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Fabrication of MoOs Film by Flame Vapor Deposition for Plasmonic Hydrogen
Gas Sensing Application

Mehri-Alsadat Hosseini, Mehdi Ranjbar?

1Department of Physics, Isfahan University of Technology, Isfahan 84156-83111 Iran

Abstract- Nowadays, the gasochromic coloration of transition metal oxide has become more interesting for optical
hydrogen sensing. This paper reports hydrogen sensing by Pd/MoOjs films deposited on glass substrates by an atmospheric
flame technique at substrates which were kept at room temperature. A B-MoO3 crystallite phase was detected for the
flame deposited oxide layers. When Pd/MoOs films were exposed to hydrogen at 150 ° C, the sample’s color changes to
pale blue. After hydrogenation, no structural phase change is observed in the X-ray diffraction pattern. FESEM images
shows a web like agglomeration of small particles (<10 nm). A broad LSPR absorption peak appeared in NIR region due
to surface plasmon resonance after hydrogenation. The plasmonic absorption band of molybdenum oxide shifts to shorter
wavelengths as the hydrogen gas concentration increases. This spectral variation of molybdenum oxide can be used as a
plasmonic hydrogen gas sensor.
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1. Introduction

Localized surface plasmon resonance (LSPR) is
the mass oscillation of free electrons in
nanoparticles smaller than the incident light
wavelength[1]. Noble metals such as gold, silver
and copper are the most common plasmonic nano
materials in the wvisible and ultraviolet
electromagnetic spectrum. While as, recently
heavily doped semiconductors have been
introduced as a new class of plasmonic materials
whose plasmonic properties depend on the size,
shape and concentration of the defects [2]. Unlike
the noble metals, the properties of LSPR in
semiconductors can be tuned by controlling
carrier concentration by cation doping and
introducing oxygen deficiency. One of the most
promising of these plasmonic semiconductors is
MoOyx nanoparticles with surface plasmon
resonance at NIR region [3]. The plasmonic band
in MoOx is highly sensitive to hydrogen cation
injection due to the formation of oxygen vacancy
and quasi-metalic state. transition metal oxides
such as WOz and MoOQO; exhibit plasmonic
coloration properties in the presence of hydrogen

gas [4], [5].

Todays, hydrogen is used as a clean and
renewable energy source in many fields such as
fuel cells, rockets and chemical industries [6].
However, using of hydrogen has many explosion
risks. Therefore, it is crucial to develop a reliable
and sensitive hydrogen sensor at all stages of
production up to consumption units of hydrogen
gas. Optical sensors have attracted much
attention over other sensing techniques due to
their simplicity, low cost, high sensitivity and low
sparking probability and integration with
integrated circuit systems [7].

Therefore, in this study, a thin layer of
molybdenum trioxide and palladium was used for
optical sensing of hydrogen gas. The MoOs layer
is deposited on the glass by the solid fed flame
vapor deposition. This method is very cheap, fast
and simple. The Pd catalyst layer is then sputtered
by the magnetron sputtering method on the oxide
layer.
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2. Experimental specification

Molybdenum oxide film synthesized by flame
method using hydrogen and oxygen pre-mixed
gas as fuel/oxidizer and a molybdenum plate
(Mo) as a precursor which located 2 cm below the
nozzle within the flame (Fig. 1). The glass
substrates are in the flame direction at room
temperature under atmospheric conditions.
Molybdenum particles are separated from the rod
and evaporated then combined with the hydrogen
flame atmosphere containing oxygen gas and
molybdenum oxide nanoparticles form and grow
in the flame region and deposited on substrates.
The flame deposition time was about 1 min. The
palladium catalyst layer was then sputtered onto

the Mo oxide layer for 3 seconds.
\
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Fig.1: Schematic representation of oxyhydrogen
generator and flame, flame synthesis of MoOs films
and a cross-section FESEM image of produced films.

3. Results and discussion

3.1 Morphologies and structures

characterizations

X-ray diffraction (XRD) was used to investigate
the structural properties of the Pd/MoOs layer
made by flame (Fig.2 (a)). The oxide thin layer
diffraction pattern has sharp peaks that are
compatible with the monoclinic B-MoO3 phase
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(JCPDS card no. 47-1081). No additional peaks
related to the Pd catalyst layer are observed,
which might be due to its very small thickness
(about 4 nm). To study the effect of hydrogen
exposure process on films™ crystalline structure,
samples were exposed to H> 10% for 2 min at 150
°C as operating temperate. Interaction with
hydrogen gas also showed a gasochromic effect
in which the samples were transformed from
colourless to dark blue. The inset of Fig.2
demonstrates the photographic images of sample
before and after hydrogen exposure.
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Fig.2: (a) XRD patterns of Pd/MoOs thin films before
and after hydrogen exposure, the SEM images of thin
films before (b) and after hydrogen exposure(c).

A comparison of the diffraction spectra shows
that the crystal structure has not changed
significantly due to hydrogenation. The non-
significant phase change in the sample can be
attributed to very fine NP’s which provide a high
effective surface area. After hydrogen
intercalation and formation of localized H.O and
the high surface area allows them to remove
easily from the surface at 150 °C operating
temperature. As a result, the generated oxygen
vacancies act as the colour centre and a
stationary-phase gasochromic effect occurs.

The surface morphologies of the pristine and
hydrogenated Pd/MoOs films are shown in
Fig.2(b, c), respectively. The FESEM images of
unexposed sample represent a highly porous web-
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like agglomeration of <10 nm NP’s with
numerous nanoplates crystallites of bigger size.

It is observed that hydrogenation of sample has
no notable effect on the morphology as the
overall feature of the web-like agglomerates is
maintained.

3.2 Hydrogen sensing

Fig.3(a) illustrates the transmittance spectra of
samples before and after 2 min injection of 0.1%
hydrogen at 150 °C in a closed chamber. Before
gas exposure, sample shows 70-95%
transmission in the visible and NIR region, which
are desirable initial optical transparency for an
optical gas sensing device. With gas injection, the
transmittance reduces remarkably to below 60%
and at the same time, a broad absorption valley at
780 nm appears that is attributed to LSPR light
absorption mechanism. The plasmonic band of
the B-MoOs; film lay in the shorter wavelength
range than other gasochromic oxides which can
be significant from the point of view of
application [8].
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Fig.3: (a) Optical transmission spectra of before and
after exposure 0.1% hydrogen exposure at 150 °C
operating temperature (b) Typical LSPR optical AOD
spectra of Pd/MoO;z film at 0.1-10% hydrogen
exposure and () AOD at Amax and ALspr as a function
of hydrogen exposure

For a more detailed examination of the plasmonic
mechanism in the samples, the pd/MoOs films
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were  exposed to different  hydrogen
concentrations in the 0.1-10% range, and the
corresponding optical absorption spectra were
recorded. Fig.3(b) demonstrate the corresponding
optical density change (AOD, defined as
—10g(To10rea/To)) @S the sensing platform. The
Measurement errors of the data is based on the
accuracy of the spectrophotometer device, £ 0.1
(nm) for the wavelength and + 0.001 (%) for the
optical transmittance. From the spectra set, the
hydrogenated states present the broad LSPR band
cantered at 780-825 nm depending on the gas
concentration. This graph shows two main
spectral variations within the hydrogenation
process as depicted in part (c); increasing the
absorption intensity and more importantly, a
well-defined blue shift of the LSPR peak. The
LSPR intensity exhibits a good linearity with gas
concentration behaviour in the 0.2-10% range.
On the other hand, about 35 nm blue shift is
observed when gas concentration increases from
0.1-4% (below the hydrogen explosion limit
(HEL)) indicating a better sensing ability for low
hydrogen concentrations based on the LSPR
shift. This LSPR redshift is inconsistent with
existing models describing the LSPR frequency
according to Eq. (1):

ne? (1)

(") = | —
LSPR (E0Me(Eco+kEm))

where o;spr IS the angular frequency at
resonance condition, n is free carrier
concentration, e is the electronic charge, g, is
vacuum dielectric constant, &, is medium
dielectric constant, &, is the high-frequency
dielectric constant and m, is the effective mass of
the electron [9]. In the Pd/MoOs films, after
dissociation of hydrogen to protons over the Pd
catalyst layer, they diffuse into the lattice and
create defects thereby enhance the carries
concentration, leading to appearing LSPR band at
lower wavelength. As can be seen, the appeared
LSPR blue shifts as the gas concentrations
increase from 0.2-4% and then saturates at higher
values.
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Flame synthesized B-MoOs/glass covered with
Pd thin film was successfully applied for optical
sensing of hydrogen gas. The sensing mechanism
was based on absorption arising in the Vis to NIR
LSPR due to increased carrier. The observed NIR
LSPR was accompanied with the spectral shifts
when hydrogen concentration changed. In overall
our investigations show that the solid-fed-
precursor FVD method, as an economical rout,

can be applied for plasmonic doped
semiconductor technology.
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