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HIGHLIGHTS

e Gold nanoparticles (GNPs) were fabricated by pulsed laser ablation (PLA) method in DI water.

e PACl, solution with different concentration was added to the obtained GNPs colloidal solutions.
o TEM showed Pd*'/Au and single NPs before and after hydrogen injection, respectively.
¢ The Au LSPR peaks in Pd**/Au system undergoes spectral shift during the gas injection.

e Au LSPR shift was used for detection of the hydrogen concentration below 4%.
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ABSTRACT

A hydrogen detector colloidal solution based on the plasmonic properties of gold nano-
particles (GNPs) is presented. GNPs were prepared by pulsed laser ablation (PLA) of gold
target in DI water. PdCl, solution with different concentration was added to the obtained
GNPs colloidal solutions. X-ray diffraction (XRD) confirmed the formation of metallic gold
and presence of PdCl, phases. Transmission electron microscope (TEM) images along with
X-ray photoelectron spectroscopy (XPS) revealed formation of the core-shell-like structures
of Pd**/Au NPs. After hydrogenation, TEM revealed that the core-shell morphology changes
into free NPs and XPS revealed formation of the metallic Pd phase. Voltammetry analysis
showed a well absorption and desorption capability of hydrogen in this gold-PdCl, plas-
monic system. After adding PdCl, aqueous solution, a red-shift from 522 to 526 nm was
observed which was attributed to Pd*" ion attraction by the negative surface charge of bare
GNPs and formation a core-shell like morphology. The optical absorption peaks of PdCl,
(the range 207—236 nm) as well as the LSPR peak of GNPs were traced during diluted
hydrogen (0.3—10%) injection in colloidal samples with different Au:Pd molar ratio. It was
found that the PdCl, peaks drop due to Pd*" —Pd° conversion and more importantly, the
gold peak undergoes blue shift due to change in chemical properties of GNPs surrounding.
A good correlation between PdCl, absorption intensity and gold LSPR peak position was
found when hydrogen concentration was varied. In this correlation, a desirable detection
capability for low concentrations of hydrogen (<4% range, the limit of hydrogen explosion)
with a possible large number of points was observed. Finally, a model for the hydrogen
sensing mechanism based on the LSPR effect was presented.
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Introduction

Hydrogen is a clean, renewable and sustainable source of
energy that makes it suitable for the replacement of carbon-
based energy sources which extensively used in fuel cells,
medical applications, food industry and even in everyday
heating and cooking [1,2]. Additionally, hydrogen is also being
used widely in scientific research and industries, notably in
the refining of petroleum products [3]. Hydrogen is strongly
flammable at >4% concentration with a large flammability
range (4—75%) [4]. Therefore, the detection of this explosive
gas is very important compared to other gases [5,6]. For many
years, palladium has been one of the important materials
known to detect hydrogen gas due to its high sensitivity and
selectivity and strong change of its optical properties towards
hydrogen absorption [7,8]. After interaction with hydrogen,
palladium converts from the metallic state to hydride states
(e-phase at low H, content or B-phase at high H, content),
which results in a lattice expansion up to several times the
initial volume changes the conductivity and dielectric prop-
erties under ambient conditions [9-11]. The changes in
dielectric property are very small and difficult to be measured,
so we need a sensor with a high sensitivity to environmental
changes. Hydrogen gas sensors based on optical properties of
metal oxides [12—16] or noble metal [17,18] nanostructures
provide an emerging powerful technique in chemical and
biological sensing applications. Detection of H, in aqueous
media such as water and chemical solutions is of crucial
importance in environmental, biomedical sciences and
biotechnology. Research on hydrogen-enriched fresh water
and photochemical water splitting. For instance, hydrogen-
enriched water has been reported to have a positive effect
on human health [19]. Consequently, water-base liquid
hydrogen indicator, particularly based on optical and visual
devices can be of great interest for biological applications [20].

Interaction of light with metallic particles much smaller
than the incident wavelength leads to localized surface plas-
mon oscillation with enhanced electromagnetic fields around
a particle that is very sensitive to the variation in the dielectric
properties of the analyte samples surrounding the noble metal
nanostructures [21]. Mie originally calculated LSPR by solving
the Maxwell's equations for small spheres with the certain
boundary conditions, interacting with an electromagnetic
field [22]. This theory provides the direct relationship between
resonance wavelength and surrounding medium dielectric
constant of nanoparticles.

Colloidal solutions of GNPs show a very intense color,
which is not observed in the bulk material or in the discrete
atoms [23,24]. Therefore, Au—Pd nanosystems can allow
plasmonic sensing, which has advantages of high accuracy,
no risk to generate sparks and not being affected by electro-
magnetic interference.

Various types of Au/Pd nanostructures have been demon-
strated for plasmonic hydrogen sensing. Jiang et al. has re-
ported ultrasensitive plasmonic sensing of hydrogen using
bimetallic Au/Pd nanostructures with continues and dis-
continues Pd shells [5]. They observed a good linearity for LSPR
wavelength and intensity with gas concentration with a 56 nm
spectral shift in the presence of low concentration of

hydrogen. Rodal-C et al. has reported well-characterized seed-
mediated grown Au@Pd nanorods with tuneable NIR LSPR
response [25]. They compared hydrogen sensing in solution
phase or on a substrate and demonstrated excellent reversible
plasmonic properties for in situ monitoring of chemical re-
actions suitable for hydrogen detection. They also argued that
Au support can boost the plasmonic properties of Au@Pd
structure. In arrays of Pd—Au (Au content 0—25 atom %) alloy
thin films prepared by lithographic technique have been used
for plasmonic optical hydrogen sensing in which an 8-fold
sensitivity enhancement was observed comparing to pure Pd
at below hydrogen flammability limit [26]. Sugawa et al. have
demonstrated Pd NPs as third plasmonic sensing material in
which a dipole mode creates in the presence of Au core
leading to refractive index susceptibility higher than bare Au
NPs [8]. In a paper by Wy et al., colloidal clusters of Au@Pd
bimetallic NPs have been reported as a LSPR sensing platform
for hydrogen gas in aqueous phase. They attributed the
observed highly sensitivity for hydrogen detection to pro-
moted plasmonic field due to cluster formation [27]. They
stated that manipulation of Pd shell thickness can increase
the LSPR hydrogen sensitivity. Polyhedral Au nanocrystals
covered by an epitaxial layer of Pd have been used for
hydrogen detection in aqueous solutions based on plasmonic
resonance absorption [28]. The gold cores as effective plas-
monic antenna were responsible for hydrogen detection at
low percent with a very large red shift in the presence of
dissolved hydrogen in water. Moreover, no spectral shift has
been observed in the presence of oxidant gases such as Co and
oxygen. In 2018, Song et al. were reported films made simply
by centrifugal deposition of Au—Pd core-shell NPs and
observed optical detection of hydrogen with few 10 s repose
time for 4% hydrogen [29]. Co-sputtered Au and Pd films have
been used for hydrogen storage where hydrogen uptake and
release rate were measured by optically monitoring of
extinction loss [30]. Recently we have introduced Pd—MoO3
colloidal solution as an LSPR hydrogen sensing platform in
aqueous phase where a good sensitivity with possible large
number of points was observed [20].

The brief review of the above articles shows that Au—Pd
nanostructures have high potential for detecting hydrogen
on the basis of plasmonic properties of gold (and even
palladium) in which accuracy, sensitivity, response speed
and safety are promising. However, their production
methods sometimes require film deposition or lithography
equipment to allow make a proper connection between the
two phases. All of these articles also use metallic palladium,
while Pd2+ cations not only have the ability to oxidize
hydrogen, they can also be physically absorbed by the
negative surface charges of gold nanoparticles and form
weak shell states. It is expected that hydrogen adsorption
reduce these ions, convert them to metallic phase and affect
the dielectric properties of gold nanoparticles and provide a
plasmonic based method for hydrogen detection. Another
advantage of this is the simplicity and cost-effectiveness of
the fabrication methods by simply combination of aqueous
palladium salts and colloidal gold nanoparticles. To our best
knowledge, no articles exist on plasmonic hydrogen sensing
of Pd2+-Au system hence exploring this subject is of scien-
tific importance.
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Pulsed laser ablation in liquid is an outstanding approach
for producing gold nanoparticles that have unique properties
such as high purity, surface functionality, and the formation
metastable states [31,32]. In this paper, in spite of last works
thatinvestigated Au—Pd as a bimetallic, core-shell or thin film,
we simply mixed GNPs and PdCl, colloidal solutions and
examined their plasmonic response to low concentration of
hydrogen in room temperature. Our previous works indicates
a weak core/shell structure of palladium and gold due to the
negative surface charge of GNPs [33]. Herein, the role of adding
PdCl, solution as a dielectric medium is investigated which is
very sensitive to the presence of hydrogen and was success-
fully applied to LSPR detect hydrogen gas. In this work, we use
laser ablation for synthesis gold nanoparticles and then PdCl,
solution added in different ratios. We have fabricated and
tested five different Au—Pd colloidal solution for hydrogen
sensing and examined their plasmonic response to H, gas by
tracking the absorption spectra of the samples. The presented
structural, morphological, surface analysis, electrochemical
reactions and optical properties were studied by using XRD,
TEM, XPS, cyclic voltammetry and UV-Vis spectrophotometer,
respectively.

Experimental

The schematic representation of sample preparation is
depicted in Fig. 1. GNPs were prepared by laser ablation in DI
water medium. Au target (99.99%, PAMP S.A. Switzerland) was
placed in the glass vessel filled with deionized water (200 ml)
and a beam from an Nd:YAG laser (A = 1064 nm, energy per
pulse = 600 mJ, RR = 9 Hssz) was focused normal to the

surface of Au target. The ablation was performed until the
solution obtained a deep red color (30 min). The concentration
of the GNPs was determined by inductively coupled plasma
(ICP) optical emission spectrometer (20.21 mg/l). The PdCl,
solution, as Pd** precursor, was prepared by dissolving 0.02 g
of palladium (II) chloride ((59% Pd) Merrck Schuchardt OHG)
powder into a combination of 0.1 cc HCl and 99.9 cc DI water.
This composition was kept in ultrasonic bath until PdCl, was
dissolved and a uniform yellowish solution was obtained after
1 h. The concentration of the PdCl, solution was determined
by ICP analysis (223.20 mg/l). The pure Au and PdCl, as refer-
ence samples and physical mixture of PdCl, and GNPs with
different ratios, were prepared and labelled as Au, PdCl,,
AugPd;, AugPd,, AusPd;, Au,Pd,, Au,Pd,; and Au,Pd, (Table .1).
In all samples the amount of GNPs is fixed and only PdCl,
concentration was changed. The crystalline structures of
nanoparticles were determined using X-ray diffractometer
(Philips EXPERTMPD) with Cu-ke (A = 0.15418 nm) radiation in
26 range of 10—80°. For this characterization, samples were
prepared by drop-casted over glass substrates. The
morphology and size of our nanoparticles were investigated
by TEM model Philips CM120. X-ray photoelectron spectros-
copy (XPS) was carried out using an ESCA/AES lab where a
concentric hemispherical analyser (CHA, Specs model EA10
plus) has been used for photoelectron energy analysing. The
electrochemical experiments were performed using a stan-
dard three-electrode electrochemical cell through an Ivium-
stat Potentiostat at ambient temperature. Glassy carbon
plates (1 x 1 cm?) were used as working electrodes, Ag/AgCl
(sat. KCl) and a Pt wire were used as the reference and counter
electrode in 0.5 M H,S0O, as the electrolytic solution. The cyclic
voltammetry (CV) measurements were conducted in —0.2 to

1 beam
Nd:YAG pulsed laser
1064 nm ' :
Focusing Lens Water
H, injection
PdCl,
U
— GNPs

Fig. 1 — Schematic demonstration of AuPd colloidal NPs preparation. GNPs are fabricated by Nd:YAG laser ablation of Au
target in DI water and PdCl, solution is dropped with different concentrations. Then hydrogen gas with various
concentration is injected and the optical variation of colloidal samples are recorded.
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Table 1 — Name of samples and its Au:Pd ratio. Bottom shows the photographic images of colloidal solutions.

Sample PdCl, Au

(Au:Pd) (0:2) (1:0) (8:2)

PdCl, GNPs

AugPd, Au4Pd1»'JAu2Pd1 Au,Pd; Au,Pd

1.2 V potential range. CV of samples was carried out at a scan
rate of 50 mV s—1. The synthesized samples were drop-coated
over a polished glassy carbon electrode (GCE) at room tem-
perature. Optical properties of samples were measured by
using a Lambda 25 spectrophotometer (PerkinElmer) in the
190—1100 nm range with 1 cm optical path length. The reso-
lution of the spectrometer is 0.1 nm. LSPR Hydrogen sensing
tests were performed by using a 100 ml glass bottle at room
temperature. During the experiment, solutions were being
stirred.

A volume of 20 ml of Au—Pd solution was used for the
experiment. The glass bottle was evacuated prior to the
hydrogen injection in order to remove the existing air for 30 s.
The hydrogen was injected using a syringe filled with
hydrogen of different concentrations mixed with Ar gas for
10 min. Then UV—Vis absorption spectrum of this solution
was recorded.

Results and discussions
XRD

XRD patterns corresponding to Au and Au;Pd, samples are
shown in Fig. 2(a and b), respectively. The XRD pattern of Au
sample (part (a)) depicts the Au (111), (200), (220) and (311)
diffraction peaks which are associated to crystallographic ori-
entations of gold cubic structure (JCPDS no. 00-001-1172).
Therefore, GNPs have been formed successfully in the laser
ablation process of gold target in DI water. The addition of PdCl,
solution to the colloidal GNPs leads to appearance strong (101),
(110) and (520) diffraction peaks of rhombohedral PdCl, phases
(JCPDS no. 01-086-1888). Similar phases were observed for gold
and palladium chloride in other samples. The diffraction peak
of Au are relatively weak, suggesting that palladium is likely to
surround the GNPs and prevent them from sticking together,
resulting in no effective X-ray diffraction [33]. This prediction
will be confirmed later by TEM images.

It should be noted that when large amounts of colloidal
samples are dried prior to the XRD analysis, it may be different
from how the phases are stacked together in the colloid state.
Therefore, analyses, such as TEM and XPS that require less
amount of the material, are more accurate. Therefore, for
further study, these analyses are also used.

TEM images

Since for plasmonic-based sensing of hydrogen, the shape and
how GNPs are attached to the PdCl, surrounding are impor-
tant factors, the TEM images of the samples were studied. The
TEM image and corresponding size distribution histogram of
pristine GNPs (sample Au, Fig. 3(a)) represents spherical shape
particles with 8.6 + 2 nm average size. After adding the PdCl,
solution to these spherical nanoparticles (sample Au;Pd,, part
(b)), one can see formation of new agglomerates at the surface
of GNPs. These agglomerates are constructed from very fine
palladium phase particles that completely cover the GNPs and
form core-shell like structures. The formation of these ag-
glomerates was also observed in other ratios in which shell
thickness increased with increasing Pd** concentration. It can
be recognized that this palladium agglomerates separate the
GNPs from each other and this is probably the reason for the
weakening of the gold-diffraction peaks in the sample Au,Pd,.
However, after hydrogen exposure, these agglomerates and
their constructing fine particles are no longer observed
(sample Au,Pd, part (c)). According to the size distribution
histograms, the size of the GNPs, before and after hydrogen

*Au
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Fig. 2 — XRD patterns of (a) pristine GNPs (sample Au) and
(b) sample Au,Pd,.
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Fig. 3 — TEM images and corresponding size distribution histograms of (a) GNPs, (b) Au,Pd, sample before and (c) after 10%

H, exposure.

exposure, remains almost unchanged (around 10 nm)
compared to the pristine Au sample, while palladium ag-
glomerates were removed from the GNPs and are no longer
observed in the form of shells. Accordingly, plasmonic prop-
erties of the colloidal GNPs are expected to undergo several
spectral shifts as a result of PdCl, attachment to and removal
from the GNPs after hydrogen exposure.

XPS

The chemical compositions of drop-casted pristine GNPs
(sample Au) and sample Au,Pd,, before and after hydrogen
exposure, were analysed by using XPS. Fig. 4 displays the high
resolution XPS spectra at 330—346 eV region involving both

Pdsq4 and Augq core level transitions. For pristine GNPs, a broad
single-peak located at 335.1 eV with FWHM of 4.2 €V is
observed. This broad core-level peak is attributed to the
metallic gold (Au®) [34], in consistent with XRD results. After
treatment with the PdCl, solution and before hydrogen in-
jection, Pdsq doublet appears at 343.3 and 383.1 eV which is
related to Pd*" oxidation state of palladium [35]. The Pd**
peaks appear to be much more intense than GNPs peak, sug-
gesting that gold nanoparticles are covered with a new layer of
palladium composition. This is in agreement with both the
XRD results and the TEM images, supporting formation of a
core-shell like structure of Au@Pd.

After hydrogen exposure to colloidal solution of sample
Au,Pd,, a significant shift for Pdsq peaks occurs from 334.3 to

Please cite this article as: Farnood A et al., Localized surface plasmon resonance (LSPR) detection of hydrogen gas by Pd>*/Au core/shell
like colloidal nanoparticles, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.10.168
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Fig. 4 — Typical Pd34 high resolution XPS spectra of (a)
pristine GNPs, (b) Au,Pd, sample before and (c) after
exposing to hydrogen gas.

338.1 eV towards lower binding energies of 335.1—-340.5 eV,
indicating reduction of Pd>* states to Pd® [35]. However, a part
of the palladium remains in the Pd?* oxidation state, which
can be related to the formation of surface states of palladium
oxide. Moreover, due to this peak shift, the Au,q is no longer
distinguishable and therefore has not been shown. XPS mea-
surement on other Pd concentrations was also confirmed
formation of metallic Pd after hydrogenation (not shown
here).

The results presented above obviously indicate that addi-
tion of PACl, solution into the GNPs, produced by laser abla-
tion method, leads to attachment of palladium phases around
the GNPs as a core-shell like structure. Indeed, GNPs have
negative surface charges, so they attract palladium ions (Pd*?)
with positive charges and are gradually covered by a layer of
palladium [36—38]. Therefore, this result is also expected for
gold nanoparticles prepared by other simple and inexpensive
GNPs chemical synthesis methods. Various papers have re-
ported the structure of the Pd—Au core-shell nanostructures
based on Pd2+ ion precursors [39—45]. In these reports,
galvanic displacement by another ion, such as copper, is often
used to make a strong bond between the two phases. But in
the case of our work, we want the shell to attach weakly to the
core so that it can be separated easily by hydrogen recovery
and affects the LSPR intensity or wavelength. Hydrogen
exposure has a significant effect on the palladium shell in
which the morphology is greatly changed and conversion to
metallic Pd occurs. TEM suggests that the Pd*" shells are
removed from the GNPs as result of neutralization due to
hydrogen induced conversion into the metallic Pd phase.

Cyclic voltammetry

To study the hydrogen absorption and desorption ability of
samples, CV was used for pristine GNPs, PdCl, and sample
Au,Pd, before and after hydrogen exposure. In the CV curve of
pristine GNPs (Fig. 5(a)), peak I (—0.2 V) is related to absorbed
hydrogen from the H,SO, electrolyte, peaks II (0.44 V) and III
(0.9 V) are related to the formation of Au oxides and peaks IV
(0.07 V) and V (0.49 V) correspond to reduction of the Au oxides
during the cathodic scan [46,47]. In Fig. 5(b), CV of PdCl, was
examined for comparison where peaks I, Il and VII are related
to the hydrogen adsorption/desorption region that absorbs
from the electrolyte. Since PdCl, is a good precursor catalyst
for hydrogen [48], these peaks are sharper than those of GNPs.
Meanwhile, peaks III and IV are related to the formation of
PdH,, and peaks V and VI are related to the reduction of Pd
ions to metallic Pd. Actually, the hydrogen adsorption/
desorption occurs at the potential interval of —0.2t0 0.2 V, and
oxidation and reduction occurs at 0.44—0.8 V and 0.3—-0.5 V,
respectively [49,50]. For the Au,Pd, sample (black curve in part
(c)), a combination of the signals of both GNPs and PdCl, are
recognized. The separate of signals is not easy due to the
overlap of the peaks. The last two cases was observed
(Fig. 5(c)). However, after the hydrogen exposure (red line),
oxidation and reduction peaks of GNPs are observable again,
which somehow confirms the TEM images where PdCl, is
converted and the GNPs are removed from the core-shell like
morphology.

Optical absorption properties

Fig. 6 illustrates the optical absorption spectra of pristine
GNPs, unexposed and hydrogen exposed sample Au,Pd,. LSPR
peak of gold is located at 522 nm which undergoes a red-shift
to 526 nm and its intensity lowers by adding PdCl, in Au,Pd,
sample. This spectral shift is attributed to the accumulation of
a PdCl, agglomerates around the GNPs as shown in Fig. 3(b).
The presence of PdCl, solution is also recognizable by arising
the characteristic absorption peaks in 200—260 nm range.
Hydrogen exposure obviously causes the disappearance of
the PdCl, absorption peak, as well as evolution of gold LSPR
peak in terms of shape and position. These observations
suggest a chemical reduction of PdCl, into metallic Pd occurs
after hydrogen exposure, followed by a change in the refrac-
tive index of the GNPs’ surrounding hence LSPR spectral
shifting and variation. The LSPR peak can be describe theo-
retically by Drude model. In this model, the resonance fre-
quency is obtained by the complex dielectric function of the
material, ¢, dielectric constant of nanoparticle medium, ey,
the size and shape of nanoparticle [34]. The dipole polariz-
ability, a, of a spherical small nanoparticle with diameter very
smaller than the incident light wavelength is written as:

€—¢
a= 380V(€ n 2: ) (1)

where V is the volume of the nanoparticle and ¢, is vacuum
permittivity. It is clear from the above equation that dipolar
LSPR occurs when we have:

&= —2¢m 2
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Fig. 5 — Cyclic voltammograms of (a) pristine GNPs (sample Au), (b) PdCl, and (c) sample Au,Pd, before and after hydrogen

exposure.

where ¢, is the real part of e and can be expressed as a function
of the frequency, w:

&)2

g=1- ﬁpyz (3)
where w,, is the bulk plasma oscillation frequency (ratio of free
carrier density and the electron effective mass) and v is their
bulk collision frequency which indicate the information of the
electron scattering by the electron, hole, grain boundaries and
the other scattering sources. From (2) and (3) we obtain the
resonance frequency wsp, described by equation (4):

wp
Y e 4
Y=\ 1526, 7 )

wsp Tepresents the LSPR energy and v is the damping constant
due to electron collisions which for most metals assuming
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Fig. 6 — Optical absorption spectra of pristine GNPs (sample
Au), sample Au;Pd, before and after 10% H, exposure.

minimal damping (y = 0). Converting from wg,, to Asp, We can
rewrite the equation as:

hop = o/ T + 26m (5)

Eq. (5) clearly shows that the plasmon resonance wave-
length position for a metal nanoparticle is directly propor-
tional to the permittivity or the refractive index, nn, of the
surrounding medium (where ny, = /&) [51,52]. Therefore, a
change in the refractive index of the environment can be
directly measured from the shift in the nanoparticles ab-
sorption spectra. When hydrogen intercalates into the Pd*"
shell converts it into the metallic Pd and causes its removal,
the e, changes back near to that of water and lead to fre-
quency variation [53].

According to the data collection shown above, it can be
expected that the Au—Pd system is a good candidate com-
pound for an LSPR-based hydrogen sensing with desirable
sensitivity. For this purpose, we further examine the effect of
hydrogen on Au—Pd samples with different Au:Pd ratio in the
following.

LSPR hydrogen sensing

Fig. 7(a—e) left panel shows the optical absorption spectra of
different Au—Pd samples before and after exposure of
different hydrogen concentration (0—10%) in the range of
200—270 nm related to PdCl, characteristic absorption peaks.
It can be clearly seen that the palladium absorption peaks
decrease in the presence of hydrogen and then completely
disappears by increasing hydrogen concentration to 10%. Ac-
cording to the Bear-Lambert law (A = elc, where A is optical
absorption, e is absorptivity of the species in solution, I is
optical path length and c is the species concentration)
expressing that a solution concentration is proportional to its
absorption [54], this represents a decrease in the concentra-
tion of PAC, due to hydrogen-induced Pd?" —Pd° conversion.

Fig. 7(a—e) right panel shows the corresponding gold LSPR
absorption spectra for the different Au—Pd samples under
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450—-600 nm range (right panel for LSPR absorption of gold). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

exposure of various concentration of hydrogen gas. The
interaction of hydrogen with the colloidal samples causes a
spectral evolution, both in terms of intensity and peak posi-
tion. From the figure, in the low PdCl, content, the LSPR in-
tensity reduces by increasing gas concentration. At higher
PdCl, content (samples Au,Pd; and Au,Pd,), however, one can
see a significant increase in the overall intensity of the entire
spectrum. This is attributed to the formation of slightly dark
Pd NPs. Formation of Pd NPs causes significant blue shift and
broadening of the LSPR peak. These shifts are 2.6, 3.4, 3.4, 3.8
and 9.8 nm for AugPd,, AusPd,, Au,Pd,, Au,Pd; and Au,Pd,

sample, respectively, indicating that a higher PdCl, gives a
greater shift.

TEM imaging (not shown here) has shown that an increase
in the proportion of Pd leads to a greater accumulation of Pd
around the GNPs and to a greater thickness. However, inves-
tigating the true impact of thickness on the gas response re-
quires more detailed analysis.

In the following, we focus on the correlation between gold
LSPR shift, PACl, absorption and gas concentration as is more
meaningful in the plasmonic sensing mechanism. Fig. 8 (left
panel) shows the LSPR wavelength position and PdCl,
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of LSPR peak position and (f) Au LSPR blue shift at 10% H, in terms of Pd:Au molar ratio.

absorption as a function of hydrogen concentration. As clearly
seen, except for some initial wavelength increase in some
samples, both the wavelength position and PdCl, absorption
almost reduce and saturated with increasing H, concentration
in a same manner suggesting a very close correlation between
the gold LSPR wavelength and PdCl, absorption (or concentra-
tion). For example, sample AugPd, in 1.3% and sample Au,Pd, in
10% reach their saturation. The next noticeable point to be
noted, shown in the middle panel of the figure, is the desirable
detection capability with a good linearity for low concentrations
of hydrogen (<4% range, the hydrogen explosion limit) based on
LSPR shift with a possible large number of points. Although
increasing the Pd:Au ratio (sample Au;Pd,) provides greater
wavelength shift, sample Au,Pd; (Fig. 8(c)) seems to exhibit a
more linearity behavior among the other samples suggesting
Pd:Au ratio should be optimized to have a more desirable
sensing response. In addition, based on part (f), a linear rela-
tionship is observed between the blue shift and Pd:Au ratio,
suggesting that by increasing the amount of PdCl, in the sam-
ple, more hydrogen is needed for the conversion process.
Despite the ability of our colloidal solution to detect low
concentration of hydrogen, they are not reversible because
the chemical composition of Pd*" components could not be

return to their initial state. However, it can be utilized as
disposable hydrogen detectors. It should be noted that, the
LSPR sensing data are presented after making a large number
of samples and ensuring their reproducibility. Although
tolerance was observed in spectral shift in reproducibility
studies, the overall behavior of samples was similar for
hydrogen plasmonic resonance. The existing tolerance is ex-
pected to be minimized by controlling the particle size dis-
tribution and synthesize them more uniform.

One of the most important advantages of plasmonic
hydrogen detection is the high accuracy due to the calibration
capability based on the possible large number of data at low
concentrations, which is evident in both our samples (Pd2+/
Au system) and reported articles on Pd/Au [5,25—28]. Despite
its disposability, the use of Pd2+/Au system seems is able to
extend the hydrogen detection interval to higher range (10% in
our case) which is rarely reported in Pd/Au system. For
example, the Jiang reported a possible great accuracy under
just 1% hydrogen concentration [5].

One of the disadvantages of our system that needs to be
further studied is the low plasmonic shift compared to other
papers [28]. The cause of this issue can be examined in two
ways. First, because of the spherical gold particles,
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longitudinal plasmonic modes are not activated. These modes
usually show larger shifts and are observed in gold nanorods.
For this reason, semiconductor plasmon particles with NIR
LSPR have also been recently explored [20,55,56]. Second, due
to poor bonding between the core and the shell, the change in
the dielectric coefficients of the gold environment is not
effective. Perhaps using a middle layer may overcome this
problem.

LSPR hydrogen sensing mechanism

The mechanism of LSPR gas sensing is schematically shown
in Fig. 9. In this model, after adding PdCl, solution (in which
Pd?* cations exist), the surface negative charges of GNPs
absorb palladium ions by the coulomb attraction force. Then a
layer of Pd*" is formed around the GNPs (see the TEM images).
The accumulation of these particles causes the change in the
dielectric properties of GNPs adjacent and leads to a red-shift
in LSPR peak. In the next step, with the injection of hydrogen
gas, this Pd>" layer reduces to metallic Pd NPs by a reduction
reaction of:

PdCl, + H, —Pd + HCI} 6)

And as a result, the coulomb attraction force is eliminated.
This causes the newly-formed Pd NPs to be separated from the
GNPs and bare GNPs are obtained again. As a result, the LSPR
absorption peak undergoes a blue-shift. As our data showed,
this spectral shifts were correlated with the ratio of palladium
to gold, and in particular the concentration of hydrogen gas.
This could be a good candidate for the LSPR-based hydrogen
gas sensor. However, the selectivity of this sensing platform
may be a challenges because the starting point of the sensing
mechanism is reduction of Pd*! ions and different reductant
gases and chemicals are able to do it.

Conclusions

Pd**/Au core-shell like colloidal NPs were prepared by simple
mixing of PdCl, solution and colloidal GNPs prepared by laser
ablation method in water. As a result of mixing, Pd*" ions are
attracted on surface of GNPs and from a core-shell like
morphology. The core-shell like Au@Pd*" system is very sensi-
tive to injection of low concentrations of hydrogen gas as it can
convert Pd*" into metallic palladium nanoparticles and make
the GNPs free again. A strong correlation between gold LSPR
position and PdCl, concentration by hydrogen gas was observed.
This system showed a good ability toward LSPR detection of
hydrogen gas below 4% with a possible large number of point.
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