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Nowadays, the plasmonic properties of defective transition metal oxides, have attracted great attention
in the sensing and catalyst applications. The aim of this paper is to fabricate plasmonic Au-MoOy
nanoparticles (NPs) using a facile anodizing in liquid approach to be used as localized surface plasmon
resonance (LSPR) hydrogen sensor. Firstly, dark blue MoOx nanosheets with a strong NIR (700-800 nm)
LSPR band were obtained. The Au-MoOx NPs (Au size=5-7 nm) were then obtained by adding a gold

cation into the blue MoOy liquid base. Thanks to the catalytic properties of Au NP, this system exhibited
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LSPR hydrogen sensing ability where the LSPR variations allowed us to detect hydrogen in the 0-3%
concentration range with a good linearity and possible many data points.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The plasmonic properties exhibited by nanostructured systems
have been intensively explored theoretically and experimentally, to
be utilized from medical applications to enhanced spectroscopy
and sensing [1-4]. Such advances in the plasmonic science are
due to the strong optical absorption and scattering as well as the
substitution of strong fields into these nanoscale systems [5]. The
optical or plasmonic properties of these materials depend strongly
on the type of constituent material, the dielectric properties of
the environment in which they are located and their shape and
size. Perhaps the most widely studied metals so far are gold, silver,
and copper nanosystems which typically absorb light in the visible
region [6-8]. The infrared region absorption occurs if their longitu-
dinal modes are also activated, in which the shape of the particles
must be elongated (nanorods and nanowires) [9].

Besides the noble metal plasmonic materials, in recent years,
continuous researches on doped semiconductor materials have
been conducted to achieve metal-like behavior and plasmonic res-
onance absorption at NIR wavelength ranges that are not eas-
ily obtainable by traditional noble metal nanoparticles [10-15].
In this category of plasmonic materials, copper sulfides and se-
lenides, as well as molybdenum sulfides and oxides, are a new
class of semiconductor plasmonic materials [16-23]. The defect
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in these components is easily controlled by a stoichiometric ra-
tio. By changing this ratio, these materials create a large number
of vacancies, causing a large number of charge carriers and creat-
ing a quasimetallic behavior of the material. The doped plasmonic
semiconductors have presented several advantages over the con-
ventional noble metal plasmonic systems. In particular, plasmon
resonance tuning is possible by introducing deficiency or doping
leading to increase the carrier concentration at conduction band
of semiconductors so as to tune the wavelength at which LSPRs
are observed [24,25]. It has been observed that two-dimensional
materials can show unique electronic and optical properties when
the number of planes is reduced, due to changes in their electronic
band structure [26-34]. As a representative, 2D molybdenum oxide
nanocrystals emerged recently as a plasmonic martial candidate
which have been widely investigated due to their promising poten-
tial applications in optical sensors, electrochemical storage devices,
photochromic, electrochromic, thermochromic, catalysts and plas-
monic [35-40]. The penetration of cations from the first group of
the periodic table of elements, especially H™ and Li*, into the Mo
oxide lattice creates oxygen vacancies that causes the release of
free charge carriers. These carriers exhibit collective plasmonic os-
cillations in the NIR range [10,41].

In the following, we present a brief review on LSPR of MoOy.
Intense and tunable LSPR absorption in a wide range was reported
for MoO3;_, nanosheets by Cheng et al. [42]. They also found a
LSPR based highly efficient hydrogen photo-generation from am-
monia borane. Plasmonic MoO3_y@Mo03; two-dimensional nanos-
tructures have been used for surface enhanced Raman scattering
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(SERS) chemical detection with an outstanding sensitivity due to
enhanced electromagnetic field by the plasmonic properties of
MoOs3_x core [22]. Solvothermal synthesized MoOs_y nanosheets
with tunable LSPR wavelength and excellent photo-degradation
performance has reported by Liu et al. [19]. Li et al. have reported
hydrothermally obtained orthorhombic MoOs_y nanorods with ex-
cellent photochromic conversion properties with solar modulation
ability due to the LSPR absorption from NIR to visible range suit-
able for energy saving applications [43]. Pd-MoOs_x plasmonic hy-
brid nanoparticles have been developed for enhanced catalysis of
hydrogen evolution from ammonia borane hydrolysis [44].

Hydrogen is a clean, renewable energy source that can replace
oil in the future [45-48]. On the other hand, hydrogen is highly
explosive so its efficient detection is essential for safe and success-
ful utilization of the hydrogen-based energy. Among the various
gas sensor platforms, optical gas sensors based on electromagnetic
loss properties are essentially safe, electrical contact free, low-cost
and easy to use. In fact, electromagnetic loss in semiconductor has
more than one source, which involves loss of inter-band transi-
tions and loss due to free electrons oscillations. The former usually
occurs at higher frequencies, but the absorption at lower frequen-
cies (such as NIR region) is mostly due to the resonance of free
electrons known as plasmonic absorption [24]. Perhaps the most
advantageous aspect of plasmonic oscillation is sensitivity to envi-
ronment dielectric constants and the doping level, which creates
an ultra-high sensitivity for sensing any change in environment
properties and this is why plasmonic materials have been con-
sidered for sensing at low concentrations of an analyte. However,
the doping level in high-valence metal oxides such as W03 and
MoOs is sensitive to the injection of group I elements known as
electrochromic effect, among which, hydrogen is only a gas which
is called gasochromic. Due to these advantages, optical hydrogen
sensors based on the gasochromic properties of W03 [46,49-53]
and MoOs [23,54-56] nanostructures have been investigated. How-
ever, the LSPR features of hydrogen-doped W03 or MoOs3 have not
been addressed in these papers, and this has been attempted to
be described on the basis of small polaron or inter-band transition
models.

Recently, we have reported palladium modified MoO3s nano-
sheets [56-58] and observed an excellent ability towards optical
hydrogen detection. We have discovered there that the defective
MoOy nanosheets could serve as a mild reductant to convert pal-
ladium salt to Pd NPs. In fact, high density oxygen vacancies at
edge-site of two-dimensional MoOy are responsible for reduction
without need to any extra reducing agents or stabilizing molecules
[20]. As we reported previously, through the redox reaction, the
blue MoOs;_, turns colorless because of oxidation. The resultant
was a colorless solution containing colloids of Pd-MoO3 NPs. Pd
NPs have LSPR most often in the soft UV region. Therefore, sub-
stituting palladium by a material with visible LSPR may emerge
catalytic behavior based on LSPR.

As another hydrogen catalyst, small gold NPs have extraordi-
nary stability against oxidation in the aqueous environment and
is a visible range plasmonic material whose presence in solu-
tion can be traced by UV-Vis optical absorption spectra without
any potential of interference [59]. Although MoOs nanostructures
have been proven to be capable of detecting different gas emis-
sion due to their absorption properties, the presence of plasmonic
gold nanoparticles is expected to promote optical detection abil-
ity due to enhanced local electric intensity (|E|?) in the vicinity of
particles.

In this study, we successfully fabricated Au-MoOy nanoparticles
by a synthetic facile rout; preparing MoO, nanosheets by anodiz-
ing method and simply adding a gold aqueous salt. Besides the
mechanical and liquid-phase exfoliation approaches [60-62], elec-
trochemical oxidation (anodizing) of transition metals in aqueous

electrolyte and ambient conditions is an alternative novel strategy
to synthesize colloidal 2D-metal oxides NPs which is less consid-
ered up to now [63]. Accordingly, the main contribution of this
paper is first to provide a facile way to make MoOy nanosheets
based on the anodizing method and to use their reductant abil-
ity to convert gold salt to gold nanoparticles. The Au-MoOy col-
loidal nanoparticles are then examined as plasmonic hydrogen
gas sensors. We characterized the obtained Au-MoO by differ-
ent conventional techniques including, XRD, TEM, XPS and UV-Vis
spectrometry.

2. Experimental
2.1. Sample preparation

Fig. 1 shows schematic representation of the anodizing process,
adding gold salt solution followed by Au nanoparticle formation
and hydrogen exposure to the obtained Au-MoOy samples. The
spectral variation of samples is also depicted. The MoOy NPs were
fabricated via an electrochemical anodizing method. In this pro-
cess, two molybdenum probes were put into a 0.02 M HCl elec-
trolyte, spaced 1 cm apart from each other. By applying a 30 V
DC bias voltage for 5 min, the anode begins to corrode electro-
chemically, and the resultant oxide particles are released into the
electrolyte. [AuCl4]~ (10~* mM) aqueous solution was prepared by
dissolving 0.039 g hydrogen tetrachloroaurate (III) hydrate (99.9%,
metals basis, Au 49% min., Alfa Aesar) in 1000 ml DI water and 0.1
ml HCL. To prepare different molar ratios of Au:Mo in samples in-
cluding 2.5:100, 3.25:100, 5:100 and 10:100, aqueous solutions of
[AuCl4]~ were added drop by drop into the colloidal blue molyb-
denum oxide, and as a result, the blue color turned to a stable
pink/purple color. To better investigate the spectral shifts we came
to the conclusion that it is better to fix the amount of gold in the
solution and adjust the molybdenum value. Samples of different
molar ratios named as Sy 5, S3.25, S5 and Sqg.

2.2. Sample characterizations

X-ray powder diffraction (XRD) was performed on Phillips
XPERT with Cu-Ko radiation to characterize the crystalline struc-
ture of our samples. The morphology and size distribution of the
samples were determined by TEM imaging using Philips Holland
model CM120 TEM instrument. The XPS analyses carried out us-
ing an ESCA/AES system (CHA, Specs model EA10 plus) and the
binding energy of carbon (284.8 eV) was used for calibration en-
ergy scales. We measured the optical absorptions in the UV-Vis-
NIR region using Perkin Elmer spectrophotometer (Lambda 25)
in 200-1100 nm wavelength range. The cumulative absorption of
samples was calculated by simply summation of optical absorption
in 400-1100 nm wavelength range. Gas sensing was investigated
by injecting an H,/Ar mixture of gas into a sealed glass vessel con-
taining 10 ml of Au-MoOs colloidal solutions and rested for 10 min
prior to UV-Vis spectrometry to verify the LSPR response.

3. Results and discussion
3.1. Structure and morphology

The XRD patterns of the initial MoOy NPs and the Au-MoOj
NPs in samples Sip and Sy 5 are shown in Fig. 2(a). The diffrac-
tion pattern of the pristine MoOy drop-casted colloids is not of
high spectral quality but the diffraction peaks, close to crystalline
phases of MoOy, can be detected. This suggests that the molyb-
denum oxide particles are two-dimensional so that there is weak
diffraction for them in the accuracy range of our XRD instrument.
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Fig. 1. Schematic representation of the experimental procedure. Deep blue defective MoOy colloidal nanosheets were prepared by a facile anodizing of Mo metal sheets in
diluted HCl electrolyte. An [AuCl4]™ solution is added to the obtained MoOy, where [AuCls]~ is converted to gold NPs with appearing an LSPR peak at 530 nm. At the same
time, the initial blue color of the liquid diminishes as a result of MoOy oxidation. Upon hydrogen exposure (<3%), the Au-MoOy solution turns again the deep blue color,
LSPR peak appears around 750 nm in which the peak position and intensity depend on H; concentration. (For interpretation of the colors in the figure(s), the reader is

referred to the web version of this article.)

)
(111)

Intensity (a.u.)

10 20 30 40 50 60 70
20 (degree)

i o L
34567 8910
Particle size (nm)

0! ol
20 30 40 50 60 70
Particle size

Fig. 2. (a) XRD patterns of nanoparticles in different colloidal solutions including the initial blue MoOy, sample S1o and sample S5 and TEM images and size distribution
histograms of NPs in (b) initial blue MoOy, (c) sample Sqo and (d) sample S; 5. The inside of part (b) indicated a TEM image with more clarity showing the two dimensional

nature of the MoOy NPs.
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Fig. 3. XPS core level spectra of (a) Mo3d of pristine blue MoOy colloids, (b) Mo3d
of sample S; 5 and (c) Au4f of Sy 5.

As a result of the addition of certain amounts of [AuCls]™
droplets to the blue colloidal liquid, the diffraction peaks of fcc
gold (JCPDS No. 00-004-0784), with considerable intensity, appear
in the patterns of samples Sig and S, 5. Therefore, the plasmonic
blue MoOy colloids could successfully convert the gold salt into
metallic gold at room temperature. The intensity of diffraction
peaks in samples Syp and S5 are high compared to the back-
ground noise and the diffraction peaks related to molybdenum
oxide were not detectable. The crystallite size of Au nanoparticles
in S19 and Sy 5 were calculated by using Williamson-.Hall equation
of 8, and 12 nm, respectively.

The NPs in the obtained colloidal samples were further char-
acterized by TEM. Fig. 2(b-d) shows representative TEM images
and corresponding size distribution histograms of the initial blue
MoOy, sample Si9 and Sy s, respectively. The initial MoOy pre-
pared by anodizing process involves two-dimensional nanopar-
ticles with an average lateral size of about 60 nm. The inside
TEM image shows the two dimensional nature of the nanoparti-
cles more clearly. The weak and wide XRD peaks for this sample
can be attributed to this ultra-small thickness. These particles are
polyhederal in shape indicating their crystallinity. In the TEM im-
ages and corresponding size distribution histograms of samples S1g
and S; 5, one can recognize formation of gold nanoparticles in the
range of 5-7 nm with a narrow size distribution. The dimensions
of these particles were found to be approximately in the same
range in all the samples. This difference in particle size compared

to XRD results is probably because the TEM imaging was measured
from a specific area of the colloidal system that did not include all
the particle size distribution.

TEM clearly shows the plasmonic MoO, nanosheets easily con-
vert [AuCl4]~ to Au NPs with an average domination smaller than
10 nm. In addition to strong local field enhancement due to their
plasmonic property, this range of size provides a good catalytic
property for Au NPs to decompose H, molecules into H atoms in
any gas detection processes [64,65].

3.2. X-ray photoelectron spectroscopy

XPS was used to clarify the surface elemental composition vari-
ation as a result of adding gold salt solution. Fig. 3 represents
typical Mo3d high-resolution spectra for the pristine blue MoOy
and sample Sys5. For the pristine blue MoOx nanosheets, Mo3d
peak is well decomposed into two doublets at (235.7, 232.6 eV) po-
sitions related to Mo®* states and (234.7, 231.6 eV) for Mo state
[44] whose peak area corresponds to 74% and 26% counterparts
for Mo%* and Mot respectively. The significant percentage of 5+
states originates form defects such as oxygen vacancy and confirms
the defective nature of the blue MoOy nanosheets. The oxygen-
vacancy defects induce localized electrons that lead to plasmon
absorption in the visible and NIR region [29,30,66-68]. For sam-
ple S, 5, the Mo3d peak is narrower than the blue MoOy indicating
a less multivalent contribution of Mo oxidation states. It could be
deconvoluted into Mo®t (235.9, 232.7 eV) and Mo>* (234.7, 232.0
eV)states with 88 and 12%, respectively. Losing Mo>* peak contri-
bution confirms partial conversion of 5+ states to 6+ as a result
of an oxidation reaction [67]. The small energy transfer to higher
binding energy in Sy 5 comparing to blue MoOy can be related to
the oxidation of molybdenum as a result of combination with gold
precursor.

The Au core level typical spectrum has one doublet with peaks
at 83.4 and 87 eV which is attributed to Au 4f7,, and Au 4fs);,
respectively, characteristic of metallic gold in agreement with the
results of XRD. No part of gold ion (Au*) could be found as the
peak is narrow (FWHM about 1.17 eV). According to the XPS re-
sults, the proposed reaction mechanism can be simply expressed
as:

Mo’ — Mo®t 4 e~ (1)

At 43¢~ > Al
3.3. LSPR hydrogen sensing

To examine the LSPR response of our Au-MoOy colloidal solu-
tions towards hydrogen detection, their optical absorption spectra
were recorded in the UV-Vis region, 10 min after injection vari-
ous hydrogen concentrations (from 0.1 to 3%) into the sealed con-
tainers containing certain volume of samples S5, S35, S5 and
S1o0 (Fig. 4(a-d)). For further interpretations, we also plotted LSPR
wavelength and cumulative absorption as a function of gas concen-
tration as shown in Fig. 5(a, b). Comparing the overall spectra in
Fig. 4(a) to Fig. 4(c) reveals that increasing the Au:Mo ratio leads
to a notable blue shift in the MoO, LSPR band. This suggests that a
higher Au fraction is translated into a greater hydrogen dissociation
rate, increased defect doping level and increase in carrier concen-
tration, leading to a spectral blue shift. However, from Fig. 4(d)
representing a NIR LSPR-free spectrum, one can see that to have a
detectable LSPR band, Au relative concentration should not exceed
an optimum range (5:100 in our experimental conditions).

On the other hand, in the each individual sample, it seems
that LSPR peak undergoes a red shift with hydrogen concentra-
tion (Fig. 5(a)). This is likely due to a slight decrease in the carrier
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Fig. 4. Optical absorption spectra of different Au-MoOy, samples: (a) Sz.5, (b) S3.25,
(d) S5 and (e) S1o after exposing different H, concentration (0-3%).

density n, as a result of lattice expansion due to hydrogen inter-
calation. Moreover, any change in the dielectric constant of the
medium may also be another reason which was not possible for
us to evaluate. The plot of cumulative absorption vs. gas concen-
tration (Fig. 5(b)) reveals an overall increasing trend for all the
samples with a possible linearity trend depending on Au:Mo ratio.
In the 0-3% H; concentration range of interest, the best linear-
ity behavior is observed for sample Ss, suggesting the Au:Mo ratio
play role in the detection range of an LSPR sensor. Low Au content
is not sufficient for effective hydrogen catalysis and high content
leads to a small relative intensity of MoOy LSPR in the spectra
so an optimum mixing ratio is required. It is worth noting that
LSPR wavelength and intensity saturate for above 4% concentration
thereby this kind of sensing platform works well in the low con-
centration limits with possible many data points.

of a chemical agent. For the obtained Au-MoOy samples, hydro-
genation causes the purple colloidal solutions of gold NPs to return
a deep blue color analogous to the pristine sample. This visual op-
tical switching reflects the good catalytic dissociation of hydrogen
in the presence of fine Au NPs as well as the application potential
of these solutions as visual hydrogen indicator. To have a suitable
LSPR response for sensing applications, however, the free carrier
concentration (n) and hence the LSPR frequency of the plasmonic
substance, should be a specific function of analyte concentration.

Au NPs are expected to do two different functions in the liquid-
based hydrogen detection; Due to their high catalytic activity,
they could dissociate hydrogen molecules to proton/electron pairs
and enable them to diffuse into the MoOy structure, an alterna-
tive to Pt and Pd catalysts. In addition to the catalytic function,
co-localization of light energy and hydrogen in the vicinity of
Au-MoOy NPs, they can promote the gas-surface interactions over
the MoOy surface via a light-matter coupling leading to an en-
hanced charge transfer mechanism.

As noted above, the wavelength (frequency) of LSPR absorption
depends on the concentration of charge carriers and thus on the
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Fig. 6. (a) Optical absorption spectra of samples S5 through spontaneously bleaching process in ambient air after exposing to 3% hydrogen. The photographic images before
and after bleaching process are also shown. (b) The time variation of absorption at A spg = 760 nm during the bleaching.

concentration of oxygen defects in metal oxide systems. These de-
fects arise from the injection of hydrogen. So with a higher H:Mo
ratio injected a higher the blue-shift is expected. We claim that
the Au:Mo ratio further increases the amount of hydrogen injec-
tions and thus increases the amount of blue-shift, as our results
show. The absorption intensity, however, depends on the molar
concentration of plasmonic MoOy in the solution. The reason for
the non-increase in the intensity with increasing Au:Mo is that we
adjusted the amount of gold in all the solution constant and de-
crease the Mo molar ratio to obtain samples with higher Au:Mo
ratios. This is why the intensity of absorption does not change with
increasing gold ratio. On the basis of the wavelength shift, the in-
crease in the ratio of gold shows a greater shift (with the exception
of sample Si9 where its Mo concentration is low so that no LSPR
peak appears) so the increase in gold can be associated with an
increase in blue-shift based sensitivity.

The reversibility of a gas sensor is of great importance for its
applicability. To investigate the reversibility of our LSPR colloidal
solutions, we exposed the sample S5 to the ambient air of the lab-
oratory after interacting with 3% hydrogen. As shown in Fig. 6(a), it
is observed that over time, the optical absorption decreases spon-
taneously so that the LSPR peak of MoOy disappeared and the
gold absorption peak appeared again. The color of the samples
also turned gradually from blue to pink (Fig. 6(a)). Although the
recovery time measure at A = 760 nm is estimated to be around
300 min (Fig. 6(b)), we expect this trend to increase more rapidly
if the colored solution is heated and pure oxygen is bubbled.

4. Conclusion

In this research work, MoOy nanoparticles were first made by
anodizing oxidation of molybdenum metal probes into an acidic
electrolyte. This is a very simple, inexpensive and mass-produced
method. The resulting solution was blue, had a NIR LSPR absorp-
tion band, and was known as a material for gold salt reduction and
creation of fine gold nanoparticles. The creation of gold nanoparti-
cles was accompanied by more and more oxidation of MoOy, which
eventually resulted in a purple color substituted the initial blue
color, appearing of gold LSPR absorption, and decreasing adsorp-
tion of MoOy LSPR. This two-phase colloidal solution has thereafter
shown considerable potential for detecting hydrogen gas based on
LSPR absorption and shift. In this functionality, an increase in the
concentration of hydrogen injecting gas resulted in a re-growth
of the molybdenum NIR LSPR peak, while a significant plasmonic
shift was observed. Overall, it was shown that the system could
provide desirable sensitivity at H, concentrations below 3%, which
is below the hydrogen explosion limit as well as reversibility.
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Highlights

e Blue colloidal MoO, nanoparticles were prepared by a facile anodizing method.

A strong NIR localized surface plasmon resonance were observed.

The LSPR NPs showed good ability for [AuCl4]~ salt conversion to Au nanoparticles.

The obtained Au-MoOy nanosystems was showed a good LSPR hydrogen sensing.

By monitoring the NIR LSPR band, it was possible to detect hydrogen in the 0-3% concentration range.
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