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Molybdenum dioxide (MoO2) materials have attracted considerable interests due to their superduper properties
and potential applications, relating to the growth directions and exposed surfaces. Here, we reported as the
substrate changes from c-to m-sapphire, the growth direction of epitaxial MoO2 nanorods via an atmospheric
pressure chemical vapor deposition approach changes along from <001> to <010> of bulk monoclinic MoO2
accompanied by exposing different surfaces. Optical microscopy (OM), Raman spectroscopy, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), cross-sectional scanning electron microscopy (SEM), highresolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) measure
ments reveal these MoO2 nanorods are epitaxially grown on m-sapphire substrates with the orientation of MoO2
(101)//sapphire (1010) and MoO2 <010> in line with sapphire <0001>. The electrical conductivity signifi
cantly depends on the crystallographic direction of MoO2 nanorods. The method to control the growth directions
of 1D MoO2 nanorods has potential applications in nanoelectronic devices.

1. Introduction
Transition metal oxides (TMOs) have drawn great attention for de
cades owing to their excellent properties and extensive application
prospects in electronic and photonic devices [1–6]. Among TMOs, mo
lybdenum dioxides (MoO2) has a special monoclinic distorted rutile
structure with the lattice parameters of a = 5.62 Å, b = 4.86 Å, c = 5.63
Å, and β = 120.94◦ [7,8]. MoO2 is theoretically reported to be metallic
[9,10] and shows a conductivity as high as 6.04 × 103 S/cm experi
mentally [11]. Interestingly, due to its asymmetric structure with
Mo–Mo bonds (dimerization) along monoclinic (100) axis, MoO2 pre
sents an anisotropic conductivity [12]. MoO2 is a promising material for
applications in photodetectors, Li-ion battery electrodes and field-effect
transistors [13–16]. For example, highly ordered mesoporous crystalline
MoO2 materials exhibit a reversible electrochemical lithium storage
capacity and an excellent cycling performance as anodes for Li ion
batteries [14]. Moreover, MoO2 nanowires/nanorods arrays show
excellent field emission properties duo to their rod-like shape and

alignment [15]. Up to now, almost all the MoO2 nanorods fabricated are
grown along (100)-axis, which means that the growth direction of MoO2
is unlikely to tune [17–19]. Therefore, how to control the structural
properties, for example, the crystal direction of MoO2 nanomaterials,
has attracted considerable attentions.
It is well known that substrates usually play a vital role in the
epitaxial growth of nanomaterials. The selected substrate surface
directly participates in the formation of the micro/nano structures,
affecting and even determining their morphologies and properties
[20–24]. For instance, VO2 thin films prepared on c-, r-, and m-sapphire
substrates exhibited different crystal structures (monoclinic or tetrag
onal) and properties [1]. For decades, sapphire is considered as one of
the best substrate for epitaxial growth of nanostructures due to the
atomically flat inert surfaces, low electrical conductivity and good
thermal stability [25,26]. MoO2 nanomaterials have an excellent
epitaxial relationship with respect to c-sapphire substrate [27]. How
ever, studies on MoO2 nanomaterials on other crystallographic planes of
sapphire to control their structural properties are still lacking.
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Previously, our group reported direct CVD synthesis of MoO2 nano
rods with or without single layer MoS2 as shell along the growth di
rection of <001> of MoO2 on c-sapphire substrate [8,11,28]. Due to the
MoS2 shell is formed after the growth of the MoO2 nanorods, we simply
name both as rod-c. Majority are straight and oriented 60◦ to each other,
showing the good epitaxy with respect to c-sapphire substrate. Here, by
changing the symmetry of sapphire substrate, we have obtained
epitaxial MoO2 nanorods on m-sapphire substrates (rod-m) with the
orientation relationship of MoO2 (101)//sapphire (1010) and the
growth direction of MoO2 <010> in line with sapphire <0001>. In
addition, device based on single MoO2 nanorod reveals that the crys
tallographic directions of nanorods have a great influence on
conductivity.

Fig. 1 shows the schematic description of the atomic distribution at the
surfaces of c-, m- and a-sapphire. The unit cells of the three planes are
represented as dashed boxes with lattice parameters labeled. For
c-sapphire, the surface shows a periodic hexagon structure formed by
Aluminum atoms. However, in the case of m- and a-sapphire, they
exhibit a rectangle periodic structure formed by Aluminum or Oxygen
atoms. The different symmetry of the substrates may result in different
structural properties of epitaxial MoO2.
Fig. 2a shows a typical OM image of the as-grown rod-m. They grow
in two directions which are perpendicular to each other. Besides, a very
small amount of the white products have been identified as thicker
MoO2 flakes (See Fig. S3). Fig. S3b presents a typical OM image taken
close to the longer border (highlighted by a red dotted line) of the
substrate to identify sapphire <0001>. In order to study the orientation
preference of rod-m, the orientation histogram was performed. The
growth orientations of rod-m concentrated at 0◦ and 90◦ with respect to
the horizon direction labeled by a white arrow in Fig. 2a, which is
sapphire <0001>. Obviously, statistical results indicate that rod-m are
more likely to grow along <0001> of m-sapphire. This is inconsistent
with the orientation of the samples epitaxially grown on c-sapphire
substrate (See Fig. S4a), where rod-c aligned well with sapphire
<1010>, suggesting that the nanorods have different epitaxial re
lationships with m-sapphire substrate. Nevertheless, when a-sapphire
was used as a substrate for deposition (See Fig. S4b), most of as-made
products are square-like while a small number of them are rod-like
but curved, indicating that there is no epitaxial relationship between
MoO2 and a-sapphire. Taking the main crystallographic directions of c-,
m- and a-sapphire (<1010> VS <1210>, <0001> VS <1210>, and
<1010>VS <0001>) into account, we conclude that MoO2 nanorods
have less preference to grow along the <1210> direction of sapphire.
On a-sapphire, the curved topography of MoO2 nanorods is subject to
the competition in the epitaxial growth along <1010> and <0001>
directions, suggesting the comparative growing barrier in these two
directions.
Fig. 2c and d are statistical plots of the length distributions of rod-m
in the <0001> and <1210> directions, respectively. The length of rodm is centered at ~15 μm in the <0001> direction and ~7 μm in the
<1210> direction, indicating that rod-m have a faster epitaxial growth
rate in the <0001> direction. Rod-m along the <0001> direction are
usually terminated by those along the <1210> direction, indicating
longer rods are likely to obtain if rods along the <1210> direction were
suppressed. Actually, a second peak at ~27 μm in the <0001> direction
is observed and it can be further enhanced by optimizing the growth
conditions [31]. In addition, the width of rod-m is centered at ~500 nm
(See Fig. S5). In this article, our attentions are only paid on the longer
rods which grow along the <0001> direction.
Raman spectroscopy is a nondestructive technique to identify the
structural fingerprint of TMOs. The representative Raman spectrum in
Fig. 3a (solid blue line) for the highly oriented rod-m shows several
peaks at 204, 227, 347, 362, 459, 495, 569, and 744 cm− 1, in good
agreement with the reported that for MoO2 with typical Raman peaks at
202, 229, 346, 364, 459, 496, 569 and 740 cm− 1 [8,28], suggesting the
main composition of rod-m are MoO2. The inset in Fig. 3a is a Raman
mapping at 204 cm− 1. It presents highly oriented rod-m with uniform
contrast, indicating that the chemical composition of rod-m is uniform
throughout the whole sample. For comparison, the Raman spectrum of
m-sapphire is given, which shows three characteristic peaks at 377, 416,
and 643 cm− 1. Compared with the Raman spectrum from rod-c (dotted
black line), there are no peaks from MoS2 (~383 and ~404 cm− 1),
indicating the exposed surfaces of rod-m may be different to be sulfu
rized. Fig. 3b displays a typical XRD (θ-2θ scan) pattern of the rod-m
(solid blue line), which displays a single phase. The XRD pattern dis
plays a diffraction peak at 2θ = 66.4◦ , corresponding to MoO2 (202).
(JCPDS NO. 32–671) The diffraction peaks at 2θ = 61.0◦ and 68.3◦ ,
corresponding to sapphire (1232) and (3030), respectively [32]. The

2. Experimental details
2.1. Growth of MoO2 nanorods
The MoO2 nanorods were synthesized by the CVD method with a
two-temperature-zone system. S (Aladdin 99.999%) and MoO3 (Aladdin
99.99%) powders were used as reductants and Mo precursors, respec
tively. The longer border of the diced substrate is along sapphire
<0001>, as shown in Fig. S1a. m-sapphire and SiO2/Si substrates were
precleaned with acetone, isopropanol and hydrogen peroxide. Fig. S1b
shows the schematic illustration of the position of the m-sapphire sub
strate in the right temperature zone. Two SiO2/Si substrates were placed
with face down and the MoO3 powder were placed under the left one.
The (1010) plane of m-sapphire faced downward. The quartz boat with
MoO3 and substrates was located at the center of the right temperature
zone. The temperature profiles for the growth of rod-m are shown in
Fig. S2. The temperature of the right temperature zone raised up at a rate
of 15 ◦ C/min to 300 ◦ C under a flow rate of 300 standard-state cubic
centimeter per minute (s.c.c.m.) of N2, held at the setting temperature
for 30 min, and then raised up at a rate of 13 ◦ C/min to 750 ◦ C under a
flow rate of 25 s c.c.m., and holding for 10 min. Finally, the temperature
cooled at a cooling rate of 10 ◦ C/min for 20 min followed by a rapid
cooling under 500 s c.c.m. of N2. Another quartz boat containing S
powders was located upstream at the center of the left temperature zone.
The temperature programming for left zone was as follows: temperature
held at 80 ◦ C until the right zone reached a temperature of 690 ◦ C, and
then increased with a ramping rate of 25 ◦ C/min to 200 ◦ C and holding
for 20 min followed by rapid cooling.
2.2. Sample characterization
OM measurements were carried out in a CaiKang DMM-200C optical
microscope. Raman measurements were performed in a Renishaw
Confocal Raman microscope (inVia Qontor) using a 532 nm laser and
1800 lines/mm grating [29]. Raman maps were taken at 1 mW laser
power for 10 s with a 300 nm step size. XRD measurements were carried
out in a D/Max 2500 X-ray diffractometer with a wavelength of 0.15406
nm. X-ray photoelectron spectra are recorded using ESCALAB 250Xi
spectrometer, with anode Al-Kα x-ray source of power 200 W [30]. The
data are calibrated with the C 1s peak, which was recorded at constant
binding energy of 284.6 ± 0.2 eV. SEM measurements on the
cross-section of nanorods were performed in a Zeiss Sigma HD scanning
electron microscope. HRTEM and SAED measurements were performed
in a JEOL, JEM-2100 F transmission electron microscope with an ac
celeration voltage of 200 kV, on transferred individual nanorods.
3. Results and discussions
Sapphire (Al2O3) surfaces have been comprehensive studied [26]. In
this work, we are interested in the three most common crystallographic
planes of sapphire which are used as substrates for epitaxial growth.
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Fig. 1. (a), (b) and (c) Schematic description of the crystalline structure at the surfaces of c-, m- and a-sapphire. Al atoms and O atoms are represented by purple and
red balls, respectively. The unit cells and lattice constants are marked in (a), (b) and (c), respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 2. (a)OM image of as-grown rod-m. (b)Orientation histograms for rod-m. Length distribution of rod-m with orientation along (c) and perpendicular (d) to
sapphire <0001>.

diffraction peaks distinctly assigned to MoO2 at 2θ values of 18.4◦ and
57.4◦ are related to (101) and (303) crystal planes. The XRD results
suggest that rod-m are monoclinic with the orientation relationship of
MoO2 (101)//sapphire (1010). In addition, there is a stronger peak at 2θ
= 37.4◦ , corresponding to the MoO2 (202), which is derived from a small
amount of MoO2 flake as shown in Fig. 2a [10]. The negligible diffrac
tion peak at 2θ = 35.9◦ corresponding to MoS2 (102) can be attributed to
the inevitable MoS2 byproducts on the substrate. For comparison, the
XRD spectrum of rod-c (dotted black line) is shown in Fig. 3b, where
MoO2 (100)//sapphire (0001) [8].

To further investigate the surface chemical composition of as-made
products, XPS measurements were carried out. The XPS survey spec
trum of products is shown in Fig. S6, while narrow scan for Mo 3 d and O
1s are shown in Fig. 3c and d. The fitted Mo 3 d doublet peaks positioned
at 229.27 and 232.47 eV are corresponding to screened Mo (4+)
oxidation state and the doublet peaks at 231.00 and 234.21 eV belongs
to unscreened Mo (4+) [33,34]. The remaining doublet peaks located at
232.48 and 235.63 eV correspond to the Mo (6+) oxidation state [35,
36], which may be due to the oxidation of MoO2 in air or from the
surface of squared MoOx flakes [37]. The fitting results show that the
1132
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Fig. 3. (a)Typical Raman spectra of as-made rod-c
(dotted black line), rod-m (solid blue line) and msapphire (solid purple line) from the position marked
by the black, blue and purple dots in Fig. S4, 2a and
S3, respectively. The inset is Raman map of rod-m at
204 cm− 1. (b) XRD spectra of rod-m (solid blue line)
and rod-c (dotted black line). Inset: the XRD spectra
in a small range of 35◦ –40◦ . (c) and (d) XPS spectra of
Mo 3 d and O1s of as-made products. (For interpre
tation of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)

content ratio between Mo (4+) and Mo (6+) is ~3:2, indicating that
MoO2 are the dominant component. The Mo (6+) may come from the
precursor used, surface oxides or the byproducts. The fitted O 1s plot in
Fig. 3d shows four components from absorbed H2O [38] (~532.37 eV),
MoO2 (~529.99 and 531.11 eV), and MoO3 (~530.28 eV), respectively.
Moreover, no peak corresponding to sulfur is detected. Hence, it is
further proved that the rod-m were not sulfurized.
Fig. 4a displays a representative cross-sectional SEM image of a
single rod-m. It is about 540 nm wide and 160 nm high. An isosceles
triangle with an angle of ~30◦ between the side and bottom surfaces is
shown. It is rather different with the trapezoid with a dihedral angle
between sloping side facets and bottom plane of 45◦ for rod-c, as shown
in the inset cross-sectional SEM image in Fig. 3d.9 According to the
formula of interfacial angel of monoclinic crystal system [see supporting
information Section 1], the dihedral angle is calculated to be 29.56◦ for
MoO2 (001) and MoO2 (101) and 29.50◦ for MoO2 (100) and MoO2
(101). The theoretical result of the dihedral angle is almost identical

with the experimental result, indicating the sloping side facets of rod-m
are MoO2 (001) and MoO2 (100) and rod-m grows along MoO2 (010). It
is in consistence with previous theoretical and experimental studies that
(001), (010) and (100) are lower surface energy planes for MoO2 [39,
40]. Thus, a vector bases model diagram of MoO2 from <010> direction
is shown in Fig. 4b. EDS pattern from single rod-m is shown in Fig. 4c.
The atomic ratio between O and Mo is calculated to be ~1.96, in good
agreement with the nominal value of 2.0, confirming that the sample
composition is MoO2.
HRTEM and SEAD were performed to investigate the crystallinity of
rod-m. Fig. 5a shows a typical low-magnification TEM image of a single
rod-m. The corresponding SAED pattern inserted in the upper right
corner of Fig. 5a shows two-fold symmetric diffraction spots, indicating
the two-fold symmetry of the top surface of rod-m. The HRTEM image
(Fig. 5b) shows a smooth edge which parallels to the growth direction.
The inset in Fig. 5b reveals the superior crystallization of rod-m,
exhibiting the interplane spacing value of 0.340 and 0.486 nm, in

Fig. 4. (a) Cross-sectional SEM image of single rod-m. Inset: Cross-sectional SEM image of single rod-c. (b)The vector bases model diagram of MoO2 from <010>
direction. (c) The EDS pattern of the individual rod-m.
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Fig. 5. TEM characterizations of the rod-m. (a) Low-magnification TEM image of the rod-m. Inset: SAED pattern. (b) High-resolution TEM image. Inset: enlarge
HRTEM image.

agreement with that of MoO2 (011) and MoO2 (101), respectively,
confirming that these rod-m grow along MoO2 <010> direction.
To further demonstrate the differences between the epitaxial growth
of rod-m and rod-c, two models are built. Fig. 6a displays a visual threedimension diagram of rod-m. The blue cuboid indicates the m-sapphire
substrate, and the green rod represents rod-m oriented along sapphire
<0001>. It has a lying-down triangular prism structure along the sap
phire <0001> with the two sides being MoO2(100) and (001). Fig. 6b
presents a trapezoid prism structure along the sapphire <1010> with
the two sides being MoO2(110) and (110) [8].
To evaluate the electrical performance of the as-grown rod-m, we
introduce two-terminal method. Considering the metallic nature of
MoO2, the small contact resistance has little influence on the experi
mental results [11]. Based on the fact, the two-terminal method was
adopted directly when designing the experiment. This method of
measuring resistivity has also been used in other paper [41]. The I–V
curve shown in Fig. 7 is almost linear. Especially, the I–V curve shown in
Fig. S7 in the low voltage range from − 0.2 to 0.2 V for the same device
are symmetrical and linear, suggesting that an Ohmic contact is ach
ieved between the nanorod and the electrodes. The inset in Fig. 7 shows
an SEM image of a device. We estimated the conductivity of the single
rod-m by using simple Ohm’s law [41]. The conductivity of the rod-m is
calculated to be of ~59 S/cm, which is about two orders lower than our
previously reported value for rod-c (~6.04 × 103 S/cm) [11]. The
disparity demonstrates that the crystallographic directions of nanorods
have a great influence on conductivity. Thus, the findings here provide a
method to prepare MoO2 nanorods in different structures, which has
potential applications in nanoelectronic devices.

Fig. 7. I–V curve (solid black line) and conductivity curve (dotted blue line) of
individual rod-m. Inset: the SEM image of the device. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

sapphire, the growth direction of epitaxial MoO2 nanorods via APCVD
approach changes along from [001] to [010] of bulk monoclinic MoO2
accompanied by exposing different surfaces. These high crystal quality
MoO2 nanorods are epitaxial grown on m-sapphire substrates with the
orientation relationship of MoO2 (101)//sapphire (1010) and MoO2
<010> in line with sapphire <0001>. Further, rod-m has a conductivity
~59 S/cm, two orders lower than that of rod-c, indicating that the
crystallographic directions of nanorods have a great influence on con
ductivity. Our findings provide a method to control the epitaxial growth

4. Conclusions
In this letter, we reported that as the substrate changes from c-to m-

Fig. 6. (a) and (b) The three-dimension growth models of rod-m and rod-c, respectively. The green rod represent MoO2 nanorod, showing oriented growth along
sapphire <0001> and <1010>, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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of MoO2 nanorods on different planes of sapphire substrate with highly
crystalline degree, which may be broadly applicable to other metal
oxides.
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