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2.2. Sample preparation 

The MoO2-grown c-sapphire was placed backside up on tin foil and 
cut with a diamond cutter along the sapphire[1100] direction to expose 
the sapphire(1120) at the edge. A TEM grid was placed backside up on 
the MoO2-grown c-sapphire. Slightly sliding the TEM grid, the MoO2 was 
transferred to the TEM grid for TEM measurements. 

2.3. Characterization 

The XRD patterns were collected with Bruker D8 Advance diffrac
tometer. SEM observations were performed on field-emission scanning 
electron microscopy (Tescan Mira3 LMU) after gold-spray treatment. 
TEM images and SAED patterns were obtained using transmission 
electron microscopy (jeol2100f). Raman spectra were recorded with a 
Renishaw in an inVia Qontor Raman microscope. Spectroscopy data 
analysis was conducted using Jade, WiRE and Origin software. Curves 
were plotted by Origin software. Simulated XRD patterns were calculated 
by VESTA ver3.5.7 [23]. Simulated SAED patterns were calculated by 
ReciPro ver4.829 software [24]. The first edge of the two sides of the 
nanoflake was selected that clipped the acute angle clockwise and the 
angle between the edge and a nanorod was measured. A total of 120 
nanosheets were counted for the orientation histogram. 

3. Results and discussions 

A two temperature zone furnace was used for growth of MoO2 (For 
details, please refer to experiment details). Thermal conduction occurs 
between the two temperature zones in tube furnaces, resulting in 
slightly different temperatures at different sites. Therefore, maintaining 
the other settings, the supply of S depends on the distance from the S 
source to the right temperature zone (defended as d, as shown in Fig. 1 
(a)). Fig. 1(b) shows the normalized XRD patterns of the samples when d 
= 4 (blue line),6 (red line), and 9 cm (black line). In addition to the c- 
sapphire-related diffraction peaks located at ~ 42◦, one intuitive dif
ference among the three XRD patterns is the significantly stronger 
diffraction peaks at ~ 18◦ and ~ 26◦ for the d = 4 cm sample. Due to 
crystal symmetry, the diffraction peak at ~ 18◦ can only correspond to 
MoO2(100) but not MoO2(010) and MoO2(001), which is consistent 
with the simulated diffraction results of the powder in Fig. S1 and Tab. 
S1. The peak located at ~ 26◦ is assigned to MoO2(011). Another sig
nificant difference among them is the diffraction peaks around 37◦. In 
the enlarged XRD patterns in the right part of Fig. 1(b), two peaks can be 
distinguished with changed relative intensities, corresponding to the 
expected peaks of MoO2(020), and MoO2(200). As d decreases, the 
intensity ratio of MoO2(200) to MoO2(020) increases, which is self- 
consistent with the d = 4 cm sample having the strongest (100) 
diffraction peak. Thus, there are two kinds of MoO2 on c-sapphire with 
MoO2(010)‖sapphire(0001) or MoO2(100)‖sapphire(0001), suggest
ing that the precursor concentration can modulate the growth behaviors 
of MoO2. 

OM images can visually show the different growth behaviors of the 
three samples. For d = 4 cm sample, MoO2 crystallized mainly into 
highly oriented pseudo-one-dimensional (1D) structures in ~ 10 μm 
length and with an angle of 60◦ to each other, as shown in the top view 
in Fig. 1(c). Compared with the MoO2 nanorods grown on c-sapphire 
[7,25,26], the pseudo-1D structures show a marked defocus, suggesting 
significant out-of-plane features. The inserted cross-sectional OM image 
(characterization details as shown in Fig. S2) along sapphire<1120>
reveals the pentagonal structures in a height of ~ 5 μm, confirming the 
standing-up growth of MoO2. For d = 6 cm sample, except for some 
pseudo-1D structures with triangular cross-section (inset in Fig. 1(d)) in 
dark, there are some lying-down parallelogram-shaped flakes in bright 
contrast in Fig. 1(d). Fig. 1(e) shows a typical OM image of a sample with 
d = 9 cm, lying-down parallelogram-shaped flakes with lateral 

dimensions of 3 to 10 µm in various thicknesses dominate. The 1D dark 
features without significant defocus are previously reported highly ori
ented MoO2 nanorods [7,25], as revealed by the followed SEM image in 
Fig. 2(a). The orientation histogram based on 120 lying-down nano
flakes inserted in Fig. 1(e) reveals the epitaxial growth of lying-down 
MoO2 flakes on c-sapphire due to the substrate 3-fold symmetry 
induced 60◦ separation. Considering above XRD results, the MoO2 lying- 
down flakes exhibit the (020) planes, while the standing-up flakes 
exhibit the (200) planes. 

To gain further insights into the orientation relationship between 
MoO2 nanoflakes and c-sapphire, SEM measurements were performed. 
Fig. 2(a) shows a typical SEM image of a lying-down MoO2 nanoflake 
surrounded by long straight MoO2 nanorods orienting along sapphire 
<1100> [25]. The lying-down MoO2 nanoflake has a characteristic 
acute angle of 83◦, whose bisector is parallel to the red dotted lines 
marked MoO2 nanorods. Thus, the MoO2 crystalline direction along the 
bisector is along sapphire <1100>. 

In order to directly reveal the morphology of the standing-up MoO2 

nanoflakes, a sample was truncated along sapphire<1100> to expose 
the sapphire (1120) surface. Fig. 2(b) shows a cross-sectional SEM image 
along the sapphire<1120>, displaying that the standing-up truncated 
parallelogram MoO2 nanoflakes have the same characteristic acute 
angle of ~ 83◦. The standing-up MoO2 crystalline direction along the 
corresponding bisector is along sapphire<1100>, too. Conclusively, 
both lying-down and standing-up MoO2 nanoflakes have the same 
shapes and structures with the acute angle bisector parallel to 
sapphire<1100>. 

HR-TEM and SAED were used to investigate the crystallographic 
structure of MoO2 nanoflakes. The HR-TEM image in Fig. 2(c) exhibits 
clear parallel fringes with the spacing of 0.237 nm that might be 
assigned to the (200), (020) or (002) planes of MoO2, as discussed 
above in the introduction. The SAED pattern inserted in Fig. 2(c) dis
plays clear Bragg spots in a rectangular pattern, indicating spacing of 
0.286 and 0.479 nm in real space. Geometrically, the SAED patterns for 
the (100), (010), and (001) planes are similar in rectangles. Consid
ering that the diffraction spots of the (0(2n + 1)0) (with n = 0, ±1, ±2, 
…) planes disappear due to the existing screw axis along MoO2 <010>, 
as shown in the simulated SEAD patterns in Fig. S3, only the one for the 
(010) plane is consistent with the experimental results. Therefore, the 
exposed parallelogram surfaces of MoO2 nanoflakes are the (010) 
planes, consistent with above XRD results. The bisector (83◦) is assigned 
to MoO2 <001> and the bisector (97◦) is assigned to MoO2 <201>, in 
consistence with our previous reports on MoO2 nanorods on c-sapphire 
[7,25]. The detailed atomic structures of both lying-down and standing- 
up nanoflakes are shown in Fig. 2(d): the exposed (010) crystal plane in 
parallelogram shape is enclosed by the (102) and (302) crystal planes. 
The epitaxial relationships between MoO2 nanoflakes and c-sapphire are 
schematically shown in Fig. 2(e) (standing-up, MoO2(100)‖sapphire 
(0001) and MoO2 <001>‖sapphire<1100> ) and 2(f) (lying-down, 
MoO2(010)‖sapphire(0001) and MoO2 <001>‖sapphire<1100 > ). 

Tilted (45◦) SEM measurements were carried out on d = 6 cm sample 
and new trapezoidal nanoflakes with the bottom side parallel to the 
sapphire<1100 > can be observed as intermediates, as shown in Fig. S4. 
Fig. 3(a) shows a zoom-in tilted SEM image of such a MoO2 nanoflake 
with a base angle of ~ 32◦. Fig. 3(b) shows a HR-TEM image of a 
transferred trapezoidal nanoflake (enlarged from the marked area in 
upper right inset) with a base angle of ~ 42◦, half of the acute angle of a 
parallelogram nanoflake. The lattice fringe spacings in Fig. 3(b) are 
measured to be 0.491 and 0.283 nm, respectively. The corresponding 
SAED pattern (inset in lower right) is consistent with that of parallelo
gram nanoflakes. Therefore, the trapezoidal nanoflakes can be consid
ered as partial standing-up nanoflakes and the trapezoidal shape is 
enclosed by the (100), (102), and (302) surfaces, as schematically 
shown in Fig. 3(c). It can be speculated that the orientation relationships 
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