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ARTICLE INFO ABSTRACT

Keywords: Nowadays, plasmonic nanomaterials have become more attractive owing to their enhanced surface sensitivity
MoOx towards species adsorption. Here we report on Ag-decorated MoO3 nanotubes (Ag-MNTs) were obtained via a
Nanosheets straightforward two-step process, involving anodizing synthesis of blue MoOy nanosheets in water, followed by
AgNOs, adding an AgNO3 complex. It was observed that, depending on the Ag:Mo molar ratio, the solution bleached to
LMOOCZEZI;T;E?::; plasmon resonance light green or brown colors. Based on TEM, XRD, UV-Vis, Raman spectroscopy, and XPS, we found that this is
Hydrogen due to a process in which MoOy nanosheets transform into MoO3 nanotubes (MNTs), and formation of Ag NPs
decorated on those nanotubes. The Ag-MoO3 colloidal solutions achieved were sensitive to hydrogen injection as
the color return to a light green/blue color. Our data show that the Mo oxide stoichiometry is reversible in a
hydrogenation/dehydrogenation cycle. But the structure of MNTs collapses due to the interaction with hy-
drogen. However, the real-time hydrogen doping was studied by UV-Vis spectrometry on sealed hydrogenated
solutions. This process led to a spectral shift in Ag plasmonic peak, and change in the absorption strength with a
correlation to Ag:Mo molar ratio, and MoOy LSPR absorption, which was assumed to be proportional to the

hydrogen doping level.

1. Introduction

Tubular nanostructures have been extensively studied after carbon
nanotube discovery by lijima, owing to their high surface to volume
ratio, and outstanding applications in nanodevices [1]. Moreover,
decoration of CNTs by noble metal nanoparticles such as Pd, Au, and
Ag, has gained their properties capability, for instance, in the catalytic
and sensing applications [2-6]. On the one hand, synthesis of nano-
tubular systems other than CNTs, particularly metal oxides, has been
reported in recent years, but they require certain control over the
synthesis conditions. Similar to CNTs, decoration of metal oxide na-
notubes with a variety of nanoparticles has also been used to enhance
their surface functionality via facilitating charge transfer with target
materials such as adsorbed gases [7-9].

Molybdenum oxide, as an exceptional material, has been known to
have different nanoscale structures, including sheet, and nanotube
morphologies. Since the first report on Mo oxide single-walled nano-
tubes in 2008 [10], they have been explored by different groups owing
to their potential applications in environmental science, catalysis, dis-
plays, and gas sensors. Mo oxide nanotubes are of particular interest as
they can be produced from an initial nanosheet phase thanks to their
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interlayer Van der Waals forces [11]. Two-dimensional molybdenum
oxide extensively investigated as an n-type semiconductor material
[12-15]. For example, Q. Huang et al. have reported the synthesis of
white MoO3 NTs from as-synthesized blue MoO, nanosheets by oley-
lamine molecules, and oxidants [11]. J. V. Silveira et al. have prepared
MNTs by a hydrothermal method, and investigated their thermal sta-
bility [16]. In 2010, M. Suemitsu et al. published a paper on rectangular
MoO, nanotubes by combustion-flame methods [17]. Transformation of
nanowires [18,19], and vacuum heating of Mo foils [20] was also re-
ported for Mo oxide nanotube formation. However, the decoration of
Mo oxide nanotubes with metal nanoparticles has not been reported
vastly. Particularly, combining the plasmonic properties of a noble
metal with chemical reactivity of Mo oxide nanotubes is interesting for
developing the plasmonic-based sensing material library [21,22].
Among the noble metal nanoparticles, Ag NPs exhibit a visible LSPR
absorption band suitable for colorimetric sensing [23-25], which ori-
ginates from collective electron oscillation at a resonant frequency
[26-29]. The wavelength at which LSPR occurs depends on sur-
rounding properties, particle size/shape, and degree of particle ag-
glomeration [30-33].

MoOs; has been known for its oxidation ability to reduce gases such
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as hydrogen as an explosive energy source of the future [34-39]. In the
case of hydrogen, lattice oxygen atoms involve in reaction with hy-
drogen leading to change in the physical, chemical, and morphological
properties of MoO3. In combination with plasmonic nanoparticles, any
of these variations can lead to detectable spectral shift, and optical
absorption strength of the plasmonic material [40-43]. Thanks to their
optical base, plasmonic phenomena can provide a safer detection
method for hydrogen sensing demands comparing with resistive based
sensors. Also, the plasmonic effect is very sensitive to the surface ad-
sorption of molecules. Until now, many researchers have reported the
development of noble metal plasmonic gas sensors to detect hydrogen
gas [44-46].

Our previous works demonstrated how the colloidal solution of the
blue MoO, nanosheets could be obtained by a facile, and scalable
method of anodizing the Mo electrodes in an acidic electrolyte [47,48].
It was shown that this product can reduce PdCl, and HAuCl, directly to
metallic nanoparticles for plasmonic hydrogen detection, solar heat
shielding, and photochromic. In this paper, we discovered that when
AgNO3; complex is used, MoOy nanosheets convert to MNTs that are
decorated with Ag NPs. As will be discussed further, these nanotubes
can be destructed after hydrogen doping resulting in change in the
plasmonic properties of adhered Ag counterpart. TEM, XRD, XPS, and
UV-Vis were used for characterization.

2. Materials and methods

MoO, nanosheets were produced by a facile electrochemical ano-
dizing method which was reported in our previous works [47,48]. In
this approach, we used a 0.02 M HCI solution in DI water as an elec-
trolyte. Two Mo metallic rods with 2 mm diameter and purity of
99.99% were placed 1 cm separated in the prepared electrolyte. Then a
30 V DC voltage was applied to the electrodes for 10 min (Fig. 1). As a
result, the MoO, nanosheets are exfoliated and released in the elec-
trolyte. The concentration of the colloid solution was measured from
the weight loss of the anode molybdenum rod. The colloidal MoO,
nanosheets solutions were centrifuged at 5000 rpm for 15 min, and the
precipitates were dried at 50 °C in air. Finally, the MoO, powder was
dissolved in DI water and sonicated for 5 min.

An aqueous solution of AgNO3 (10~ 3 M) was prepared by dissolving
0.67 gr of AgNO3 (99.99%, Sigma Aldrich Inc.) in 1000 ml DI water.
Different ratios of Ag:Mo molar ratio including 1:50, 1:40, 1:25, 1:20,
1:10, and 1:5 were prepared by adding AgNO3 to the MoO, solution.
The samples are named as the ratio of silver to molybdenum, for ex-
ample, as S;.s. Then Ag ions reduced by MoOy nanosheets (Fig. 1) and
formed Ag NPs. To investigate the effect of the hydrogen gas, we poured
10 ml of each sample into a vessel bottle, and the air of the flask was
evacuated with a vacuum pump until the solution starts to bubble. Then
60 ml of 10%H2/Ar gas was inserted into the vessel. For TEM, XRD,
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Raman, and XPS analysis, samples were allowed to exposed to air after
hydrogen exposure. Therefore, for these analyses, a hydrogenation/
dehydrogenation process was applied to samples.

UV-Vis spectroscopy was performed by the Perkin Elmer spectro-
photometer (Lambda 25). XRD patterns were recorded using a Philips
XPERT X-ray diffractometer unit with Cu K, radiation. TEM imaging
was performed with the Philips Holland model CM120. X-ray photo-
electron spectroscopy (XPS) was conducted using an ESCA/AES system
(Specs model EA10 plus). Raman spectroscopy was performed using an
Ocean Optics QE6500 spectrometer, with a 532 nm laser as the ex-
citation source, and a notch filter utilized to prevent signals below
100 cm ™. The detailed study of hydrogen doping into MoOj structures
was made possible by UV-Vis spectroscopy. To do this, we injected
hydrogen into the sealed cuvette cells, and then the spectra were ac-
quired.

3. Results and discussion
3.1. Tem

Fig. 2 shows the TEM images of the initial blue MoOy nanosheets
and the obtained Ag-MoOs, before and after the hydrogenation/dehy-
drogenation process. The initial blue MoO, NPs involve nanosheet
structures of > 200 nm lateral dimension. In addition, many smaller
flake-like particles of about 40 nm were also observable in different
parts of the sample. From part (b), one can observe that addition of
AgNO3; complex leads to transformation of MoOy nanosheets into tub-
ular structures that, as will be shown by XPS spectra, have MoO;
composition. It should be noted that all the reactions were done in
water, and room temperature, hence this approach can be considered as
a green synthesis method. The MNTs have an outer diameter of about
30 nm and a thickness of about 8 nm. As TEM clearly shows, many
spherical Ag nanoparticles with an average of 4 nm were adhered to the
MNTs. The Ag crystallite could be identified by both the XRD and XPS
analysis. However, TEM images in part (c) show that MNTs were
completely destroyed by hydrogen exposure so that tubular structures
are no longer observed after hydrogenation/dehydrogenation process.
Hydrogen-induced cross-linking of Mo-O bonds would be expected to
occur through the MNTs collapse into fine fragments. As a result of
nanotube destruction, the degree of Ag NPs agglomeration seems also to
somewhat change.

3.2. XRD and UV-Vis

X-ray diffraction was used to further confirm the formation of me-
tallic Ag NPs (Fig. 3(a)(I)). For the blue MoO, sample, the diffraction
peaks at 20 = 23.05°, and 26.35° are associated with the (0 1 1), and
(1 1 1) orientations of MoO, monoclinic phase (JCPDS No. 37-1445).

H2 doping

—>

Ag-MoO5 nanotubes Destruction of MoO; nanotubes

Fig 1. Schematic representation of the synthesis procedure of blue MoOy nanosheets by anodizing method, the addition of AgNO; that results in the formation of Ag-

MNTs, and finally, hydrogen doping, and nanotube destruction.
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Fig 2. TEM images of (a) the initial blue colloids of MoOy before, and (b) after adding AgNO5; complex, sample S;.s. As a result, Ag-MNTs are produced. (c)

destruction of the nanotubes in part (b) due to hydrogen doping.

XRD pattern of the Ag-MoO3 sample (sample S;.5 in part (II)) reveals
formation of the metallic silver structure. The diffraction at 37.9°, 44.1°,
64.6, and 77.5° are related to the cubic phase of silver (JCPDS No.
04-0783) (Fig. 3 (a)(I)). After the hydrogenation/dehydrogenation
cycle, the crystalline structure of the silver nanoparticles is preserved,
as shown in Fig. 3(a)(III), indicating that the H,-air exposure cycle does
not affect the silver counterpart structure. Therefore, silver nano-
particles exhibit good stability in this process. The Mo oxide diffraction
peaks are no longer visible in these two patterns, probably due to a low
degree of crystallinity. Therefore, Raman spectra were used to examine
more closely the structural changes of molybdenum oxide.

The optical absorption spectra of the blue MoO, before and after
mixing with the AgNO; solution are shown in Fig. 3(b). An LSPR ab-
sorption band is observed at about 740 nm before mixing, which is due
to oscillation from free electrons of defective MoOx structure. After
adding 10~ M, the AgNO; solution (S;.5 Ag:Mo molar ratio), the blue
solution bleach to green, and, after two hours, to light brown. On the
other hand, an LSPR absorption peak appears at 433 nm, which is
characteristic of silver nanoparticles. As can be seen, the LSPR band of
the MoO, disappears at the same time, which is discussed in more detail
in the next sections. The effect of hydrogen on the optical changes of
colloidal solutions is presented in more detail later in the next parts.
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Fig 3. (a) XRD patterns of (I) the initial blue MoO, nanosheets, (II) after adding
AgNO; (Ag-decorated MoO3 sample S;.5), (II) part (II) after 1 cycle H, air ex-
posure. (b) Optical absorption spectra of the initial blue MoOx, anq Ag-MNTs
(S1:5).

3.3. Raman spectroscopy

Since XRD could not detect the structural variations in our Mo oxide
part, the initial blue MoOx and Ag-decorated nanotubes were further
analyzed by Raman spectroscopy (Fig. 4). The peak at 988 cm ™! re-
presents the terminal oxygen (Mo=0) stretching mode, which is as-
signed to unshared O atoms. The peaks at 807 cm ™! is illustrated for
the double coordinated oxygen (Mo,-O) in asymmetric stretching
mode, which are due to the corner-sharing oxygen atoms common to
two MoOg octahedral. Besides, peaks at 650 cm ™! is related to the
triply coordinated oxygen (Mos-O) asymmetric stretch mode. This
mode illustrates the edge-shared oxygen atoms between three adjacent
octahedral. The 280, and 376 cm ™' peaks are also assigned to the
bending mode of Mo=O vibration. Raman spectra show that after
adding AgNOs, the relative intensities of peaks at 988 cm ™, 947 cm ™!
(Mo=0), and 898 cm~! (0=Mo=0) reduce. Therefore, after mixing
with silver nitride, the double bonds have become weaker, which is
consistent with the oxidation of the initial defective blue MoOx phase
[36,49]. It should be noted that we did not find a significant change in
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Fig 4. Raman spectra of (a) the initial blue MoOy nanosheets, and (b) Ag-MNTs
(sample S;:5), and (c) part (b) after one cycle Ha-air exposure.

the Raman spectrum due to the hydrogenation/dehydrogenation pro-
cess (part (c)). This may be due to the hydrogen removal from the
molybdenum oxide structure during air exposure prior to transfer to the
Raman system. Such results show a reversibility in the hydrogenation
process, which may be suitable for sensing applications.

3.4. Xps

XPS was used to investigate the variations of the elements‘ chemical
states (Fig. 5). The binding energies and FWHM values obtained from
the high-resolution XPS spectra are also presented in Table.1. Fig. 5(a)
shows the survey scan spectra, which consist of Mo3d, O1s, and carbon
contaminants peaks at their defined positions. For the Ag-MoO3 sample,
the XPS peaks of Ag also appear which evidence formation of Ag na-
nostructures. As shown in Fig. 5, for the initial blue MoO, dispersion,
there are two Mo3d doublets at different binding energies. The peaks at
232.6, and 235.7 eV correspond to 3ds,, and 3ds , core levels of Mo ™ ©,
and 231.6, and 234.7 eV are related to Mo™*® states [50,51]. After
adding silver counterpart, which led to nanotube formation, the Mo3d
XPS spectrum exhibits only two peaks located at 232.7, and 235.8 eV,
corresponding to Mo *© states in MoOs stoichiometric composition.
Therefore, transformation of nanosheets into nanotubes is accompanied
by the oxidation of Mo®* into Mo®™ indicating nanotubes have MoOs
phase. From Table.1 XPS binding energies and corresponding FWHM of
different elements, the Mo3d becomes narrower as FWHM of 1.5-1.5 to
1.3-1.4, respectively, which is due to the lowering of Mo®* percentage
[48]. After hydrogenation/dehydrogenation cycle, the Mo3d peak po-
sition remains almost unchanged. The slight increase in FWHM to 1.5
and 1.6 eV may be evidence for partial reduction of Mo*® to Mo®™.

As shown in Fig. 5, the binding energy of Ag3d is located at 368.3
and 374.3 eV, in good agreement with metallic Ag NPs [52]. After the
hydrogen/dehydrogenation process, binding energies shift only slightly
to 368.9, and 374.5 eV. The binding energy of O;; in pure MoO, shows
two peaks at 530.7 and 533.5 eV with FWHM of 2.0 and 2.1 eV, re-
spectively. The former peak is corresponding to the lattice oxygen of the
Mo-O bond, and the later one reveals the presence of surface hydroxyl
groups [53]. For the Ag-MoO3 sample, the peaks in the O;4 spectrum
shift to 530.6, and 532.4 eV with FWHM 1.5, and 2.4 eV. As is shown,
the hydroxyl peak is much stronger than that of lattice. However, after
adding AgNOs, the relative intensity of hydroxyl peak decrease con-
siderably. This result suggests that the initial blue nanosheets may have
a partial hydrate phase of Mo oxide [53]. For after hydrogenation/
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Fig 5. XPS spectra of (I) blue MoOx, (II) Ag-MNTs (S;.s) before, (III) after 1 cycle Hy-air exposure. Corresponding high-resolution XPS spectra of Ag3d, Mo3d, and O1s

are also presented.

Table 1
XPS binding energies, and corresponding FWHMs of different elements for the
initial blue MoOx, and sample S;.s.

Sample Core level  B.E (eV) FWHM (eV)
Initial blue MoOy Moszq 232.6-235.7 2.5-2.5
231.6-234.7 2.5-2.5
O 530.7-533.5 2.0-2.1
Ag-MNTs (S;:5) Moszq 232.7-235.8 1.3-1.4
Agsd 368.3-374.3 1.5-1.5
O 530.6-532.4 1.5-2.4
S;:5 after hydrogenation/ Mosg 233-236.1 1.5-1.6
dehydrogenation Agsd 368.9-374.5 1.4-1.4
O 530.83-532.5 1.6-2.6

dehydrogenation, the two Oy, peaks are located at 530.8 and 532.5 eV
with FWHMs of 1.6 and 2.6 eV. Similarly, the Mo-O peak is also
dominant in this case. It can be attributed to the injection of hydrogen
in the structure of MoO3 and the formation of hydroxyl groups [48].

3.5. The formation, and destruction of MNTs mechanism

Fig. 6 illustrates schematically a proposed mechanism for formation
of Ag decorated Mo oxide nanotubes. Mo oxide has various oxidation
states, and in substoichiometric compositions can behave as a con-
ductor. The blue MoOy nanosheets obtained by anodizing exfoliation
method have a lot of defect sites [54], which prevent them from
folding. The positively charged silver cations receive electron as they
reach the MoO, oxygen vacancy sites. Thus, MoOy is oxidized, and Ag
ions reduce to metallic Ag NPs. As reported elsewhere, the oxidation of
Mo *®° to Mo ™ ® removes the blue color of the initial dispersion [55], and
Ag NPs with a yellowish color are obtained. Ag nucleus gradually grow
to form nano-sized Ag NPs. Formation of Ag NPs simultaneously with
MoOy oxidation is responsible for appearing plasmonic

absorption of Ag, and weakening of MoO, NIR absorption. The

Ag*

.Ag NP
(] [

MoO, nanosheet Neutralization and folding

MNT destruction
by H, injection

Ag-MNT

Fig 6. Schematic representation of Ag-MNT formation from reaction of AgNO3
with MoO, nanosheets, and destruction by H, injection.

following half-reactions describe the possible process [56]:

Mo*5 — Mo*® + e (€9)]
Ag + +e — =Ag0

Additionally, as a result of charge transfer in this oxidation-reduc-
tion reaction, the Coulomb repulsion forces across the sheets are
eliminated, leading to rising surface tension and generating driving
force for the rolling-up of nanosheets [11]. These observations suggest
that the oxidation reaction on blue Mo oxide nanosheets not only
bleaches them due to Mo®* — Mo®* conversion but also leads to great
changes in morphology, and the structure of Mo oxide NPs.
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Fig. 6 schematically represents also the destruction of MNTs into
smaller fragments in the hydrogenation process. In general, the me-
chanism of hydrogen doping induced fragmentation of MNTs is ex-
plained as follows: the AgNPs catalytically dissociate the H, molecules
into proton-electrons pairs, which intercalates into the MoOs3 lattice,
and then OH groups, and H,Mo0O3 phase are formed. As a result, the
Mo-O bonds are broken significantly, and the nanotubes destroy into
smaller fragments [49]. The process of the reduction of Mo®™* cations to
Mo>* by hydrogen is also expected according to the following reac-
tions:

H, - 2H*" + 2e

Mo+6 + e— - Mo+5

Therefore, the reduction of Mo®* into Mo®* can be directly due to
hydrogen doping. It has been known that there is a correlation between
the color of colloids containing Mo oxide, and the Mo®* /Mo®* ratio. In
our case, the appearance of green or blue color is a result of hydrogen-
induced Mo®*—Mo®" conversion.

Moreover, in the hydrogen-doped MoOs, reduction of MoOj3 into
H,Mo003 occurs usually. However, according to literature, when x ex-
ceeds 1 formation of Mo*" is expected [57]. In addition, at higher
concentrations, formation of hydrogen free MoO, can occurs. Our XPS
results could not trace Mo*™ states, therefore H,MoO3 phase formation,
cannot be directly proved based on the presented data. For a detailed
investigations based on Mo** states, the hydrogen-reduced samples
should be analyzed without being exposed to air to keep any H,MoO3
phase during analysis. Also, due to the fact that our Mo oxide nano-
particles are very small and have no XRD diffraction peaks, we cannot
prove the formation or non-formation of this phase with ordinary
analyzes. However, there are several papers investigating the hydrogen
reduction of MoOs [58-62]. For example, Takeshi Matsuda et al. have
mentioned in a paper [62] that that reduction of MoO3 at temperature
below 623 K proceeded via the formation of H;MoO3, while MoO3; was
directly converted to MoO, at 673 K. Any of this conversions are ac-
companied by an increase in oxygen vacancies, and the level of a free
carrier concentration of MoOy particles, leading to appearing a NIR
(750 nm in our case) LSPR absorption band [48].

It should be noted that in general, hydrogen can change the mor-
phology of molybdenum oxide, which, for example, depends on tem-
perature. Takeshi Matsuda et al. have reported surface area enlarge-
ment by hydrogen interaction with MoO3 [62]. Jie Dang et al have
studied the phase transition and morphology evaluation of MoO3 to
MoO2 by hydrogen from 678 to 829 K, which undergoes an inter-
mediate Mo4011 phase [63]. T. Ressler et al [64] have reported
MoO3 — MoO2 transition occurs at above 600 K. These papers show
that a temperature of more than 600 K is required to change the phase
and change the morphology without the presence of a catalyst. How-
ever, according to our results, it seems that in Ag-decorated MoOj3 na-
notubes, hydrogen can change the morphology of the molybdenum
oxide even at room temperature.

3.6. The effect of Ag:Mo molar ratio on the optical properties

Representative photographic images, and UV-Vis absorption spectra
of the Ag-MoO, dispersions with different Ag:Mo molar ratios are
shown in Fig. 7(a). When it increases from 0.02 (S;.55) to (0.2) S;.s, the
relative intensity of the MoO, LSPR peak decreases and finally di-
minishes. At the same time, the appearance of Ag LSPR peak at about
430 nm occurs, indicating the formation of silver colloids with na-
noscale size. According to Beer-Lambert law [65], the peak intensities
are assumed to be proportional with Ag, and defective MoOx ratio,
respectively. The Ag:Mo absorption ratio vs. the Ag:Mo molar ratio plot
(part(b)) exhibits a linear behavior, indicating a good correlation be-
tween concentrations, and the optical absorption.

The formation of Ag NPs can be better understood in terms of the Ag
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Fig 7. (a) Optical absorption spectra of Ag-MoOy dispersions with different
Ag:Mo molar ratio. The right panel shows three typical images. (b) Ag:Mo
absorption intensity v.s. Ag:Mo molar ratio. (c) Ag LSPR peak wavelength (left
vertical axis), and Ag absorption (right axis) as a function of Ag:Mo molar ratio.

LSPR characteristics. Fig. 7(c) shows the wavelength and absorption
intensity of the Ag LSPR plotted vs. Ag:Mo molar ratio. The Ag peak
redshifts from 422 to 435 nm as the Ag:Mo molar ratio increases from
0.02 to 0.05, and then saturates by a further increase of ratio to 0.2.
Almost the same behavior exists for absorption. This behavior suggests
that when silver nitride exceeds a certain content; its reduction does not
proceed further, and probably requires more Mo content. The images
taken from the solution on adding AgNO3 indicates that the initial blue
color turns green or brown as the Ag content increases.

3.7. Hydrogen-doping

In the previous part, we attempted to demonstrate that there is a
correlation between Ag LSPR characteristics and the defect level in the
substoichiometric MoOx NPs. On the other hand, hydrogen doping can
increase the free carrier concentration in metal oxides [66,67], which
can be quantified by the LSPR absorption in the case of plasmonic metal
oxides like MoO3. One can assume the change in the intensity of MoOy
LSPR absorption is proportional to the hydrogen intercalation level
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[34], thereby it can be used as a platform to measure the hydrogen
concentration in their surroundings. To do this, we injected the same
volumes of 10% H; gas into the same volumes of solutions containing
S1.5 (high Ag content), and S;.,5 (low Ag content). Because the hy-
drogen penetration into the structure of metal oxide nanoparticles is
gradual, the optical absorption spectra were recorded each 2 min. This
way allows us to compare the absorption characteristics of Ag LSPR
peaks in terms of different levels of hydrogen doping in the MoO3 part.
For sample S;.5 shown in Fig. 8(a), the initial brown visual color of the
Ag NPs dispersion converts to light green, indicating the formation of
Mo®" states. In this figure, a blue-shift from 431.5 nm to 424 nm is
observable. At the same time, the Ag intensity reduces, and the MoOy
LSPR band emerges and grows again at about 750 nm. In the case of
sample S;.,s, the initial color is green, which turns blue on hydrogen
injection (Fig. 8(b)). Due to increased Mo oxide content, the NIR LSPR
peak is stronger in the sample than the previous sample, and the Ag
LSPR peak can be found at 421.5 nm. Therefore, similar behavior is
observed for sample S;.55 (part (b)), except in the Ag peak position and
relative intensities. In the right panel, the time variation plot of the
position and intensity of the Ag peak indicates a decreasing trend.
However, the behavior of sample S;.5 is more linear, and also it has a
greater possible data points comparing with the other sample.

To our best knowledge, no report exists on MoO3 nanotube reaction
with hydrogen. However, common MoO3; powder, without supporting
catalyst, react with hydrogen at elevated temperatures [62]. Ag NPs can
act as a hydrogen catalyst for MoO3 to react with hydrogen at room
temperature.

In Fig. 9, the Ag LSPR peak absorption strength, and wavelength are
plotted as a function of MoOy LSPR absorption intensity, which reveals
the decreasing behavior for both the LSPR position and absorption.
Fig. 9 reveals that the optical characteristics of Ag absorption peak
correlate with the MoOx LSPR absorption intensity, hence the hydrogen

doping level. However, sample S;.5 has better linearity behavior. These
results suggest that the Mo content should probably be kept as low as
possible compared to Ag content to provide a better calibration curve.
Taken together, our results show that in the silver molybdenum oxide
system, one can obtain information about the concentration of hy-
drogen injection into the molybdenum oxide structure by tracing the
silver absorption peak.

It is very instructive to inject different concentrations of hydrogen
gas into the optimum solution and investigate their sensing character-
istics. However, in a sensing tool, various parameters such as response,
response/recovery times, reversibility, repeatability, and selectivity all
need to be investigated, it requires an extensive study that will be
published in our future articles.

4. Conclusion

We demonstrated that defective MoO, nanosheets could transform
into MoO3 nanotube structures decorated with NPs of a reduction agent
cations. When a noble metal such as Ag is decorated, it can be used for
an LSPR gas sensing, especially when the nanotubes can be destroyed in
the presence of gas. In this study, a good correlation for Ag LSPR in-
tensity, and wavelength was observed in the detection of hydrogen gas.
In summary, we attempted to develop a noble-metal decorated metal-
oxide nanotubes concept for gas sensing applications.
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