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Magnéli-phase nanorods of M0,0;;

Duy Van Pham,’ Ranjit A. Patil, **°, Jin-Han Lin,” Chien-Chih Lai,” Yung Liou,” and Yuan-Ron Ma, **

We synthesized one-dimensional (1D) Magnéli-phase nanorods of Mos0O;; using the hot filament metal-oxide vapor
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deposition technique. The 1D Magnéli-phase Mo,01; nanorods synthesized at 1000, 1050, 1100, 1150, and 1200 °C

contain varying combinations of two orthorhombic (&) and monoclinic (1) phases, and various mixtures of Mo**, Mo®>* and

Mo®" cations, while those synthesized at a higher temperature look bluer. The shifts of the transmittance maximum and

absorbance minimum of the 1D Magnéli-phase Mo,01; nanorods are inversely and linearly proportional to the elevated

temperature, verifying that the bandgaps (Eg) are inversely proportional to the elevated temperature. The bandgap (E;) of

the 1D Magnéli-phase Mo,401; nanorods can be tuned simply by controlling the synthesis temperature without doping with

other materials, giving the 1D Magnéli-phase Mo,01; nanorods good potential for use in optoelectronic nanodevices and

bandgap engineering.

Introduction

A variety of methods'® have been used to dope other
elements into host materials. Doping can strongly affect the
properties of these materials*® and it is crucial to tune or tailor
the bandgaps for in optical and
optoelectronic devices. Although current doping methods

materials to be used

offer good control for bandgap tuning, the intrinsic properties
of the host materials are lost. The search for a method for
doping-free bandgap tuning for materials to be used in
optoelectronics optical devices is promising.7'8
Molybdenum oxides can play important roles in bandgap

and

tuning, because they possess many stable and metastable
crystal phases9 with varying valences. The various stable and
metastable crystal phases can be simply controlled with many
factors, such as high pressure,10 substrate temperature,n'12
and even oxygen atmosphere,13 which can be used to change
or tune the bandgaps. In addition, molybdenum oxides have
versatile optical and electronic properties, which give them

. . . . . P 14
potential for use in practical devices such as field emission,

electrochromic’® and photochromic windows,16 Li-ion
batteries,”'19 field effect transistors (FETs),20 hydro-
22,23

deoxygenation (H DO),21 photocatalysts, and gas sensors for
ethanol,13'24'25 H2,25 NOZ,26 and NH3.26'27 As mentioned above,
molybdenum oxides have many stable and metastable crystal
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phases with varying valences, so they can form in varying
stoichiometric forms, for example, MoOZ,28 h-MoO3,22'29 a-
MoO3,22'24 6-M003,17 Magnéli phases like Mo4011,30'33 and the
non-stoichiometric MoO,(.34

In this work, we synthesized large-area arrays of one-
dimensional (1D) Magnéli phase nanorods of Mo,0,; on
conducting indium-tin-oxide (ITO) thin films coated on glass
substrates using the hot-filament metal-oxide vapour
deposition (HFMOVD) technique. The Magnéli phase of
Mo,0,; contains orthorhombic (a) and monoclinic (n)
crystals®®® and a mixture of Mo*', Mo®" and Mo®" cations. The
structural morphology and size distribution of the 1D Magnéli-
phase Mo,0;; nanorods were examined through field-emission
scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). The crystalline structures of the 1D
Magnéli-phase Mo,0,; nanorods were substantiated by x-ray
diffractometry (XRD), selected-area electron diffractometry
(SAED), and Raman spectroscopy. The electronic structures,
chemical properties and stoichiometry of the 1D Magnéli-
phase Mo,0;; nanorods were verified by x-ray photoemission
spectroscopy (XPS). Optical spectroscopy is a well-developed
tool for the inspection of semiconductor materials for
determination of the bandgaps. The bandgaps of 1D Magnéli-
phase Mo,0;; nanorods synthesized at varying synthesis
temperatures can be acquired through absorbance and
transmittance measurements. The bandgap decreases linearly
with the elevation of temperature, meaning that the bandgaps
of the 1D Magnéli-phase Mo,0,; nanorods can be tuned or
tailored without doping with other materials. Obviously, the
bandgap tuning occurs due to varying combinations of two
orthorhombic (a) and monoclinic (n) phases and various
mixtures of the Mo*", Mo>" and Mo®" cations. The bandgap
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results strongly confirm the viability of the 1D Magnéli-phase
Mo,0,; nanorods as potential candidate materials for the
of optoelectronic bandgap

fabrication nanodevices in

engineering.

Experimental

Synthesis of 1D Mo,0,;, nanorods

Large-area arrays of the 1D Magnéli phase nanorods of Mo401;
were synthesized on transparent and conducting ITO thin films
(~8 Q:cm) coated on glass substrates using the HFMOVD
technique. The HFMOVD technique has been used to
synthesize a variety of nanostructures with different
morphologies and crystalline traits.>>*® A clean molybdenum
(Mo) wire (99.9 % pure) with a diameter of ~1 mm was fixed to
two supporting copper (Cu) electrodes in a vacuum chamber.
When the pressure of the chamber was pumped down to
1x107” Torr, pure argon (Ar) gas was input and then maintained
at a pressure of ~10 Torr. A Mo wire was heated to 1000,
1050, 1100, 1150, and 1200 °C, for 30 min to generate hot Mo
vapor. The hot Mo vapor encountered and reacted with the
residual oxygen to form MoO, vapor. Upon encountering the
ITO/glass substrate which had been placed on the graphite
disc holder (~3 mm above the Mo-wires) the MoO, condensed
to form 1D Magnéli-phase Mo,0;; nanorods.

Characterization of 1D Mo,0,, nanorods

The surface morphology of the 1D Magnéli-phase Mo,0;;
nanorods thus produced was characterized by a field emission
scanning electron microscope (FESEM, JEOL JSM-6500F). The
crystalline structure of the 1D Magnéli-phase Mo401;
nanorods was confirmed using an x-ray diffractometer (Philips
X’Pert PRO) with Cu Ka radiation (A=1.541 A) and a Raman
spectrometer (Horiba Scientific, Triax 550) with 532 nm
incident photons from a diode-pump solid state laser.
Structural analysis of the 1D Magnéli-phase Mo,0,; nanorods
was also carried out using a transmission electron microscope
(TEM, JEOL JEM-2100) with a selected-area electron
diffractometer (SAED) at an accelerating voltage of 200 kV. The
SAED patterns were simulated with the crystallographic
software (CaRlne version 3.1). The elemental and local
structural information of the 1D Magnéli-phase Mo,0,;
was analyzed using an x-ray photoelectron
spectrometer (XPS, Thermo Scientific Inc. K-alpha) with a

nanorods

microfocus monochromated Al Ka x-ray. The transmittance
and absorbance of the 1D Magnéli-phase Mo,0;; nanorods
were acquired in the range from ultraviolet (UV) to infrared
(IR) light using an optical spectrometer (Spectra Academy,
SV2100).

Results and discussion

The FESEM images in Fig. 1 show the surface morphology of the 1D
Magnéli-phase Mo,0;; nanorods. The top views of the large-area
arrays of 1D Magnéli-phase Mo,0,, nanorods produced at various
temperatures of 1000, 1050, 1100, 1150, and 1200 °C, are shown in
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Fig. 1 FESEM images showing the surface morphology of the 1D
Magnéli-phase Mo,01; nanorods synthesized at various temperatures
of (a) 1000 °C (b) 1050 °C (c) 1100 °C (d) 1150 °C and (e) 1200 °C. The
nanorods are all similar in appearance and possess clear textural
boundaries. The statistical histograms (see ESI, Fig. S1) display the
width distributions of the 1D Magnéli-phase M0,011 nanorods.

Fig. 1(a)-1(e). All the 1D Magnéli-phase Mo,0;; nanorods look
similar and possess clear textural boundaries. The width distribution
of the 1D Magnéli-phase Mo,0;; nanorods can be statistically
gathered and fitted by the lognormal distribution function.® The
statistical histograms (see ESI, Fig. S1) display the width
distributions of the 1D Magnéli-phase M0,01; nanorods. The widths
of a large number of the 1D Magnéli-phase Mo,0,; nanorods fall
into the range of ~20-60 nm. The 1D Magnéli-phase Mo0,0;;
nanorods are uniformly distributed on the ITO/glass substrates.

The FESEM images in Fig. 2(a)-2(e) show the side views of the
large-area arrays of the 1D Magnéli-phase Mo,0,; nanorods
synthesized at the temperatures of 1000, 1050, 1100, 1150, and
1200 °C, respectively. It can be seen that the 1D Magnéli-phase
Mo,0;, nanorods stand vertically on the ITO/glass substrates. Also,
there is a MoO, buffer layer between the 1D nanorods and the ITO
thin film for each array. The graph in Fig. 2(f) shows the average
length of the 1D Mo,01; nanorods and the thickness of the MoO,
buffer layer versus temperature. The average length of the 1D
Mo,04; nanorods is linearly proportional to temperature elevation,
while the thickness of the MoO, buffer layer is inversely
proportional to elevated temperature. The two linear fitting results
confirm that the lengths of the 1D Mo,04; nanorods grow at the
expense of the thickness of the MoO, buffer layers. The average
lengths of the 1D Magnéli-phase Mo,0;; nanorods and the
thickness of the MoO, buffer layers can be simply obtained and are
shown in Table S1 (see ESI). Note that the 1D Mo,0,, nanorods and
the MoO, buffer layer cannot be produced at temperatures below

This journal is © The Royal Society of Chemistry 2016
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1000 °C or above 1200 °C. In fact, MoO, microstructures or bulk
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Fig. 2 FESEM images showing side views of the large-area arrays of 1D
Magnéli-phase Mo,0;; nanorods synthesized at the temperatures of
1000, 1050, 1100, 1150, and 1200 °C. (f) The graph displays the average
length of the 1D Mo0,01; nanorods and the thickness of the MoO, buffer
layer versus temperature. The average length of the 1D Mo,0q;
nanorods and the thickness of the MoO, buffer layer are linearly and
inversely proportional to elevated temperature.

material appear at temperatures above 1200 9C.

XRD patterns are the fingerprints of crystals, and can help to
distinguish between various crystalline structures in complicated
crystals. Fig. 3 shows the six XRD spectra for the ITO substrate and
the 1D Magnéli-phase Mo,0,; nanorods synthesized at the
temperatures of 1000, 1050, 1100, 1150, and 1200 °C, respectively.
The XRD patterns indicate the presence of M0,0,; and ITO phases.
All the XRD spectra, except for the ITO substrate, as shown in Fig. 3,
have very similar patterns, indicating that the 1D Magnéli-phase
Mo,0,; nanorods synthesized at varying temperatures consist of
the same or similar crystalline phases. In fact, the diffraction peaks
(indicated by a or/and n) reveal that the 1D Magnéli-phase M0,04;
nanorods contain two crystals together, which are the
orthorhombic (@) phase in the space group Pna2l with lattice
constants a=2.44 nm, b=0.67 nm, ¢=0.54 nm and a=6=y=902 (ICSD
654112), and the monoclinic (n) phase in the space group P121/cl
with a=0.67 nm, b=0.54 nm, ¢=2.45 nm and a=y=902, 6=94.32 (ICSD
82363), respectively. Note that the ITO thin film is a cubic crystal
allocated to the space group /a3 with lattice constants a=b=c=1.011
nm and a=6=y=902 (ICSD 50847). The statistics for the intensities of
the diffraction peaks imply that the 1D Magnéli-phase Mo0,04;
nanorods comprise various composition percentages (see ESI, Table
S2) of the orthorhombic () and monoclinic (n) phases at varying
temperatures. At a temperature of 1000 °C, the orthorhombic (a)
and monoclinic (n) phases are in the minority and majority,
respectively, in the 1D Magnéli-phase Mo,0;; nhanorods. In
contrast, the orthorhombic (@) and monoclinic () phases become
the majority and minority, respectively, in the 1D Magnéli-phase
Mo,0,; nanorods fabricated at temperatures between 1050 and
1150 °C. However, the orthorhombic (&) and monoclinic (n) phases

This journal is © The Royal Society of Chemistry 2016
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are equivalent to each other at a temperature of 1200 °C. Clearly,
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Fig. 3 XRD spectra of the ITO substrate and the 1D Magnéli-phase
Mo,0;; nanorods synthesized at the temperatures of 1000, 1050,
1100, 1150, and 1200 °C. The 1D Magnéli-phase Mo,0;; nanorods
comprise various composition percentages (see ESI, Table S2) of the
two orthorhombic (a) and monoclinic (n) phases at varying
temperatures.

the statistical results indicate the composition ratio of the

orthorhombic (&) phase to the monoclinic (1) phase to be strongly

dependent on the temperature.

TEM is a powerful tool for examining the crystalline structure
of a 1D Magnéli-phase Mo,0,; nanorod. Fig. 4 shows the TEM
images and selected area electron diffraction (SAED) pattern of a
single 1D Magnéli-phase Mo,0;; nanorod, and the simulated
electron diffraction patterns. The TEM image in Fig. 4(a) shows a
single 1D Magnéli-phase Mo,01; nanorod about ~50 nm wide, and
the high-magnification TEM in the inset to Fig. 4(a) displays the end
of the nanorod. The single 1D Magnéli-phase Mo,0;; nanorod has a
uniform width along its whole length, and the growth direction,
indicated by an arrow, may be along the [002] direction for the
orthorhombic (@) phase or the [020] direction for the monoclinic (n)
phase. This is because the single Magnéli-phase Mo,04; nanorod
contains both orthorhombic (@) and monoclinic (n) phases, as
mentioned above in the XRD results. The high-magnification TEM
image in Fig. 4(b) shows that the visible parallel lattice fringes of the
single 1D Magnéli-phase Mo,0;; nanorod are perpendicular to its
growth axis. The d spacing between two adjacent parallel lattice
fringes is 0.32 nm, which corresponds to the «(220) and n(202)
planes in the orthorhombic and monoclinic phases of Mo,0;,
respectively. The corresponding SAED pattern is shown in the inset
to Fig. 4(b). The SAED pattern appears to show two phases of
overlapping, because the reflections in the SAED pattern consist not
only of diffraction spots but also diffraction lines. The complicated
spots and lines may be caused by a mixture phase of the
orthorhombic and monoclinic crystals in a single 1D Magnéli-phase

Nanoscale, 2016, 00, 1-3 | 3
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Mo,01; nanorod. Based on the XRD results, the electron diffraction  are not clearly understood, and the structural properties need to be
patterns for the two orthorhombic (@) and monoclinic (n) phases further explored. However, according to Ref. 34, there are many
with the zone [100] and [001] axes, respectively, can be simulated. characteristic Raman bands (see ESI, Table S4), which reveal some
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Fig. 4 (a) TEM images showing a single 1D Magnéli-phase M0,01; nanorod synthesized at a temperature of 1150 2C. The inset displays one of two ends,
and the growth direction, indicated by an arrow, which may be along the [220] direction for the orthorhombic (@) phase or the [202] direction for the
monoclinic (n) phase. (b) The high-magnification TEM image shows that d spacing between two adjacent parallel lattice fringes is 0.32 nm, which
corresponds to the a(220) or n(202) planes in orthorhombic and monoclinic phases of M04011, respectively. The inset illustrates the corresponding
SAED pattern consisting not only of diffraction spots but also diffraction lines. (c) and (d) Two schematic diagrams display the two simulated electron
diffraction patterns for the two orthorhombic (&) and monoclinic (n) phases, respectively. (e) When the two simulated electron patterns are
overlapped, all the reflections of the orthorhombic () phase are exactly superposed at those of the monoclinic (1) phases.

The two simulated electron diffraction patterns are shown in Figs.
4(c) and 4(d), and all the reflections are assigned to the indications
of the lattice planes. When the two simulated electron patterns are

¥ 1200°C
}

overlapped, the reflections of the orthorhombic (a) phase are

exactly superposed over those of the monoclinic (n) phases, as P PRI BERE RS B |
shown in Fig. 4(e). The superposed electron diffraction patterns 1150 °C
verify that the SAED pattern in the inset to Fig. 4(b) possesses two
overlapping phases, and confirms that a single 1D Magnéli-phase
Mo,0,; nanorod consists of the two orthorhombic (a) and
monoclinic (n) phases.

The Raman spectra in Fig. 5 show the Raman scattering

I T T T IR T T T T T T T T |

' 1100 °C l* |

results for the structural properties of the 1D Magnéli-phase
Mo,40,; nanorods on ITO substrates. All the observed Raman bands
of the 1D Magnéli-phase Mo,0,; nanorods synthesized at the
temperatures of 1000, 1050, 1100, 1150, and 1200 °C are specified ¢¢¢ I J\U
in Table S3 (see ESI). The five Raman spectra in Fig. 5 obviously
differ from each other, indicating that the 1D Magnéli-phase
Mo,0,; nanorods, synthesized at the temperatures of 1000, 1050,

RN [N TN TN T N TN T N N T TN T N T T T |

Intensity (a. u.)

} 10s0°C

Vi

4 1000°C v H

1100, 1150, and 1200 °C, have various structural properties. There { { H +
have been very few studies.>?*3940 reporting the Raman scattering i ] 3 | :
of Mo,04; crystals, and the results are not in agreement with each 200 400 600 800 1000

: . . i Raman Shift (cm™)
other. There is also disagreement in the five Raman spectra taken

of the 1D Magnéli-phase Mo,0,; nanorods shown in Fig. 5. Hence,

Fig. 5 Raman spectra showing Raman scattering results for the
the molecular vibrations of the 1D Magnéli-phase Mo,0;; hanorods € " € ¢

structural properties of the 1D Magnéli-phase M0,401; nanorods on ITO
substrates. All observed Raman bands (indicated by arrows) of the 1D
Magnéli-phase Mos01; nanorods synthesized at the temperatures of
4 | Nanoscale, 2016, 00, 1-3 1000. 1050. 1100. 1150. and 1200 °C are specified in Table S3 (see ESI).
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Fig. 6 XPS spectra of the 1D Magnéli-phase Mo,0;; nhanorods
synthesized at temperatures of 1000, 1050, 1100, 1150, and 1200 °C,
respectively. (a)-(d) All the XPS spectra show the same Mo™* 3ds, Mo®*
3dsj2, Mo® 3ds),, and Mo®" 3ds, peaks. (e) There are two more Mo*"
3ds,; and Mo™ 3ds/, peaks. All the XPS spectra were decomposed via
Voigt function fitting following a Shirley background. Note that the
peaks for the Mo* 3dsj,, Mo>* 3dsy,, Mo® 3ds,, Mo* 3ds/,, Mo 3dsy,,
and Mo® 3ds, core levels are labeled a, a’, a", b, b’, and b",
respectively.

clues for the molecular vibrations of 1D Magnéli-phase Mo,0;;
nanorods. For example, the Raman bands at small, medium, and
large Raman shifts represent MoO,-chain translations, O-M-O (or
0=M=0) scissors (or wagging, bending, twisting), and M=0 (or O-M-
0O) stretches, respectively. The varying phonons give the 1D
Magnéli-phase Mo,0,, nanorods potential for use in phononics.“'44

XPS was utilized to perform quantitative analysis of the
electronic structures and chemical composition of the 1D Magnéli-
phase Mo,04; nanorods. Fig. 6 show a series of XPS spectra for 1D
Magnéli-phase Mo,0,; nanorods synthesized at temperatures of
1000, 1050, 1100, 1150, and 1200 °C. All the XPS spectra in Figs.
6(a)-6(d) show the same Mo 3dsj,, Mo>* 3dsj, Mo® 3ds,, and
Mo® 3ds, peaks, while Fig. 6(e) displays not only the Mo 3ds,,
Mo®" 3ds/,, Mo® 3dsj,, and Mo®" 3d,,, peaks, but also the Mo**
3ds/, and Mo* 3ds/, peaks. To precisely determine the features of
the double or multiple peaks of the Mo 3ds;, and Mo 3d;;, core
levels, all the XPS spectra were decomposed via Voigt function
fitting following a Shirley background. Note that the peaks for the
Mo*" 3ds/,, Mo™* 3ds,5, Mo® 3ds/2, Mo*" 3ds/5, Mo 3ds,, and Mo®
3ds,, core levels are labeled a, a’, a", b, b’, and b", respectively. It is
clear that the 1D Magnéli-phase Mo,0;; nanorods synthesized at

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Photographs showing the 1D Magnéli-phase Mo,04; nanorods
grown on the ITO/glass substrates at the temperatures of 1000, 1050,
1100, 1150, and 1200 °C. The nanorods synthesized at higher
temperature are bluer. (b) The transmittance and (c) absorbance spectra
of the 1D Magnéli-phase Mo,401; nanorods synthesized at various
temperatures. (d) The graph shows that the transmittance is inversely
proportional to the temperature, but the absorbance is linearly
proportional to the temperature.
temperatures of 1000, 1050, 1100, and 1150 oC contain two Mo>"
and Mo®" cations. The Mo>" and Mo®" cations are around 9-14 %
and 86-91 %, respectively. However, the 1D Magnéli-phase Mo,0;;
nanorods synthesized at 1200 2C comprise three Mo“, Mo>" and
Mo®" cations. The Mo*, Mo®" and Mo®" cations are approximately
13, 29, and 58 %, respectively. Therefore, the XPS results verify that
1D Magnéli-phase Mo,0,; nanorods synthesized at various
temperatures have varying mixtures of Mo*", Mo>* and Mo®"
cations.

Optical spectroscopy is a good method for probing the
bandgaps of semiconductor materials through measurement of the
absorbance and transmittance. The photographs in Fig. 7(a) show
the 1D Magnéli-phase Mo,0;; nanorods grown on the ITO/glass
substrates at temperatures of 1000, 1050, 1100, 1150, and 1200 C.
It can be seen that all the 1D Magnéli-phase Mo,0,; nanorods
grown on the ITO/glass substrates are blue. In fact, the nanorods
synthesized at higher temperature are bluer. For example, the
nanorods synthesized at 1000 oC look light blue, while those
synthesized at 1200 2C become dark blue. Hence, one can expect to
acquire a variety of absorbances and transmittances. The optical
spectra in Figs. 7(b) and 7(c) show the absorbances and
transmittances of 1D Magnéli-phase Mo,0;,; nanorods synthesized
at various temperatures, and are all different from each other in the
range from ultraviolet (UV) to infrared (IR) lights. Obviously, the
maximum transmittance for each spectrum appears at 422.1, 424.8,
428.3, 430.1, and 437.1 nm, and it is around 80, 52, 22, 11.5, and
2.5 % for the nanorods synthesized at 1000, 1050, 1100, 1150, and
1200 9C, respectively. Similarly, the minimum absorbance for each

Nanoscale, 2016, 00, 1-3 | 5




Nanoscale

(a) (b)
20 A30
"v’o 25
«_ 15 —
= % 20
S0 =15
S =
= 10|
5 S 5
0 0 0
(c)15 (d)
a .f’,"ls
210 =
X x 10|
-’ N’
T -
2 5 2 /
= / = 51
S | Ex336ev 3 E~3.36eV //
P e e = ar il &l I PN P e ArAPATY. 4 IPRTETY
- 3.5 .
(e) ®
~ 3.6
1 >
= 2
o 5.3.4
e il o0
- =
.; g 3.2
s =)
= (=
0 3.0 ] ] ] ]
2.5 3.0 3.5 1000 1050 1100 1150 1200
hv (eV) Temperature (°C)

Fig. 8 (a)-(e) Graphs of (ahv)? versus hv for determining the bandgaps
(Eg) of the 1D Mo,40;; nanorods synthesized at 1000, 1050, 1100, 1150,
and 1200 9C. (f) The graph shows the bandgap (E;) of the 1D Magnéli-
phase Mo,0;; nanorods versus temperatures, and the bandgap is
inversely proportional to the temperature.
spectrum occurs at 421.2, 421.7, 430.1, 430.1 and 436.7 nm, and
they are about 0.1, 0.3, 0.7, 0.9 and 1.6 for the nanorods
synthesized at 1000, 1050, 1100, 1150, and 1200 °C, respectively.
Hence, the graph in Fig. 7(d) shows the linear fit between two series
of data for transmittance and absorbance versus temperatures. The
shift of the transmittance maximum is inversely proportional to the
temperature, but that of the absorbance minimum is linearly
proportional to the temperature. These results indicate that the
bandgaps (Eg) of 1D Magnéli-phase Mo,0;; nanorods are strongly
and linearly dependent on the synthesis temperature.

The bandgaps (E;) of the 1D Magnéli-phase Mo,0;;
nanorods can be determined using the equation ahv=A(hv-
Eg)l/z,45 where a is absorption coefficiency and A is a constant.
The absorbance spectra in Fig. 7(d) were converted to the
graphs of (ozhv)2 versus hv in Fig. 8(a)-8(e) for determining the
bandgaps (E;) of the 1D Magnéli-phase Mo,0;; nanorods
synthesized at 1000, 1050, 1100, 1150, and 1200 <C,
respectively. The straight lines are used to fit the edges of the
converted curves. With regard to the extrapolation method,
the fitting straight lines intersect at the hv axes. The
intersections can be determined as the values of the bandgaps
(Eg), so the bandgaps (E;) of the 1D Magnéli-phase Mo,04,
nanorods, synthesized at 1000, 1050, 1100, 1150, and 1200 eC,
are 3.63, 3.52, 3.36, 3.36, and 3.03 eV, respectively. The graph
in Fig. 8(f) shows the bandgap (E;) of the 1D Magnéli-phase
Mo,0,,; nanorods versus temperature. It is clear that the
bandgap (E;) decreases with elevation of the synthesis

6 | Nanoscale, 2016, 00, 1-3

temperature, and there is a linear fit between the series of
data for the bandgap versus temperature. Hence, the bandgap
is inversely proportional to the temperature. As mentioned
above, 1D Magnéli-phase Mo,0,; nanorods synthesized at
various temperatures have varying combinations of two
orthorhombic (a) and monoclinic (n) phases, and mixtures of
Mo*, Mo”* and Mo®* cations, which are suggested to be two
main factors for tuning the bandgaps (Eg) of the 1D Magnéli-
phase Mo,0,, nanorods without any doping. In other words,
we can tune the bandgap (Eg) of the 1D Magnéli-phase Mo,0;
nanorods by controlling only the synthesis temperature. The
results for bandgap tuning make the 1D Magnéli-phase Mo0,04;
nanorods excellent for the fabrication of optoelectronic
nanodevices to be used in bandgap engineering.

Conclusions

We synthesized large-area arrays of 1D Magnéli phase Mo,0,,
nanorods on ITO thin films coated on glass substrates using the
HFMOVD technique at 1000, 1050, 1100, 1150, and 1200 °C.
The widths of a large number of the 1D Magnéli-phase Mo0,0,;
nanorods fall into the range of ~20-60 nm. The 1D Magnéli-
phase Mo,0,, nanorods comprise various combinations of the
orthorhombic (a) and monoclinic (n) phases, and varying
mixtures of the Mo*, Mo and Mo®" cations at varying
temperatures. The phase combination and cation mixture are
the two main factors for tuning the bandgaps (E;) of the 1D
Magnéli-phase Mo,0;; nanorods without any doping. The
bandgap (E;) of the 1D Magnéli-phase Mo,0;; nanorods can be
tuned by controlling only the synthesis temperature.
the 1D Magnéli-phase Mo,0,; nanorods are
excellent materials for the fabrication of optoelectronic

Therefore,

nanodevices in bandgap engineering.
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