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Abstract: We developed rough silver-gold bimetallic nanoparticles for random lasing. Silver nanopar-
ticles were synthesized based on a citrate-reduction method and the gold (III) chloride trihydrate
was added to produce bimetallic nanoparticles. Gold atoms were deposited on the surface of the
silver (Ag) through galvanic replacement reactions after the solution was stored at room temper-
ature. Sample characterization and a spectrometry experiment were performed where bimetallic
nanoparticles with nanogaps and the extinction of the nanoparticles were observed. The aim of
this research is to synthesize nanoparticles for random dye laser in a weakly scattering regime. The
novel bimetallic nanoparticles were added to Rhodamine 640 solution to produce random lasing. We
found that random dye laser with bimetallic nanoparticles produced spectral narrowing and lasing
threshold compared to random dye laser with silver nanoparticles. We attribute that to the localized
surface plasmon effects which increase local electromagnetic field to provide sufficient optical gain
for random lasing. The rough surface of bimetallic nanoparticles also contributes to the properties
of random lasing. Thus, we suggest that the rough bimetallic nanoparticles can be used to develop
random lasers.

Keywords: bimetallic; nanomaterial; localized surface plasmon effects; surface roughness; and
random lasers

1. Introduction

Nowadays, research on metal nanoparticles is broad, comprising of many fields such
as sensing [1], laser bioprinting [2] and random lasers [3-5]. There are two common
techniques used to prepare metallic nanoparticles; (1) Reduction of the metal cations and
(2) Disassembling larger objects by grinding or laser ablation [6]. Both methods have
advantages and disadvantages. The first method requires a suitable soluble source of
metals and the processes of nucleation and crystal growth are complex, whereas the second
method allows for greater control of the metal elements but requires high costs in terms of
the samples and laser sources [6]. Bimetallic nanoparticles were used to produce random
lasers [5] where gold-silver bimetallic nanowires were fabricated to provide strong feedback.
In this random laser, Rhodamine 6G (Rh6G) dye was used because it can absorb maximum
excitation light.

Random lasers are lasers which need multiple light scattering for feedback and optical
gain for light amplification. The laser can be used as a light source for optical tomography,
biosensing and spectroscopy. Properties of random lasers consist of lasing threshold,
emission linewidth, emission intensity and polarization. The properties can be influenced
by the surface roughness of scatterers [5,7-9]. Improved feedback can be provided by
scattering induced by rough micron-scale grooves [8] or nano-rubbing induced cavities [7].
Random lasing can be observed in dye solution with metal nanowires in which nanowires
act as nano-antennas to enhance plasmonic effects [10] and the emission wavelength range
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can be extended by introducing roughness to the silver nanowires [9]. Surface roughness
affects the plasmonic properties of the metal nanoparticles by significantly enhancing
local fields and plasmonic effects compared to smooth metal nanoparticles. This leads to
peak-broadening and red-shifting of the single particle-plasmon resonances [11]. J. Liao
et al. [12] proved that the tunability of both intensity and wavelength of the localized
surface plasmon resonance (LSPR) can be influenced by the thickness of the bimetallic
nanoparticles’ film and the number of pulse shots.

Besides that, the surface plasmon resonance frequency was able to be tuned to the
desired spectral range by varying the thickness of the outer metal shell, the thickness and
dielectric constant of the intermediate dielectric medium, the geometric shape, and the
aspect ratio of the three-layered bimetallic nanoparticles [13]. Random lasing is greatly
influenced by the overlapping of surface plasmon resonance of metallic nanoparticles and
the emission spectrum of the dye medium [13,14]. This situation does not only increase the
dye excitation and energy transfer, but also affect the dye emission, leading to local field
enhancement [13-15]. Thus, overlapping of these elements can influence the properties of
random lasing.

In this work, we aim to create reliable bimetallic nanoparticles using citrate-reduction
method [16] and galvanic replacement reactions [17] for random lasing. In a one-step
reduction method, sodium citrate and various quantities of tannic acid were used in the
growth process to produce mono-dispersed spherical silver nanoparticles [16]. Galvanic
reactions occurred when aqueous solution of AuCly or AuCl, was titrated into aqueous
suspension of silver nanoparticles [17]. Chemical reduction method is chosen in this study
due to lower cost compared to laser ablation technique. Bimetallic nanoparticles are formed
when gold atoms are deposited on the surface of silver nanoparticles. The nanoparticles
were added in a dye solution (Rhodamine 640) and excited by a Nd:YAG laser. Random
lasing with a narrow emission linewidth, ~3 nm can be observed. Most previous studies on
random lasers for weakly scattering regime used Rhodamine 6G (Rh6G) [3-5,18,19] instead
of Rhodamine 640 (Rh640) due to higher absorption of excitation light at 530 nm. Here,
we prove that random lasing can be realized in Rh640 solution using rough silver-gold
bimetallic nanoparticles in weakly scattering regime. Rh640 does not absorb the excitation
light as good as Rh6G but bimetallic nanoparticles can compensate that by enhancing
optical gain for more light amplification. Gold is chosen to produce silver-gold bimetallic
nanoparticles due to good LSP effect. Thus, random lasing can be attributed to the surface
roughness and LSPs induced by bimetallic nanoparticles. The nanoparticles scatter the
light, which then affecting the gain and feedback of random lasers respectively. Metallic
nanoparticles that are excited by light can induce LSP, resulting from the confinement
of surface plasmons in the nanoparticles. The conduction electrons oscillate coherently
because of oscillating electric field. Thus, LSP can give maximum absorption at the plasmon
resonant frequency and enhanced electric fields near the surface of the particles [5,20].

2. Synthesis, Characterization and Optical Measurement
2.1. Synthesis of Silver Nanoparticles

Bimetallic nanoparticles consist of silver nanoparticles with gold deposited on the
surface of the silver nanoparticles. The citrate-reduction method was used to produce silver
nanoparticles [16,21]. Silver nitrate aqueous solution was prepared by dissolving 0.009 g
of silver nitrate (AgNO3) (Sigma Aldrich, Burlington, MA, USA) into 49 mL of deionized
water. The solution was vigorously stirred (1000 rpm) and heated on a hot plate to boiling
(100 °C), confirmed by a thermometer.

Then, 1 mL of freshly prepared trisodium citrate (34 mM) (Sigma Aldrich, Burlington,
MA, USA) was added dropwise within 1 min to the boiling silver nitrate aqueous solution.
The dropwise-addition is important to produce small-size silver nanoparticles [21]. The
solution started to change colour from transparent to light yellow after adding the trisodium
citrate. Then, it changed to dark yellow/orange after 6 min and finally, to pale green within
15 min. The reaction solution was cooled at room temperature before centrifugation
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(by Eppendorf Mini Spin, Sigma Aldrich, Burlington, MA, USA) using 2.7 krpm for 1 h to
remove larger silver colloids. The supernatant silver colloid was taken and the size of the
colloid was measured using the transmission electron microscopy (TEM). Then, the silver
colloids were washed and dispersed in deionized water for further experiments.

2.2. Synthesis of Rough Silver-Gold Bimetallic Nanoparticles

To prepare bimetallic nanoparticles, the as-prepared silver nanoparticle solution was
diluted (4x) and ultrasonically dispersed to prevent aggregation. Gold (III) chloride
trihydrate (HAuCl4) (4.8 mM) (Sigma Aldrich, Burlington, MA, USA) varied from 40 pL
to 120 uL was added to the diluted silver nanoparticles in a mixed 0.25:0.75 water:ethanol
solution and the solution was stored at room temperature overnight (12 h) to ensure gold
(Au) atoms were deposited on the surface of the silver (Ag) through galvanic replacement
reactions [17,22]. The synthesis flow of the bimetallic nanoparticles can also be found in
Figure 1.

Dissolving silver nitrate into deionized water

y

Stirring and heating the solution on a hot plate

\4

Adding trisodium citrate dropwisely within 1 minute to the boiling
silver nitrate aqueous solution

y

Cooling the reaction solution at room temperature

Centifugating for 1 hour

\ 4

Diluting and ultrasonically dispersing the supernatant silver
colloid

A 4

Adding HauCl. to the diluted silver nanoparticles (2.8 x 10'cm-?) in
a mixed 0.25:0.75 water:ethanol solution

v

Storing the solution in the room temperature

Figure 1. The synthesis flow of the bimetallic nanoparticles.

In galvanic replacement reaction, when a metal ion with higher reduction potential is
in contact with another metal with lower reduction potential in an electrolyte, an electro-
chemical reaction occurs that leads to the preferential corrosion of the second metal. When
the metal salt solution was added, HAuCl, in silver colloid, the metal (Au) was deposited
around silver nanoparticles. Thus, a silver nanoparticle template was concurrently removed
from the inside out through gaps in the deposited layer [22]. Porous and rough silver-gold
bimetallic nanoparticles can be produced from galvanic replacement reaction.
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2.3. Characterization of Bimetallic Nanoparticles Using Energy Dispersive X-ray Analysis (EDX)

Increasing amount of HAuCly can increase the weight of Au(gold) in the sample [17].
Table 1 shows percentage of gold (weight %) in the silver-gold bimetallic nanoparticles by
varying amount of HAuCly based on energy dispersive X-ray analysis (EDX). The EDX is
used to identify the silver and gold elements of the nanoparticles based on an X-ray method.

Table 1. The percentage of gold (weight %) in the silver-gold nanoparticles by titrating various
amount of HAuCly based on energy dispersive X-ray analysis (EDX).

Amount of HAuCly (uL) Au Composition (wt%)
40 puL 15
60 uL 28
80 uL 35
100 puL 46
120 uL 71

2.4. Characterization of Bimetallic Nanoparticles Using Transmission Electron Microscopy (TEM)
and Zetasizer

The TEM images of the silver colloids are shown in Figure 2a. Slight aggregation
is observed since the silver colloids are not diluted. The average diameter of the silver
nanoparticles is ~30 £ 2 nm from TEM measurement. The particle concentration was
estimated by drying and weighing the dried samples, which gives 2.2 x 107> g/cm? or
1.1 x 101 ecm—3. To estimate the particle concentration, 1 mL of silver colloids was washed
with deionized water and centrifuged using the highest speed, 14 krpm. The remaining
sediment was dried in vacuum and weighed to estimate the amount of silver nanoparticles.

Figure 2b shows the TEM images of the silver colloids after centrifugation with the
estimated average silver diameter, 30 =+ 2 nm. Figure 2c shows the TEM image of the rough
bimetallic nanoparticles. The enlarged images of silver and bimetallic nanoparticles are
shown in Figure 2 where we observe a smooth surface of silver nanoparticles and a rough
surface of silver-gold bimetallic nanoparticles. Adding HAuCly to the silver nanoparticles
can produce rough bimetallic nanoparticle as the gold atoms attach randomly to the
silver nanoparticles. Nanogaps can also be observed at the rough surface of the bimetallic
nanoparticles (shown by the green circles). Rough surface and nanogaps can be attributed to
the galvanic reaction process [17,22]. The average diameter of bimetallic nanoparticles was
estimated as ~32 + 2 nm and the concentration of bimetallic nanoparticles was estimated
as ~2.8 x 10 cm 3.

Increasing the amount of HAuCly does not only increase the amount of gold but
also induces aggregation, shown in Figure 3. Slight aggregation appears when 60 pL and
80 uL of HAuCly were added separately (Figure 3a,b). Some nanoparticles clump and
produce larger nanoparticles. More aggregation is observed after adding 100 pL of HAuCly
(Figure 3c). The largest aggregation of nanoparticles occurs when 120 pL of HAuCly was
added to the silver nanoparticles (Figure 3d). Aggregation of silver-gold nanoparticles can
reduce scattering, one of the important factors to develop random lasers. Thus, we applied
silver-gold nanoparticles that were titrated with 40 pL. of HAuCly for the random laser
experiment.
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Enlarged view

Figure 2. TEM images of silver nanoparticles (1.1 x 10" em~3) (a) before centrifugation with a scale
bar of 100 nm and (b) after centrifugation for 1 h (10x dilution) with a scale bar 200 nm. From that
Figure, the size of nanoparticles was estimated as ~30 £ 2 nm. (¢) TEM images of rough silver-gold
bimetallic nanoparticles (2.8 x 100 cm—3) with a scale bar of 50 nm. The enlarged view of a silver
nanoparticle and a rough bimetallic nanoparticle shown are also shown in the Figure. The green
circles show the nanogaps. 40 uL of HAuCl, was used in the sample shown in Figure 2c.

= - a3 e

Figure 3. TEM images of bimetallic nanoparticles with various amount of HAuCly; (a) 60 puL,
(b) 80 uL, (c) 100 puL and (d) 120 puL with a scale bar of 100 nm. The aggregation is shown by blue
circles. The highest aggregation of nanoparticles occurs after adding 120 uL of HAuCly to the silver
nanoparticles.
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Besides TEM, Zetasizer (Malvern Instrument, Malvern, UK) is also used to observe the
size distribution of silver-gold bimetallic nanoparticles. Figure 4 shows the size distribution
of silver nanoparticles and silver-gold bimetallic nanoparticles where the estimated size of
the nanoparticles is similar with TEM method. Uniform size of silver nanoparticles and
slight larger size of silver-gold nanoparticles are observed. We attribute that to the effect of
titrating HAuCly inside the silver nanoparticles solution.

100
80 4 silver nanoparticles
— + silver-gold bimetallic nanoparticles
=X 60 A
3 1\
g e
Z 404 | \
|
20 i
/ \
L
0 — 7=

10 15 20 25 30 35 40 45 50
Size(nm)
Figure 4. Size distribution of silver nanoparticles and silver-gold nanoparticles. 40 uL of HAuCly
was used in the sample.

The scattering mean-free paths of silver and bimetallic nanoparticles, [; are estimated
as ~446 cm and ~298 cm, based on I; = 1/(pc) [4,23-26] where p and o refer to the number
density of scatterers and scattering cross section, respectively. o5 for silver and rough
bimetallic nanoparticles are estimated as ~8 x 1074 cm? and ~1.2 x 107! cm? at the
optical wavelength of A~600 nm calculated from Mie theory [25,27-31]. As s >> L (sample
size ~3 mm), the random lasers are in the weakly scattering regime [5,32].

2.5. Optical Measurement

The absorption and fluorescence spectra were measured using a Cary spectrophotome-
ter (Varian, Belrose, Australia) and Fluorolog (Horiba Jobin Yvon, Middlesex, NJ, USA)
spectrofluorometer. For random laser measurements (Figure 5), the samples were excited
with a Q-switched, frequency-doubled Nd:YAG laser (532 nm, 10 Hz, 4 ns) with a 3 mm
diameter excitation spot size at the sample (L) at an angle of 45° to the normal to the front
face of the cuvette and the emission light was collected from the front face of the cuvette
at 30° to the normal by a lens (f = 5 cm) and measured by a fibre-coupled spectrometer
(Ocean Optics Spectrometer (USB2000+UV-VS-ES) with a resolution ~1 nm). A thin teflon
sheet inside the cuvette prevented back-reflection from the cuvette’s faces and a 532 nm edge
filter blocked residual pump light from the spectrometer. Rhodamine 640 (1 x 10~* M) was
added to the rough bimetallic nanoparticle solution in a quartz cuvette (1 cm x 1 cm) for
random laser studies.
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Figure 5. Random laser measurement.

3. Results in Optics and Discussion
3.1. Absorption and Fluorescence Spectra of Samples

Figure 6 compares the extinction spectra of silver and silver-gold bimetallic nanoparti-
cles and the absorption and fluorescence spectra of Rhodamine 640. When Au atoms are
deposited on the surface of the silver, the silver plasmon resonance peak shifts from 410 nm
(orange curve) to 560 nm and broadens (red dash dot), leading to a more effective overlap
of the spectra of bimetallic nanoparticles with the pump laser wavelength, absorption, and
fluorescence of Rhodamine 640 (Rh640). The overlap may result in coupling between metal
and fluorophores and hence localization of the pump light [33].

Normalized Absorption/
emission intensity Extinction (A.U)
1.0 Fluorescence of Rh640 05
= Extinction of silver nps "x e
- Extinction of silver-gold nps :
- Absorption of Rh640 oo
0.8 A - 0.4
0.6 - PR 0.3
1 Vo
~
0.4 4 ! \- 0.2
~ s M A
- - v - / Ao
0.2 4 / N - - 0.1
/s i AN
- ; -
_—— - ~—1 N
0.0 T T T T < —— T T 0.0
350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 6. Extinction spectra of silver and bimetallic nanoparticles (nps) and absorption and fluores-
cence spectrum of Rhodamine 640: Extinction spectrum of silver (orange curve); extinction spectrum
of rough bimetallic nanoparticles (red dash dot curve); absorption of Rhodamine 640 (purple dash
curve) and fluorescence spectrum of Rhodamine 640 (dark blue dot curve). The vertical line (dark
green) indicates the pump laser wavelength. Bimetallic nanoparticles were prepared by adding 40 uL
of HAuCly.

3.2. Random Laser Properties

Figure 7a,b present the emission spectra of Rh640 random lasers with silver nanopar-
ticles and with bimetallic nanoparticles, respectively. We observe distinctive spectral
narrowing for the Rh640/bimetallic random lasers (Figure 7b).
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Figure 7. Emission spectra of (a) Rh640 (1 x 10~* M)/silver and (b) Rh640 (1 x 10~* M)/ rough
bimetallic random lasers.

Rh640/bimetallic random lasers exhibit a lasing threshold at ~53 mJ/ cm?, as estimated
from an increase of the emission peak intensity and a decrease of the emission linewidth
(75% of emission peak intensity) as shown in Figure 8. Meanwhile, Rh640/silver random
lasers only produce a linear increase of the emission peak intensity and a decrease of the
emission linewidth (Figure 8). The emission linewidth gradually decreases from 23 nm
to 15 nm for Rh640/silver random lasers while the emission linewidth decreases from
23 nm to 5 nm for Rh640/bimetallic random lasers. We observe an increase of the emission
peak intensity and a step decrease of the emission linewidth with the pump level for
Rh640/bimetallic random lasers. A sharp reduction of the emission linewidth indicates
the onset of the stimulated emission [34]. Here, we estimate the lasing threshold from
~52 mJ/cm? to 55 mJ/cm? when the emission peak intensity starts to increase substantially
and emission linewidth decreases from 12 nm to 5 nm (Figure 8). Rh640/bimetallic random
lasers exhibit a clear threshold with a decrease of emission linewidth due to the LSP effect
and the rough surface of bimetallic nanoparticles.

] @
5x10" A
By .
£ 4x10° £
3
9 L E
ke * Rh640 with silver nanoparticles =
2 3%10° - « Rh640 with silver-gold nanoparticles §
2 2
3 = 2 .
£ . 5 i
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0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Pump energy density(mJ/cm’) Pump energy density (mJ/cmZ)

Figure 8. (a) Emission peak intensity and (b) Emission linewidth at 75% of emission peak intensity
as a function of pump energy density for Rh640 (1 x 10~* M)/silver and Rh640/bimetallic random
lasers. The lasing threshold is estimated when the emission peak intensity increases substantially
with the pump level or when the emission linewidth drops significantly as indicated by the brown
line. Error bars show the fluctuation of the emission intensity and linewidth for ten readings from
Ocean Optics Spectrometers.
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Spectral narrowing and lasing threshold are evidence of random lasing with incoherent
feedback [32,35]. The Rh640/bimetallic random lasers exhibit these characteristics due to
two factors: (1) plasmon effects and (2) surface roughness.

(1) Silver nanoparticles have a surface plasmon band within range 350 nm to 500 nm
with a plasmon peak at ~410 nm (Figure 6) and this leads to almost negligible plasmon
effects on the fluorescence spectrum of Rhodamine 640 whereas the plasmon resonance
peak of the bimetallic nanoparticles red-shifts and broadens. The scattering mean-free path
of the silver nanoparticle solution, I;~446 cm at A~600 nm indicates the weakly scatter-
ing regime [5,32] with less scattering. With insufficient scattering and almost negligible
plasmon effects to increase the gain, no random lasing is observed for the Rh640/silver
nanoparticles. In contrast, the bimetallic nanoparticles have a plasmon band in the visible
range which overlaps effectively with the absorption and fluorescence of Rh640 and gives
plasmonic enhancement to the Rh640/bimetallic nanoparticle random lasers. Though the
bimetallic nanoparticles are in the weakly scattering regime (I;~298 nm at A~600 nm) [5,32],
the plasmon effects can compensate for the weak scattering and produce effective ran-
dom lasing.

(2) Silver nanoparticles with smooth surfaces (Figure 2b) are compared to the bimetallic
nanoparticles with rough, porous surfaces (Figure 2c). The roughness of the bimetallic
nanoparticles is due to gold atoms attached to the silver surface. The dye molecules can be
concentrated near the nanogaps and the nanogaps form energy “hotspot” which increase
the local electromagnetic field [5]. The increase of electromagnetic field may enhance the
optical gain that is important for light amplification.

Studies of sensors and light sources based on random lasers are developing very
fast. Recent research includes the usage of silver nanoparticles and polymer film on fiber
facet [36], whispering-gallery mode lasers [37], fabricating random laser-based humidity
sensor by using polymer membrane doped with silver nanoparticles [38] and tunable
coherent light source based on metal halide perovskites [39]. Thus, we believe that this
research is useful for studies of sensing and light sources due to its simple experimental set
up, structure and flexible design. Figure 3 shows that we can control the shape and size of
nanoparticles by varying amount of HAuCly. However, further studies are needed to gain
better control of random laser properties.

4. Conclusions

In conclusion, rough silver-gold bimetallic nanoparticles were created for random
laser. The nanoparticles consist of silver nanoparticles with gold atoms deposited on the
surface of the silver (Ag) through galvanic replacement reactions. Silver nanoparticles
were synthesized using citrate-reduction method and gold (III) chloride trihydrate was
added result in roughness and nanogaps on the surface of silver nanoparticles. Charac-
terization was done using TEM where the TEM image of silver nanoparticles and rough
bimetallic nanoparticles can be compared. EDX and Zetasizer were also applied to observe
the percentage of gold on silver nanoparticles and the size distribution of nanoparticles,
respectively. The proposed rough bimetallic nanoparticles in Rh640 solution show a ran-
dom lasing threshold with a higher emission intensity and a narrower emission linewidth
compared to silver nanoparticles in Rh640 solution which is due to plasmon effects and
surface roughness. The electromagnetic field can be enhanced when the dye molecules
concentrate near the metal surface. All samples are in the weakly scattering regime. Thus,
we attribute the spectral narrowing to surface plasmon effects, where the local electric
field is enhanced near the surface of silver nanoparticles, leading to enhanced gain in the
system. The rough surfaces with nanogaps also can trap dye molecules to increase the
electromagnetic field that eventually increase the gain. The enhanced gain can compensate
for the reduced scattering that occurs in the weakly scattering regime, to produce better
properties of random lasers. In future, laser sources and sensing based on random laser
can be developed using the proposed bimetallic nanoparticles.



Nanomaterials 2022, 12, 607 10 of 11

Author Contributions: Synthesis, methodology and original draft preparation, W.Z.W.I. and super-
vision, project administration and funding acquisition, ].M.D. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by ARC Centre of Excellence Program, Centre for Ultrahigh
bandwidth Devices for Optical Systems (CUDOS) and MQ Photonics, Macquarie University and the
article processing charge was funded by Universiti Sains Islam Malaysia (USIM).

Data Availability Statement: All data are reported in this article.

Acknowledgments: We acknowledge funding and support from Ministry of Higher Education
(MOHE), Malaysia, grant number “FRGS/1/2021/WAB02/USIM/02/1”. We also acknowledge
Australia Endeavour Award (first author,) Faculty of Science and Engineering, Macquarie University
and Faculty of Engineering and Built Environment, Universiti Sains Islam Malaysia for physical
support. Special thanks to Nur Ain Insyirah Muhamad Kamil for helping the authors in preparing
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Zhou, N.; Li, J.; Wang, S.; Zhuang, X.; Ni, S.; Luan, F; Wu, X,; Yu, S. An Electrochemical Sensor Based on Gold and Bismuth
Bimetallic Nanoparticles Decorated L-Cysteine Functionalized Graphene Oxide Nanocomposites for Sensitive Detection of Iron
Ions in Water Samples. Nanomaterials 2021, 11, 2386. [CrossRef] [PubMed]

Zhigarkov, V.; Volchkov, L.; Yusupov, V.; Chichkov, B. Metal Nanoparticles in Laser Bioprinting. Nanomaterials 2021, 11, 2584.
[CrossRef]

Meng, X.; Fujita, K.; Murai, S.; Matoba, T.; Tanaka, K. Plasmonically Controlled Lasing Resonance with Metallic—Dielectric
Core—Shell Nanoparticles. Nano Lett. 2011, 11, 1374-1378. [CrossRef] [PubMed]

Meng, X.; Fujita, K.; Moriguchi, Y.; Zong, Y.; Tanaka, K. Metal-Dielectric Core-Shell Nanoparticles: Advanced Plasmonic
Architectures Towards Multiple Control of Random Lasers. Adv. Opt. Mater. 2013, 1, 573-580. [CrossRef]

Shi, X.; Wang, Y.; Wang, Z.; Sun, Y.; Liu, D.; Zhang, Y.; Li, Q.; Shi, ]. High performance plasmonic random laser based on nanogaps
in bimetallic porous nanowires. Appl. Phys. Lett. 2013, 103, 23504. [CrossRef]

Loza, K.; Heggen, M.; Epple, M. Synthesis, Structure, Properties, and Applications of Bimetallic Nanoparticles of Noble Metals.
Adv. Funct. Mater. 2020, 30, 1909260. [CrossRef]

Sznitko, L.; Cyprych, K.; Szukalski, A.; Miniewicz, A.; Mysliwiec, J. Coherent-incoherent random lasing based on nano-rubbing
induced cavities. Laser Phys. Lett. 2014, 11, 045801. [CrossRef]

Chen, Y.; Herrnsdorf, J.; Guilhabert, B.J.E.; Zhang, Y.; Watson, I.; Gu, E.; Laurand, N.; Dawson, M. Colloidal quantum dot random
laser. Opt. Express 2011, 19, 2996-3003. [CrossRef]

Shi, X.; Wang, Y.; Wang, Z.; Wei, S.; Sun, Y.; Liu, D.; Zhou, J.; Zhang, Y.; Shi, ]. Random Lasing with a High Quality Factor over the
Whole Visible Range Based on Cascade Energy Transfer. Adv. Opt. Mater. 2013, 2, 88-93. [CrossRef]

Wang, Z.; Shi, X.; Wei, S.; Sun, Y.; Wang, Y.; Zhou, J.; Shi, J.; Liu, D. Two-threshold silver nanowire-based random laser with
different dye concentrations. Laser Phys. Lett. 2014, 11, 095002. [CrossRef]

Rodriguez-Fernandez, J.; Funston, A.M.; Pérez-Juste, J.; Alvarez-Puebla, R.A.; Liz-Marzan, L.M.; Mulvaney, P. The effect of
surface roughness on the plasmonic response of individual sub-micron gold spheres. Phys. Chem. Chem. Phys. 2009, 11, 5909-5914.
[CrossRef] [PubMed]

Liao, J.; Zhan, Y.; Liu, Q.; Hong, R.; Tao, C.; Wang, Q.; Lin, H.; Han, Z.; Zhang, D. Tunable surface plasmon resonance of Al-Cu
bimetallic nanoparticles thin films induced by pulsed-laser. Appl. Surf. Sci. 2020, 540, 148397. [CrossRef]

Debela, S.; Mesfin, B.; Senbeta, T. Surface plasmon resonances in ellipsoidal bimetallic nanoparticles. Photonics Nanostructures-
Fundam. Appl. 2019, 33, 48-54. [CrossRef]

Ge, K.; Guo, D.; Ma, X;; Xu, Z.; Hayat, A.; Li, S.; Zhai, T. Large-Area Biocompatible Random Laser for Wearable Applications.
Nanomaterials 2021, 11, 1809. [CrossRef] [PubMed]

Yadav, A.; Zhong, L.; Sun, J.; Jiang, L.; Cheng, G.]J.; Chi, L. Tunable random lasing behavior in plasmonic nanostructures. Nano
Converg. 2017, 4, 601. [CrossRef] [PubMed]

La Spina, R.; Mehn, D.; Fumagalli, F.; Holland, M.; Reniero, E; Rossi, F; Gilliland, D. Synthesis of Citrate-Stabilized Silver
Nanoparticles Modified by Thermal and pH Preconditioned Tannic Acid. Nanomaterials 2020, 10, 2031. [CrossRef]

Au, L; Lu, X;; Xia, Y. A Comparative Study of Galvanic Replacement Reactions Involving Ag Nanocubes and AuCI2—or AuCl4—.
Adv. Mater. 2008, 20, 2517-2522. [CrossRef]

Yi, J.; Feng, G.; Yang, L.; Yao, K.; Yang, C.; Song, Y.; Zhou, S. Behaviors of the Rh6G random laser comprising solvents and
scatterers with different refractive indices. Opt. Commun. 2012, 285, 5276-5282. [CrossRef]


http://doi.org/10.3390/nano11092386
http://www.ncbi.nlm.nih.gov/pubmed/34578702
http://doi.org/10.3390/nano11102584
http://doi.org/10.1021/nl200030h
http://www.ncbi.nlm.nih.gov/pubmed/21341734
http://doi.org/10.1002/adom.201300153
http://doi.org/10.1063/1.4813558
http://doi.org/10.1002/adfm.201909260
http://doi.org/10.1088/1612-2011/11/4/045801
http://doi.org/10.1364/OE.19.002996
http://doi.org/10.1002/adom.201300299
http://doi.org/10.1088/1612-2011/11/9/095002
http://doi.org/10.1039/b905200n
http://www.ncbi.nlm.nih.gov/pubmed/19588012
http://doi.org/10.1016/j.apsusc.2020.148397
http://doi.org/10.1016/j.photonics.2018.11.007
http://doi.org/10.3390/nano11071809
http://www.ncbi.nlm.nih.gov/pubmed/34361195
http://doi.org/10.1186/s40580-016-0095-5
http://www.ncbi.nlm.nih.gov/pubmed/28191445
http://doi.org/10.3390/nano10102031
http://doi.org/10.1002/adma.200800255
http://doi.org/10.1016/j.optcom.2012.06.094

Nanomaterials 2022, 12, 607 11 of 11

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.

30.
31.
32.
33.
34.

35.
36.

37.

38.

39.

Ismail, W.Z.W.; Hurot, C.; Dawes, J. Properties of Random Lasers in a hollow core photonic crystal fiber. Laser Phys. 2020, 30,
035002. [CrossRef]

Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape,
and Dielectric Environment. J. Phys. Chem. B 2003, 107, 668—677. [CrossRef]

Deng, W.; Jin, D.; Drozdowicz-Tomsia, K.; Yuan, J.; Wu, J.; Goldys, E.M. Ultrabright Eu-Doped Plasmonic Ag@SiO2 Nanos-
tructures: Time-gated Bioprobes with Single Particle Sensitivity and Negligible Background. Adv. Mater. 2011, 23, 4649-4654.
[CrossRef] [PubMed]

Chee, S.W.; Tan, S.E; Baraissov, Z.; Bosman, M.; Mirsaidov, U. Direct observation of the nanoscale Kirkendall effect during
galvanic replacement reactions. Nat. Commun. 2017, 8, 1224. [CrossRef] [PubMed]

Luan, E; Gu, B.; Gomes, A.S.; Yong, K.-T.; Wen, S.; Prasad, PN. Lasing in nanocomposite random media. Nano Today 2015, 10,
168-192. [CrossRef]

Letokhov, V.S. Stimulated Emission of an Ensemble of Scattering Particles with Negative Absorption. J. Exp. Theor. Phys. Lett.
1967, 5, 212.

Van De Hulst, H.C.; Twersky, V. Light Scattering by Small Particles; Dover Publications: New York, NY, USA, 1981.

Meng, X.; Fujita, K.; Murai, S.; Tanaka, K. Coherent random lasers in weakly scattering polymer films containing silver
nanoparticles. Phys. Rev. A At. Mol. Opt. Phys. 2009, 79, 053817. [CrossRef]

Chylek, P.; Zhan, J. Absorption and scattering of light by small particles: The interference structure. Appl. Opt. 1990, 29, 3984.
[CrossRef] [PubMed]

Bohren, C.F.; Huffman, D.R. Absorption and Scattering of Light by Small Particles; John Wiley & Sons: Hoboken, NJ, USA, 2008.
Cox, A.J.; Deweerd, A.].; Linden, J. An experiment to measure Mie and Rayleigh total scattering cross sections. Am. J. Phys. 2002,
70, 620-625. [CrossRef]

Nakamura, T.; Sonoda, S.; Adachi, S. Plasmonic control of ZnO random lasing characteristics. Laser Phys. Lett. 2013, 11, 016004.
[CrossRef]

Scott, P. Mie Scattering Calculator. Available online: http://omlc.org/calc/mie_calc.html (accessed on 11 October 2021).

Cao, H. Lasing in random media. Waves Random Media 2003, 13, R1-R39. [CrossRef]

Ismail, W.Z.W.; Vo, T.P,; Goldys, E.M.; Dawes, ]. M. Plasmonic enhancement of Rhodamine dye random lasers. Laser Phys. 2015,
25,85001. [CrossRef]

Kitur, J.; Zhu, G.; Bahoura, M.; Noginov, M.A. Dependence of the random laser behavior on the concentrations of dye and
scatterers. J. Opt. 2010, 12, 024009. [CrossRef]

Wiersma, D.S. The physics and applications of random lasers. Nat. Phys. 2008, 4, 359-367. [CrossRef]

Shi, X; Ge, K.; Tong, ]. H.; Zhai, T. Low-cost biosensors based on a plasmonic random laser on fiber facet. Opt. Express 2020, 28,
12233-12242. [CrossRef] [PubMed]

Toropov, N.; Cabello, G.; Serrano, M.P,; Gutha, R.R.; Rafti, M.; Vollmer, F. Review of biosensing with whispering-gallery mode
lasers. Light. Sci. Appl. 2021, 10, 42. [CrossRef] [PubMed]

Tong, J.; Shi, X.; Wang, Y.; Han, L.; Zhai, T. Flexible plasmonic random laser for wearable humidity sensing. Sci. China Inf. Sci.
2021, 64, 222401. [CrossRef]

Kao, TS.; Hong, Y.-H.; Hong, K.-B.; Lu, T.-C. Perovskite random lasers: A tunable coherent light source for emerging applications.
Nanotechnology 2021, 32, 282001. [CrossRef] [PubMed]


http://doi.org/10.1088/1555-6611/ab65c1
http://doi.org/10.1021/jp026731y
http://doi.org/10.1002/adma.201102027
http://www.ncbi.nlm.nih.gov/pubmed/21913234
http://doi.org/10.1038/s41467-017-01175-2
http://www.ncbi.nlm.nih.gov/pubmed/29089478
http://doi.org/10.1016/j.nantod.2015.02.006
http://doi.org/10.1103/PhysRevA.79.053817
http://doi.org/10.1364/AO.29.003984
http://www.ncbi.nlm.nih.gov/pubmed/20577327
http://doi.org/10.1119/1.1466815
http://doi.org/10.1088/1612-2011/11/1/016004
http://omlc.org/calc/mie_calc.html
http://doi.org/10.1088/0959-7174/13/3/201
http://doi.org/10.1088/1054-660X/25/8/085001
http://doi.org/10.1088/2040-8978/12/2/024009
http://doi.org/10.1038/nphys971
http://doi.org/10.1364/OE.392661
http://www.ncbi.nlm.nih.gov/pubmed/32403721
http://doi.org/10.1038/s41377-021-00471-3
http://www.ncbi.nlm.nih.gov/pubmed/33637696
http://doi.org/10.1007/s11432-020-3141-3
http://doi.org/10.1088/1361-6528/abe907
http://www.ncbi.nlm.nih.gov/pubmed/33621968

	Introduction 
	Synthesis, Characterization and Optical Measurement 
	Synthesis of Silver Nanoparticles 
	Synthesis of Rough Silver-Gold Bimetallic Nanoparticles 
	Characterization of Bimetallic Nanoparticles Using Energy Dispersive X-ray Analysis (EDX) 
	Characterization of Bimetallic Nanoparticles Using Transmission Electron Microscopy (TEM) and Zetasizer 
	Optical Measurement 

	Results in Optics and Discussion 
	Absorption and Fluorescence Spectra of Samples 
	Random Laser Properties 

	Conclusions 
	References

