem-
perature continually increases, which means that additional VOx

is synthesized. When the temperature of the V foil as well as the
VOx liquid droplets further increases to approximately 1700 °C by
continuous heating, the V foil reaches an incandescent state
(photograph no. 3, inset in Fig. 1). At this point, the V atoms can
largely dissociate from the V foil and diffuse into the VOx liquid
droplets, which makes the V content and the thickness of the
liquid droplets increase largely.

Next, after the heating is stopped by turning off the direct
current manually, the temperature of the VOx liquid droplets
decreases from ~1700 °C to below 250 °C at a very rapid rate of
approximately 370 °C/s because of the natural heat dissipation.
During cooling, it is found that the liquid droplets experience two
crystallization processes in sequence that correspond to the
platform and the trough in the temperature vs. time curve
(marked with two rectangles in Fig. 1). When the temperature
drops to approximately 833 °C, a large number of single crystal
VO2 microtubes grow in the liquid droplets and form arrays that
stand in the residual liquid VOx in less than 1 s (photograph
no. 4, inset in Fig. 1). This crystallization process is exothermic,
which maintains the crystallization starting temperature of VO2

for a short time. As a result, a platform at ~833 °C appears in the
temperature vs. time curve, as shown in the navy box inset in
Fig. 1. After the VO2 crystallization finishes, the whole product
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resumes rapid cooling to approximately 382 °C. The residual
liquid VOx crystallizes and finally forms a solid V2O5 substrate
with the as-crystallized single crystal VO2 microtube arrays nearly
vertically aligned on the surface of it (photograph no. 5, inset in
Fig. 1). This crystallization process is also exothermic, which can
even increase the temperature by up to 27 °C compared with the
crystallization equilibrium temperature of V2O5 (382 °C) in more
than 1 s. As a result, a trough at ~382 °C appears in the
temperature vs. time curve, as shown in the magenta box inset in
Fig. 1. After the V2O5 crystallization finishes, the whole product
resumes rapid cooling again until it reaches room temperature.

To find the key fabrication conditions for single crystal VO2

microtube arrays, we carried out many fabrication runs with
different fabrication parameters. Supplementary Fig. 1 depicts the
temperature vs. time curves of 14 successful fabrication runs for
single crystal VO2 microtube arrays using 14 V foils with different
heating rates, cooling rates, peak temperatures, fabrication times,
and crystallization temperatures, as summarized in Supplementary
Table 1. We found that these fabrication parameters have wide
ranges. The heating rate can occur over a range from 18 to 46 °C/s
with an average of 28 °C/s, the peak temperature can occur over a
range from 1613 to 1955 °C with an average of 1782 °C, and the
fabrication time can occur over a range from 44 to 99 s with an
average of 73 s; all can be easily controlled by adjusting the direct
current manually. Moreover, the cooling rates range from 312 to
677 °C/s, with an average of 442 °C/s, without being controlled.
The crystallization temperatures of VO2 and V2O5 can occur over
a range from 813 to 834 °C with an average of 824 °C and from
317 to 398 °C with an average of 353 °C, respectively. Additionally,
we also carried out two unsuccessful fabrication runs with the
following fabrication parameters. (1) The as-synthesized VOx

liquid droplets are rapidly cooled to below 250 °C (with a cooling
rate of ~345 °C/s, shown by the red curve in Supplementary
Fig. 2a) after gradually heating the V foil to a relatively low
temperature of 1005 °C. It is found that irregular bumps are
produced on the surface of the V foil, and there are no microtube
arrays, as shown in Supplementary Fig. 2b. X-ray diffraction
(XRD) examination demonstrated that the obtained product is
mainly V2O5 with small amounts of VO2 (the red curve in
Supplementary Fig. 2d). An explanation is presented as Supple-
mentary Note 1. (2) The as-synthesized VOx liquid droplets are
slowly cooled to below 250 °C (with a cooling rate of ~29 °C/s, as
shown by the blue curve in Supplementary Fig. 2a) after gradually

heating the V foil to a high temperature of 1785 °C. Only plate-
shaped solids are produced on the surface of V foil, and there are
no microtube arrays, as shown in Supplementary Fig. 2c. XRD
examination demonstrated that the obtained product is a pure
phase of V2O5 (blue curve in Supplementary Fig. 2d). An
explanation is presented as Supplementary Note 2. Consequently,
we propose that the V foil must be gradually heated to
incandescent temperature and then rapidly cooled to fabricate
single crystal VO2 microtube arrays.

Characterization of single crystal VO2 microtube arrays. The
morphology, composition, and microstructure of the as-
fabricated product were examined using scanning electron
microscopy (SEM), X-ray energy dispersive spectroscopy (EDS),
X-ray photoelectron spectroscopy (XPS), XRD, and transmission
electron microscopy (TEM). As shown in the representative SEM
images in Fig. 2a (side view), Fig. 2b (top view), and in the lower-
left inset in Fig. 2a, single crystal VO2 are straight, rod-like and
nearly vertically aligned on the surface of a layered V2O5 sub-
strate (Supplementary Fig. 3). The upper-right inset in Fig. 2a and
the upper-right inset in Fig. 2b show that these single crystal VO2

microtubes are all hollow and have rectangular cross-sections and
steeple-shaped tops. It is also noticed that there are small
amounts of solidified V2O5 flux on the side surface of the VO2

microtubes25, which are further observed by high-resolution
TEM (HRTEM) and analyzed below. The EDS mapping of an
individual microtube confirms that only V and O are present and
uniformly distributed over the whole microtube, as shown in the
lower-right inset of Fig. 2b. Additional EDS spectrums (Supple-
mentary Fig. 4) demonstrate that the O–V atomic ratio are ~1.98
and ~2.49 for the VO2 microtube and the V2O5 substrate,
respectively. The widths of different microtubes vary from 1 to
12 µm (Fig. 2c) with an average width of ~6.8 µm, while each
microtube has a uniform width along its entire length. The length
of those microtubes can reach up to 430 µm. Obviously, the
density (~450 mm−2) of the VO2 microtube arrays is very high
and reaches that of ultra-dense (400–2000 mm−2) VO2 nanowires
fabricated by the vapor transport method32. To the best of our
knowledge, this special morphology of our single crystal VO2

microtube arrays has never been reported before for single crystal
or polycrystalline VO2

11,12. Moreover, the as-fabricated product
was characterized by XPS. As shown in Supplementary Fig. 5, the

Fig. 1 Growth process of single crystal VO2 microtube arrays. The curve depicts the change of temperature with time during the growth process. Insets
no. 1–5 show the photographs of the V foil and the as-synthesized products at corresponding temperatures. At the beginning of heating (0 s), the
temperature jumps to above 500 °C from room temperature at a very rapid and uncontrolled rate when turning on the direct current because of the very
low resistance of the V foil, which results in a very large direct current being suddenly applied to the V foil.
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XPS spectra show a mixture of two vanadium oxidation states
(i.e., V5+ and V4+), which indicates that the vanadium in as-
fabricated product features a mixed 4–5 oxidation state33.

The crystal structure of the as-fabricated product was first
examined using XRD at room temperature, and the diffraction
pattern is shown in Fig. 2d. Clear and narrow diffraction peaks
reveal that the as-fabricated product consists of high-quality
crystals. The XRD peaks can be indexed unambiguously to the
M1 phase of VO2 (JCPDS card no. 72-0514) and orthorhombic
phase of V2O5 (JCPDS card no. 41-1426), which confirms that the
as-fabricated product only contains VO2 and V2O5. Additional
powder XRD pattern (Supplementary Fig. 6) also demonstrates

that no other vanadium oxide can be identified except for VO2

and V2O5. Moreover, very strong diffraction peaks that belong to
the {2kl} family of the M1 phase of VO2 strongly suggest that the
VO2 microtube arrays have a preferred growth direction. Next,
the microstructures of the VO2 microtube and the V2O5 substrate
were observed using TEM. Two cross-sectional TEM samples
were prepared using focused ion beam (FIB) milling from
different position of an individual microtube (Supplementary
Fig. 7a, b). To avoid contamination of the sample surface by the
FIB bombardment, a protective Pt layer was coated on the surface
of the microtube during TEM sample preparation. Figure 2e
depicts a TEM bright-field image of a corner of the microtube

Fig. 2 Characteristics of single crystal VO2 microtube arrays. a SEM image of the side view with the upper-right inset showing the top of a VO2 microtube
and the lower-left inset showing the bottom of a VO2 microtube embedded in a layered V2O5 substrate. b SEM image of the top view with the upper-right
inset showing the rectangular cross-section of a VO2 microtube and the lower-right inset showing an individual VO2 microtube with a uniform width and its
EDS maps. c Histograms of the VO2 microtube widths tabulated from the SEM images in (a) and (b). d XRD pattern at room temperature with standard
powder diffraction patterns of the M1 phase of VO2 and V2O5. e TEM image of a VO2 microtube with the inset showing its HRTEM image. A Pt layer was
added to protect the sample surface from contamination during TEM sample preparation. f HRTEM image of the boundary between the VO2 and the V2O5

with the insets showing the electron diffraction images of the corresponding regions.
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with a VO2 wall thickness of ~2.1 µm (the VO2 is outlined with
the navy dash lines). The corresponding HRTEM image (inset in
Fig. 2e) displays the typical single crystal morphology of the M1
phase of VO2 along the [100] zone axis (ZA), while the
interplanar distance of 0.452 and 0.453 nm can be indexed as
the (010) crystal plane and (001) crystal plane of the M1 phase of
VO2, respectively.

Furthermore, a thin layer of V2O5 with a thickness of less than
500 nm (marked in Fig. 2e) that is located on the side surface of
the VO2 microtube can be observed, which is the solidified V2O5

flux25. The microstructure of the solidified V2O5 flux and the
crystallographic relation between the VO2 and V2O5 were
analyzed with an HRTEM image (Fig. 2f), which is a magnified
image of the region in the cyan box located at the boundary
between the VO2 and V2O5 in Fig. 2e. The lower-left inset shows
an electron diffraction image of single crystal VO2 located in the
lower-left region of Fig. 2f, which can be indexed to the [100] ZA
of the M1 phase of VO2. Thus, the side surface of the VO2

microtube (marked with navy dashed lines in Fig. 2f) can be
indexed to the (01�1) crystal plane with an interplanar distance of
0.320 nm, while another side surface of the VO2 microtube shown
in Fig. 2e can be indexed to the (011) crystal plane. The angle of
these two crystal planes is 89.86°; thus, the VO2 microtube
appears to have a rectangular cross-section. The upper-right inset
in Fig. 2f shows the corresponding electron diffraction image of
the upper-right region in Fig. 2f, which can be indexed to the
[010] ZA of V2O5. It is obvious that the boundary between the
VO2 and V2O5 is noncoherent. Electron diffraction pattern
obtained from another TEM sample also demonstrates a single

crystal VO2 in [100]M1 crystalline orientation (Supplementary
Fig. 7c). Hence, TEM observations for two TEM samples clearly
indicate that the microtube is single crystal VO2 growing in
[100]M1 direction and confirm that the crystalline orientation
remains the same across the entire VO2 microtube. The growth
direction of our single crystal VO2 microtubes is the same as that
of single crystal VO2 fabricated by the vapor transport
method20,26, the self-flux method22,23, and the hydrothermal
method27. It is noted that the solidified V2O5 flux on the side
surface of VO2 microtubes can be easily removed (Supplementary
Figs. 4a and 8b) by immersing the as-fabricated microtubes in a
dilute aqueous solution of sodium carbonate with a concentration
of 30 g/L for 30 min at room temperature based on the following
reactions: V2O5+Na2CO3→ 2NaVO3+CO2↑34.

Phase transition of single crystal VO2 microtube arrays. The
reversible MIT between the M1 and the R phases is the funda-
mental characteristic of VO2. Thus, we carried out two differ-
ential scanning calorimetry (DSC) experiments for as-fabricated
single crystal VO2 microtube arrays. To analyze the thermal cycle
stability, 28 heating and cooling cycles between 40 and 90 °C were
carried out, and the DSC curves are depicted in Fig. 3a. These
DSC curves show only one peak during each heating and cooling
process, which indicates that as-fabricated single crystal VO2

microtube arrays undergo a first-order phase transition. The
phase transition peak temperatures of R→M1 (Mp) and M1→ R
(Rp) for single crystal VO2 microtube arrays are approximately
63.1 and 67.2 °C, respectively, which are in excellent agreement

Fig. 3 Phase transition properties of single crystal VO2 microtubes arrays. a DSC curves during 28 heating and cooling cycles, where 67.2 and 63.1 °C
are the peak temperatures for the M1→ R and R→M1 phase transitions, respectively. bMagnified exothermal peaks and cmagnified endothermal peaks of
DSC curves that demonstrate the excellent thermal cycle stability of single crystal VO2 microtube arrays. Optical images of an individual single crystal VO2

microtube in d the M1 phase (60 °C) and e the R phase (75 °C) show not only a clear brightness change but also an obvious length shrinkage of ~0.7%
along the [100]M1 ([001]R) axial direction across the phase transition from the M1 phase to the R phase as marked by the white lines.
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with previously reported Rp of 67.8 °C for bulk single crystal
VO2

24, the Rp of 67.2 °C for single crystal VO2 microrods16, and
the Rp of 67 °C for single crystal VO2 nanowires18. This result
indicates that our single crystal VO2 microtube arrays have the
same MIT property as single crystal VO2 fabricated by the cur-
rently available methods. Most strikingly, the Mp and Rp of our
VO2 microtube arrays show almost no shift during 28 heating
and cooling cycles, as shown in Fig. 3b, c. This finding confirms
the excellent thermal cycle stability of the MIT process of our
single crystal VO2 microtube arrays. In contrast, VO2 nano-
particles produced elsewhere were reported to have Mp and Rp

shifts from 49.7 to 53.4 °C and from 61.0 to 68.8 °C, respectively,
during seven heating and cooling cycles35 because of the unstable
microstructure of the VO2 nanoparticles. Furthermore, it was
reported that theMp and Rp of a single crystal VO2 microrod with
a width of ~100 µm exhibited a run-to-run shift of up to ∼1 °C
during three heating and cooling cycles16 because of the kinetic
barrier of the first-order phase transition. In addition, a wide
temperature range (−50 to 400 °C) DSC experiment was also
carried out for exploring whether additional phase transitions can
occur for the as-fabricated product, and the DSC curve is depicted
in Supplementary Fig. 9. Same as Fig. 3a, the DSC curve shows
only one peak during heating or cooling process, which indicates
only MIT of M1↔ R can occur between −50 and 400 °C for
single crystal VO2 microtube arrays. Thus, the sharp peaks in the
exothermal and endothermal scans of the DSC curve in Fig. 3a
and Supplementary Fig. 9 indicate precise structural phase tran-
sitions, while the excellent exothermal and endothermal stabilities
(Fig. 3b, c) suggest that our single crystal VO2 microtube arrays
have a very stable microstructure and great potential for device
applications that require a long lifetime and a wide temperature
range.

Moreover, we also carried out an optical microscope observa-
tion for an individual single crystal VO2 microtube during a
heating and cooling process and the optical images of the M1
phase at 60 °C and the R phase at 75 °C are shown in Fig. 3d, e
(see also Supplementary Movie 2). Clear brightness change from
bright to dark occurs uniformly for the whole microtube and
corresponds to the insulator→metal transition, indicating a
uniform stoichiometry and strain-free nature of single crystal
VO2 microtube32. And, an obvious length shrinkage of ~0.7% can
be detected across the M1→ R phase transition due to the lattice

constant differences along the [100]M1 ([001]R) axial direction;
aM1= 0.5743 nm (JCPDS card no. 72-0514) whereas 2cR=
0.57028 nm (JCPDS card no. 71-0565).

It is well known that the phase transition from the M1 phase to
the R phase of VO2 during heating corresponds to a colossal
resistivity drop by over 4 orders of magnitude which can be
reversible via a cooling process11,12. Thus, the phase transition of
VO2 can also be characterized by a resistance vs. temperature
measurement, which can conclusively prove an MIT of VO2.
However, many factors such as electrical contact problem,
metastable phases formation can bother the electrical data. In
this work, the reversible MIT of single crystal VO2 microtubes is
revealed by the DSC and optical data. However, we do not present
electrical data of single crystal VO2 microtubes, which needs to be
further studied in the future.

Discussion
Based on the experimental results, we propose a growth
mechanism of single crystal VO2 microtube arrays as illustrated
in Fig. 4. According to the V–O phase diagram (inset in Sup-
plementary Fig. 10)30,31, VO2 starts to crystallize just when the
temperature of the liquid VOx is lowered below the liquidous line.
As shown in the cooling curve (Supplementary Fig. 10), the
temperature of the liquid VOx rapidly decreases from the peak
temperature (1798 °C in Supplementary Fig. 10) to ~1542 °C
(melting point of VO2). The cooling curve starts to deviate the
linear downtrend, which means VO2 starts to nucleate in the
liquid VOx

36. An additional SEM image of the side view of an as-
fabricated product (Supplementary Fig. 11a) clearly shows that
there is a layer of small equiaxed crystals with a thickness of
~12 µm at the bottom of the as-fabricated product. After
immersion in a dilute aqueous solution of sodium carbonate for
10 min at room temperature, this layer of small equiaxed crystals
does not have any change (Supplementary Fig. 11b), which is
same as the status of the VO2 microtubes. Hence, we propose that
the VO2 starts to nucleate at the V foil surface and then form a
chill zone firstly, because the heat of the liquid VOx dissipates
much faster from the V foil than from the air after the heating is
stopped. With continuous heat dissipation, some of these small
equiaxed crystals then grow into the liquid VOx and form arrays
that are nearly vertically aligned on the surface of the V foil,

Fig. 4 Schematic illustrations of growth process of single crystal VO2 microtube arrays. I VO2 equiaxed crystals nucleate at the V foil surfaces and form
the chill zones at ~1542 °C. II Single crystal VO2 microtubes grow from the chill zones and form the arrays at ~833 °C. III Residual liquid VOx crystallize and
form the V2O5 substrate at ~382 °C.
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because only those equiaxed crystals that are oriented favorably
regarding the direction of heat flow can grow an appreciable
distance and produce a columnar zone37. Thus, this process can
be regarded as a directional growth, and the formation of the VO2

microtube arrays is based on an interplay between the diffusion
required for phase separation and the energy required for the
formation of inter-phase boundaries38. TEM observations
demonstrate that the VO2 microtubes grow along the
[100]M1([001]R) direction and the bounding (01�1)M1 and (011)M1

facets are crystallographically equivalent, low-index, and there-
fore, low energy surfaces26. The diameter and the spacing of the
VO2 microtubes are the result of a balance between two com-
peting tendencies: on the one hand, to minimize the spacing in
order to shorten the diffusion path of cations in the liquid VOx,
and on the other hand, to increase the spacing to minimize the
total interfacial energy38.

The formation of the hollow tubular structure of individual
VO2 microtube can be explained by the accumulation of top
concave effect of rod-like crystals39 as being similar to the growth
mechanism of Se microtubes40, W microtubes41, SiAlON
microtubes42, and the wetting assisted growth mechanism of VOx

nanostructures31. The initial stage in the growth of a single crystal
VO2 microtube is the formation of a microparticle on the surface
of the V foil followed by directional growth along the c-axis of R
phase of VO2 in the liquid droplet and then forming a rod-like
VO2 crystal as aforementioned scenario. In this anisotropic
growth process, a mass transportation from the side surface to the
top surface occurs, because the top surface grows much faster
than the side surface of the rod-like VO2 crystal40–42. Thus, the
concentration of VO2 at the edge of the top surface is higher than
at the center, resulting growth rate at the edge is also higher than
at the center39. Consequently, a concave shape produces at the
top surface of the rod-like VO2 crystal and the concavity of the
top surface continuously increases by accumulation of the con-
cave effect42. When the rod-like VO2 crystal grows out of the
liquid droplet, a thin liquid film wets the side surface of the rod-
like VO2 crystal along its entire length, creating a mass trans-
portation channel for the rod-like VO2 crystal growing top31. The
growth continually takes place as feeding mass is transported to
the growing top of the rod-like VO2 crystal via the peripheral
liquid wetting layer. However, for a fast growth process, mass
transportation from the edge to the center of the growing top is
very limited, which results in the growth stop of the center of the
rod-like VO2 crystal. As a consequence, a hollow tubular struc-
ture is eventually formed as shown in Fig. 2a, b.

When the temperature decreases to approximately 833 °C, the
heat dissipation and the latent heat released by the crystallization
of VO2 reach an equilibrium, which results that temperature of
the product is maintained at approximately 833 °C for a short
time until the crystallization of VO2 is complete. At this point, the
residual liquidus composition of VOx can be estimated by the
equation: x=−2.815 × 10−4 T + 2.701543, where T is the tem-
perature in degrees centigrade. Here, the x is calculated to be 2.47
corresponding to the temperature of 833 °C, which is consistent
with the EDS measurement result (Supplementary Fig. 4d). After
the VO2 crystallization finishes, the temperature of the residual
liquid VOx decreases again until to ~678 °C (melting point of
V2O5). The cooling curve starts to deviate the linear downtrend
again, which means V2O5 starts to nucleate in the residual liquid
VOx. This crystallization process lasts for a short time until the
temperature reaches 382 °C, while the heat dissipation and the
latent heat released by the crystallization of V2O5 reach an
equilibrium. And the temperature can increase up to 409 °C as
marked in Supplementary Fig. 10, because the latent heat released
by the crystallization of V2O5 is greater than the heat dissipation
during this process. It is noted that the obtained equilibrium

temperature of 833 and 382 °C from cooling curve are much less
than the melting point of VO2 and V2O5, which we think it is
because the crystallization process of the liquid VOx is a none-
quilibrium solidification. It is well known that the true crystal-
lization temperature is actually very difficult to determine from a
cooling curve because of the nonequilibrium conditions inherent
in such a dynamic test for an actual solidification process44.

Although single crystal VO2 has demonstrated tremendous
potential for practical use in various high-performance modern
devices11,12,18–21, critical issues remain unsolved and hinder the
large-scale application of this smart material. Previous report
shows that the phase transition of bulk single crystal VO2 is very
sharp and demonstrates relatively little hysteresis for heating and
cooling rates of approximately 0.2 °C per minute24. Moreover,
bulk single crystal VO2 can be conveniently manipulated and
assembled as a component in modern devices because its size is at
the macroscale. However, microcracks that occur during heating
and cooling because of the large (~1%) and anisotropic sponta-
neous strain associated with the MIT is a fatal drawback of bulk
single crystal VO2, which can result in degraded electronic and
thermal properties17. Thus, the thermal cycle stability of bulk
single crystal VO2 is very poor, which makes it very unattractive
for device applications45. It has been demonstrated that scaling
VO2 to the nanoscale can allow it to withstand an elevated uni-
axial strain46,47, thus enabling protracted thermal cycles without
cracking during the MIT48. Hence, single crystal VO2 nanowires
are likely good candidates for device applications that require a
long lifetime because they are free of extended structural defects
during the MIT17. However, the existing techniques have not yet
satisfied the requirements of large-scale applications of single
crystal VO2 nanowires12, and additional engineering issues need
to be solved, such as vertically aligning the nanowires on a sub-
strate to form arrays for microbolometer sensing components11,
and improving the low yield due to the self-limiting in-plane
growth49. In addition, it is difficult to use single crystal VO2

nanowires for device applications because their scale is too small
to be easily manipulated or assembled in an orderly fashion.
Thus, convenient and high yield fabrication of vertical single
crystal VO2 arrays remains a challenging task.

Our single crystal VO2 microtube arrays are likely able to solve
these issues. The excellent thermal cycle stability demonstrates
great potential for manufacturing devices with a long lifetime.
Arrays that are nearly vertical should be very suitable for appli-
cation such as microbolometer sensing components. Simple, fast,
low-cost, and green fabrication processes are very convenient for
high yield production. Moreover, our single crystal VO2 micro-
tube arrays are macroscopic and can be easily manipulated or
assembled as a component in modern devices. Thus, we expect
that single crystal VO2 microtube arrays fabricated by our
method can promote large-scale applications of VO2 in various
modern devices, such as microbolometers, lithium-ion batteries,
supercapacitors, thermal emitters, and temperature sensors.

Methods
Fabrication. A commercially available pure V foil (99.9 wt%) with a thickness of
0.2 mm was used in this work. The V foil was cut into bars 3 mm wide and 20 mm
long. In a typical procedure, a bar of V foil was mounted on two simple holders
that was constructed in-house, which was connected to the positive and negative
electrodes of a GW Instek PSB-2400L power supply with two wires (Supplementary
Fig. 12a, b). Then, the V foil was resistively heated to approximately 1700 °C in tens
of seconds by a direct current of <40 A in air. Afterwards, the direct current was
turned off manually. The vanadium oxide product was formed in a few seconds on
the central surface of both sides of V foil (marked by an arrow in Supplementary
Fig. 12c). The slow heating/cooling rate was controlled by manual adjusting the
rotary knob of the power supply which changed the applied direct current.
Whereas, the rapid cooling rate was realized by turning off the direct current at the
peak temperature of each fabrication run. Supplementary Fig. 12d shows an SEM
image of an as-fabricated product. The single crystal VO2 microtube arrays are
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mainly located in the central region of the product, while the substrate is a layered
V2O5. The fabrication temperature was monitored by a pyrometer (LumaSense
IGAR 6 Advanced with a temperature range of 250–2000 °C, a resolution of 0.1 °C,
and a sampling rate of 60 s−1). Ambient conditions corresponded to regular
laboratory and atmospheric pressure condition with a temperature range of
15–35 °C, a relative humidity range of 11–100%, and an oxygen partial pressure
of ~21.2 kPa.

Morphology observation and composition determination. The morphology of
the as-fabricated product was mainly observed using a Hitachi TM3030 scanning
electron microscope equipped with an Oxford Swift 3000 X-ray energy dispersive
spectroscope for element mapping. Moreover, an as-fabricated product was
immersed in a dilute aqueous solution of sodium carbonate for 30 min at room
temperature, followed by EDS analysis using a Hitachi SU8220 scanning electron
microscope equipped with an Oxford X-Max X-ray energy dispersive spectroscope.
The X-ray photoelectron spectroscopy was obtained using a Thermo Scientific
ESCALAB 250Xi X-ray photoelectron spectrometer.

Structure characterizations. XRD examination was carried out using a Rigaku
SmartLab X-ray diffractometer at room temperature. An as-fabricated product
directly underwent XRD examination by putting the whole product on a plain
sample stage without any treatment. Then, three as-fabricated products were
ground into powder by an agate mortar, followed by XRD examination again. Two
cross-sectional TEM samples from an individual microtube were prepared using a
Helios NanoLab 600 focused ion beam scanning electron microscope. A TEM
sample of V2O5 substrate was prepared by conventional method for powder
samples. The TEM samples were observed using a FEI Tecnai G2 F20 S-TWIN
transmission electron microscope at 200 kV.

Phase transition analysis. The DSC experiments were carried out using a TA
Q2000 calorimeter. Three as-fabricated products (15.4 mg in all) were directly put
into a Tzero pan for a 28 thermal cycles DSC experiment. The temperature range
was 40–90 °C, and the heating and cooling rates were 10 °C/min. Other three as-
fabricated products (14.3 mg in all) were also directly put into a Tzero pan for
a wide temperature range DSC experiment. The temperature range was −50 to
400 °C, and the heating and cooling rates were 10 °C/min also. Optical microscope
observation was carried out using a Leica DMLM microsystem with a heating stage.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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