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Volume-dependent catalytic efficiency of highly
durable Au@Ag—-Pt core@multi-shell nanoparticles

in methylene blue reduction

Hu-Jun Lee,

3 Anh Thi Ngoc Dao*c and Kenji Kaneko*?

Monodispersed spherical Au@Ag-Pt core@multi-shell nanoparticles were synthesized using a co-
reduction method that integrates galvanic replacement with a versatile reducing agent. Their
nanostructure was thoroughly characterized using scanning transmission electron microscopy and

energy-dispersive X-ray spectroscopy. The average diameter of the Au core was 18 nm, while the Pt

granules within the shell region measured approximately 2.1 nm, with the Ag—Pt shell having an average

thickness of 3.3 nm. The catalytic activity of these nanoparticles was evaluated by the reduction of
methylene blue dye in the presence of NaBH,4, monitored by ultraviolet-visible spectrophotometry. The
mass-to-charge ratio peaks of the reduced dye were further quantified using electrospray ionization

mass spectrometry. A representative pseudo-first-order rate constant of 5.924 min~

! was calculated.

Moreover, the nanoparticles maintained over 99% catalytic efficiency even after six consecutive cycles of
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methylene blue reduction and after six months of storage, with no significant changes in their

nanostructure. These results demonstrate the nanoparticles' excellent stability, reusability, and durability.
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rsc.li/rsc-advances

1. Introduction

Water pollution remains one of the most critical life-
threatening environmental challenges, posing serious short-
and long-term threats to human health, including liver and
kidney damage, cancer, and other serious diseases.' It also
endangers ecological safety and biodiversity.> Extensive
research has been actively conducted to detoxify water pollution
sources caused by polycyclic aromatic hydrocarbons (PAHs),
such as methylene blue (MB) and methylene orange.*®* MB,
a highly toxic azo dye with the molecular formula C;6H;3CIN;S,
contains a benzene ring that imparts redox activity.>** Despite
its hazardous nature, MB is widely used in industries for dyeing
products such as textiles, paper, and leather. Consequently,
a vast quantity of MB-containing wastewater is discharged into
rivers, soil, and marine environments without adequate treat-
ment, contributing to severe environmental contamination."
Hence, developing a facile, cost-effective, efficient, and
environmentally friendly method to eradicate these PAHs from
wastewater remains a formidable challenge. Numerous
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Therefore, Au@Ag—Pt core@multi-shell nanoparticles synthesized via this co-reduction approach show
strong potential for practical applications in wastewater treatment involving azo dye reduction.

strategies have been proposed for the removal of MB dye from
industrial effluents, which can be broadly classified into phys-
ical, biological, and chemical approaches, as summarized in
Table 1. Physical methods include using carbon nanotubes,"?
activated carbon,™ zeolites,” metal-organic frameworks
(MOF),” and membrane filtration."® Biological approaches
primarily involve biodegradation processes,'” while chemical
methods encompass ion exchange resins,*® photodegradation,*
chemical oxidation,* and catalytic reduction.*

Among the various approaches, catalytic reduction using
nanoparticles (NPs) has gained considerable attention due to its
cost-effectiveness,” high reduction efficiency,” and environ-
mental sustainability,”* compared to many other conventional
methods.”*** The exceptional catalytic properties of NPs are
primarily attributed to their high surface-to-volume ratio, the
abundance of active surface atoms, and their unique electronic
structures compared to their bulk form.>® These characteristics
enable enhanced interaction with target molecules, making NPs
highly effective for pollutant degradation in wastewater treat-
ment applications.

In particular, the design of novel NPs plays a crucial role in
enhancing the catalytic reduction of MB dye.*® Catalytic mate-
rials for NPs can generally be classified into two types: non-
noble metals, such as metal oxides®*” and sulfides,*=* and
noble metals including Au,** Ag,* Pt,*®* and Pd.”® Extensive
studies have focused on developing cost-effective and highly
active non-noble metal catalysts, such as Ni/graphene,** CoB,**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Advantages and disadvantages of various methods for removing the MB dye

Methods Example Advantages Disadvantages Ref.
Physical Carbon nanotube No toxic byproducts High cost 7 and 13-16
Activated carbon Frequent blockage
Time-consuming
Zeolites Complete removal High maintenance cost
MOF
Membrane filtration
Biological Biodegradation Environmental-friendly Low reduction efficiency 17
Incomplete removal
No toxic byproducts Time-consuming
Low cost
Chemical Ion exchange resin Low cost Time-consuming 18
Simple fabrication High maintenance cost
Photodegradation Environmental-friendly Incomplete removal 19

Low cost

No toxic byproducts
Chemical oxidation

Complete removal

Catalytic reduction No toxic byproducts

Renewable sources (sunlight)

Difficulty in reuse

Time-consuming

Nonbiodegradable byproducts 20
Expensive operating setups

Comparatively slow reduction

High cost of noble metal NPs 21

High reduction efficiency
Environmental-friendly

NiB.** While these materials offer economic advantages and
show promising catalytic activity, as outlined in Table 2,573
their catalytic efficiency remains insufficient for commercial-
scale applications. Additionally, their low oxidation resistance
leads to poor long-term stability. In contrast, noble metal NPs
are highly valued for their exceptional stability, superior cata-
lytic performances, and robust oxidation resistance. These
attributes allow for reduced material usage without compro-
mising efficiency, making them attractive candidates for
sustainable and reliable wastewater treatment technologies.
Various noble monometallic NPs, including Au,** Ag,** Pt,*
and Pd,” have been widely used to enhance the reduction of
nitrophenols and azo dyes.’” However, these monometallic NPs
are thermodynamically unstable due to their high surface
energy, which often causes them to agglomerate and to coalesce
during the catalytic reactions. Such structural transformations
at the nanoscale often lead to a significant decline in both
catalytic activity and selectivity. In contrast, multi-metallic NPs

offer enhanced stability, allowing them to maintain catalytic
performance over extended periods.*® For example, Omar et al.
demonstrated that Au/Ag bimetallic NPs exhibit broadened
absorption bands across a wider wavelength compared to
monometallic counterparts, thereby improving catalytic
performance in the reduction of MB.** Similarly, Ma et al. re-
ported that Au/Pt nanotriangles with rough surfaces and hollow
structures exhibit enhanced photocatalytic activity in reducing
p-nitrophenol.* Moreover, trimetallic NPs have demonstrated
various advantages, including improved catalytic activity in
Au@AgPd NPs,* enhanced antibacterial properties in CuZnFe
NPs,*? extended stability in PtNiCo NPs,*® and superior selective
detectability in Au@PtPd NPs.*

In this study, spherical Au@Ag-Pt NPs with core@multi-
shell structure were synthesized using the co-reduction
method. Their structural and compositional characteristics
were thoroughly analyzed using transmission electron micros-
copy (TEM), high-resolution transmission electron microscopy

Table 2 Catalytic efficiency and cost of NPs of non-noble metal NPs for reducing azo dyes

Cost of used Concentration Reduction efficiency

No. Catalyst Usage quantity of azo dye after 6th cycle K (min™?) Ref.

1 NiO 20 mg $0.0045 MB, 0.03 mM 86% 0.552 27

2 TiO, 100 mg — MB, 1 mM 79% 0.115 8
MO, 1 mM — 0.058

3 BiMnOS 10 mg $0.0052 MB, 0.14 mM — 0.283 28
4-NP, 0.14 mM 90.6% 0.351

4 CeCoOS 10 mg $0.006 4-NP, 0.14 mM 97.5% 0.325 29

5 CuSnOS 10 mg $0.0057 MB, 1 mM — 0.721 30
RhB, 1 mM 92.3% 1.148

6 CuMoOS 10 mg $0.0082 MB, 0.14 mM — 0.524 31
4-NP, 0.14 mM 96% 0.753

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(HRTEM), and high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) with energy
dispersive X-ray spectroscopy (EDS). The catalytic activities of
the Au@Ag-Pt NPs were investigated using UV-visible (UV-vis),
double-beam spectrophotometry and electrospray ionization
mass spectrometry (ESI-MS). These techniques enabled precise
monitoring of the dye degradation process and provided
insights into the reaction kinetics and efficiency of the synthe-
sized nanocatalysts.

2. Experimental

2.1. Samples

Gold(m) chloride trihydrate (HAuCl,-3H,O, =99.9% trace
metals basis, Sigma-Aldrich), silver nitrate solution 0.02 M
(AgNOs, Sigma-Aldrich), chloroplatinic acid solution (8 wt%,
H,PtCls, Sigma-Aldrich), sodium citrate tribasic dihydrate
(NazCeH505-2H,0, =99%, Wako Pure Chemical Industries),
sodium borohydride (NaBH,, 99%, Wako Pure Chemical
Industries), and methylene blue (C;6H;5CIN;S-3H,0, 98.5%,
Wako Pure Chemical Industries) were purchased and used
without further modification. Deionized water (18.2 MQ) was
used for all reactions.

2.2. Synthesis of Au@Ag-Pt core@multi-shell NPs

The Au@Ag-Pt core@multi-shell NPs were synthesized using
the co-reduction method, a combination of galvanic replace-
ment reaction and a versatile reducing agent.* Initially, HAuCl,
(20 mM, 0.74 mL) was reduced to form Au NPs using 2.4 mL of
20 mM aqueous trisodium citrate (Naz;CsHs0;) under a reflux

View Article Online
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condition for 60 min. Subsequently, the Ag-shell was grown on
the Au NPs by adding 0.88 mL of 20 mM aqueous AgNO; into
the reaction with additional sodium citrate (20 mM, 1.1 mL) and
reacted for 20 min. Finally, H,PtClg (20 mM, 0.74 mL) was
added, and the reaction continued under the same conditions
for another 60 min. All reactions were carried out in one pot,
under Ar flow (100 mL min ™).

2.3. Nanostructural characterizations

The size and shape of the Au@Ag-Pt core@multi-shell NPs were
analyzed by transmission electron microscopy (TEM, JEM-
2100HC) operated at acceleration voltages of 200 kv. Struc-
tural information of these NPs was obtained through the
selected area electron diffraction pattern (SAEDP). Furthermore,
high-angle annular dark-field (HAADF) imaging was conducted
by scanning transmission electron microscopy (STEM; JEOL
ARM-200F) to confirm the presence of Ag and Pt in the multi-
shell region. Elemental distribution maps from NPs were
acquired using a combination of STEM and energy-dispersive X-
ray spectroscopy (EDS) analyses.

2.4. Catalytic activity study

The catalytic activities of Au@Ag-Pt NPs were investigated by
measuring the reduction of MB dye by sodium borohydride
(NaBH,). 5 mL of MB (0.1 mM) dye and 0.5 mL of NaBH, (0.05
M) solutions were mixed, followed by the addition of solution
with Au@Ag-Pt NPs (0.10, 0.20, 0.30, 0.35, 0.40 mL, 0.01 mM).
All reactions were performed in a 25 mL glass vial under
atmospheric conditions with magnetic stirring to ensure

homogeneous mixing. UV-visible double-beam

MB (5 mL) + NaBH, (0.5 mL)

0.4 mL of solution 0.85.gof NPS

with NPs

Washing by centrifugation

DI water + NPs
(1.5 mL)

Reduction of MB

MB + NaBH, + NPs
(5.5 mL)

LMB + NPs
(5.5 mL)

Remove LMB by centrifugation

DI water (4 mL)

LMB + NPs
(1.5 mL)

LMB + NPs
(5.5 mL)

Fig. 1 A schematic diagram of cycle tests of 0.4 mL of solution with NPs.
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spectrophotometer (UV-vis spectrophotometer, JASCO, V-670)
was used to monitor the reaction progress by recording the
time-dependent UV-vis absorption spectra of the mixtures at
664 nm in a quartz cuvette (path length 1 mm). For comparison,
a similar procedure was carried out to examine the reduction of
MB dye by NaBH, without NPs. Scanning of various samples
was performed in the range of 200-800 nm at room temperature
25 °C, and the reduction efficiency was measured using the
following equation:
. - Ao — Ar

Reduction efficiency of MB dye [%] = 4 x 100 (1)
where A, represents the initial absorbance of MB dye before the
reaction, while A¢ is the final absorbance of MB dye after the
reaction.

In this catalytic process, the concentration of NaBH, was
excessive compared to the amount of MB dye, causing the
reaction to follow pseudo-first-order kinetics (molar ratios of
NaBH, : MB = 50: 1). Therefore, the reaction rate was measured
using pseudo-first-order kinetics to evaluate the catalytic
activity efficiency of the Au@Ag-Pt NPs, and the apparent rate
constant, k, was obtained using the following equation:

kt = —In (j;;) (2)

Fig. 2
corresponding to (c).
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where, A, denotes the absorbance of characteristic peaks of
MB at reaction time ¢. In addition, the 0.4 mL of solution with
NPs were dried on a hot plate (120 °C), yielding 0.85 mg of
NPs, as shown in Fig. 1. UV-vis data was performed across six
reaction cycles, and ESI-MS to evaluate the stability and
reusability of the NPs. The durability of NPs was also exam-
ined by the UV-vis studies after storage for six months at
room temperature (25 °C) under atmospheric conditions,
during which three independent stability tests were carried
out to confirm the long-term preservation of their catalytic
performance.

2.5. Quantification of LMB by ESI-MS

The leuco-MB (LMB) generated by the reduction of MB was
identified using a high-resolution quadrupole time-of-flight
mass spectrometer (QTOF-MS, micrOTOF-Q III, Bruker, USA).
The ESI source in the positive mode helps separate MB and LMB
based on their mass-to-charge (m/z) ratio. A syringe pump with
a flow rate of 20 uL min~" was used to introduce the sample
solution into the ESI source for analysis, with the following
electrospray conditions: capillary voltage, 4500 V; nebulizer
pressure, 0.3 bar; drying gas temperature, 180 °C; N, drying gas,

4 L min~ %

30

Average diameter =
251246 £2.0 nm

20

10, {
OW;J N\

20 2 24 26 28 30
Sphere diameter [nm)]

Counts

(&,

Pt (111)
Pt (200)
Pt (220)

10 1/nm

(a) A representative TEM image, (b) the distribution of the average diameter of NPs, (c) HRTEM image of NPs, and (d) SAEDP image
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3. Results and discussion

3.1. Characterization of NPs

As shown in Fig. 2(a), the TEM image of the NPs reveals three
distinctive contrast regions. A relatively large dark core, sur-
rounded by a composed of dark granular features and bright
film-like layer. The average diameter of the NPs was measured
to be 24.6 + 2.0 nm as shown in Fig. 2(b).

The HRTEM image of a representative NP in Fig. 2(c) displays
lattice fringes corresponding to the Pt(111) plane within the
granular contrast region, as indicated by a black arrow. Due to
the nearly identical lattice spacings of the Au(111) and Ag(111),
Apy = 2.355 A and apg = 2.359 A, distinguishing between them
using HRTEM is challenging. Additionally, regions without
lattice fringes indicated by red arrows in Fig. 2(c), suggest the
presence of randomly distributed voids.

Selected-area electron diffraction patterns (SAEDPs), ob-
tained from the same region shown in Fig. 2(c), exhibit multiple
concentric ring characteristics of face-centered cubic (FCC)
structures, as shown in Fig. 2(d). The unlabeled rings in Fig. 2(d)
correspond to (111), (200), and (220) planes of either Au or Ag.

Annular bright-field (ABF) STEM imaging provides detailed
insights into the structural characteristics of the synthesized
Au@Ag-Pt NPs, confirming their core@multi-shell morphology,
as shown in Fig. 3. In low-magnification images, the central Au

10 nign)
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core appears dark due to its higher atomic number, while the
surrounding Ag-Pt multi-shell appears relatively lighter
contrast, as seen in Fig. 3(a) and (c). High-magnification images
reveal additional structural features, including internal voids
within the Ag-Pt multi-shell, as shown in Fig. 3(b) and (d).
These voids, attributed to the Kirkendall effect occurring during
synthesis, result from the unequal diffusion rates of metal
atoms. The presence of these voids is expected to enhance
catalytic performance by increasing the active surface area and
improving reactant accessibility to Pt catalytic sites.
ABF-STEM imaging further indicates that Ag and Pt do not
form a homogeneous alloy but instead create a distinct multi-
shell structure. This observation is supported by contrast vari-
ations within the shell region, as shown in Fig. 3(a) and (c). This
unique structural configuration is particularly significant, as it
ensures that Pt remains exposed at the surface, thereby maxi-
mizing its catalytic accessibility, while the Ag-Pt shell provides
mechanical stability. The strategic distribution of Pt granules
within the shell optimizes the usage of Pt, enhancing catalytic
activity. Moreover, the Ag-Pt multi-shell acts as a protective
barrier, shielding the Au core from direct exposure to the
reaction environment. This prevents core dissolution or struc-
tural degradation during repeated catalytic cycles. Furthermore,
the voids observed within the shell accommodate volumetric
changes during catalytic reactions, thereby preventing the

Fig. 3 Annular bright-field STEM images of NPs. (a and c) Low-magnification images and (b and d) high-resolution images.
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Fig. 4
and Pt L were pseudo-colored in red, green, and cyan, respectively.

collapse or aggregation of NPs. This structural adaptability
contributes to the long-term durability and reusability of the
Au@Ag-Pt NPs in practical applications.

High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM), combined with EDS, was
employed to analyze the elemental distribution of the synthe-
sized Au@Ag-Pt NPs, as shown in Fig. 4. Comparative analysis
of the images revealed lattice fringes corresponding to the
Ag(111) and Pt(111) planes within the shell region, as shown in
Fig. 4(a), with the outermost shell exhibiting a granular distri-
bution of Pt. The successful synthesis of A u@Ag-Pt core@multi-
shell NPs via the co-reduction method was conclusively
demonstrated through the elemental distribution maps, shown
in Fig. 4(b)-(d). These maps confirmed that the core composed
of Au, while the multi-shell was composed of a mixture of Ag
and Pt. The granular nature of Pt was further validated by the
elemental distribution map of Pt in Fig. 4(d), where red circles
highlighted the Pt granules distributed within the image.

3.2. UV-vis spectrophotometer analysis

The catalytic reduction performance of the Au@Ag-Pt NPs was
evaluated through the conversion of the MB into LMB, a less
toxic substance,’*® using NaBH, as the reducing agent. UV-vis
absorption spectra for MB dye reduction were recorded in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

(@) HAADF-STEM image, elemental distribution maps of (b) Au L, (c) Ag L, and (d) Pt L of Au@Ag—Pt core@multi-shell NPs where Au L, Ag L,

absence of both NPs and NaBH, to confirm the catalytic role of
Au@Ag-Pt NPs, as shown in Fig. 5(a) and (b). The UV-vis spec-
trum of the MB solution revealed characteristic absorption
peaks at 664 nm (w-1v*) and 612 nm (n-7*).* In the absence of
NPs, the reduction rate of the MB dye was notably slow, with the
characteristic peak at 664 nm peak remaining prominent even
after 60 minutes, as shown in Fig. 5(a). Similarly, in the absence
of NaBH,, the 664 nm absorption peak remained nearly
unchanged, indicating that no reduction occurred between MB
and Au@Ag-Pt NPs alone, as shown in Fig. 5(b). These findings
confirm that both NPs and NaBH, are essential for initiating
and sustaining the catalytic reduction of MB to LMB; with the
NPs serving as catalysts to activate the reaction. Further UV-vis
spectra were recorded using varying volumes of NPs, ranging
from 0.10 to 0.40 mL, to investigate the influence of NP
concentration on reaction kinetics, as shown in Fig. 5(c)-(g). In
all cases, the reduction reaction was completed within 1
minute, and a progressive decrease in the absorption peak at
664 nm was observed with increasing NP concentration, indi-
cating enhanced catalytic activity.

The reduction efficiency of MB dye increased progressively
with the higher concentration of Au@Ag-Pt NPs, as shown in
Fig. 5(h), (i), and S2. However, when the NP volume ranged
between 0.10 and 0.35 mL, the reduction of MB dye remained

RSC Adv, 2025, 15, 45928-45941 | 45933
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Fig. 5 The UV-vis absorption spectra illustrating the reduction of MB dye under different conditions: (a) without Au@Ag—Pt NPs, (b) without
NaBH, but with varying volumes of Au@Ag—Pt NPs: (c) 0.10 mL, (d) 0.20 mL, (e) 0.30 mL, (f) 0.35 mL, (g) 0.40 mL, and (h and i) the corresponding
reduction efficiency after 60 minutes.

incomplete due to an insufficient amount of catalyst.*® Notably,
the characteristic peak of LMB at 260 nm was absent in samples
with NP volumes between 0.10 and 0.30 mL, indicating
incomplete conversion. The reusability of the NPs was
confirmed through UV-vis measurements conducted over six

(@)

99.7% 99.4% 99.3% 99.3%

99.3% 99.3%

Reduction efficiency [%]

Reduction efficiency [%]

(b)

99.7% 99.0% 99.1% 99.2% 99.2% 99.1%

1 2 3 4

Cycle number

1 2 3 4 5 6
Cycle number

Fig. 6 Recycling activity of (a) 0.4 mL of solution with initial NPs and (b) after 6 months.

45934 | RSC Adv,, 2025, 15, 45928-45941

consecutive cycles of MB reduction, as shown in Fig. 6.
Remarkably, the catalytic efficiency remained above 99%, even
after six months of storage at room temperature (25 °C) under
ambient pressure, 1 atm. These results demonstrate excellent
stability, durability, and reusability of the Au@Ag-Pt NPs,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 A comparison of the catalytic activity of the NPs used in this experiment with those of other studies on the MB reduction reaction

Reduction efficiency

No. Catalyst Dye Reducing agent after 60 minutes K (min™") Ref.

1 Au@Ag-Pt NPs, 0.01 mM MB, 0.1 mM NaBH,, 0.05 M 99.7% 5.924 This study
2 Au NPs, 0.5 mM MB, 1 mM NaBH,, 0.1 M 80% 0.052 48

3 Ag NPs, 0.5 mM MB, 1 mM NaBH,, 0.1 M 80% 0.042 48

4 Pt NPs, 0.5 mM MB, 1 mM NaBH,, 0.1 M 98% 0.392 48

5 Au/Ag (1:1) NPs, 0.3 mM MB, 0.1 mM NaBH,, 0.05 M 99% 0.721 45

6 Au@Pt NPs, 0.05 mM MB, 0.05 mM NaBH,, 0.5 M 99% 0.700 49

7 Au@AgPt alloy NPs, 1.5 mM MB, 0.05 mM NaBH,, 0.5 M 93% 0.670 50

making them promising candidates for long-term applications
in wastewater treatment.

The catalytic activity of the Au@Ag-Pt NPs was compared
with the pseudo-first-order rate constants reported in previously
studies on MB dye reduction under comparable experimental
conditions, as summarized in Table 3. The Au@Ag-Pt NPs

demonstrated outstanding catalytic efficiency, achieving the
fastest reduction rate among all reported NPs-based catalysts
for MB dye. The enhanced catalytic performance is likely
attributed to the synergistic interaction between Ag and Pt
within the multi-shell structure, which promotes electron
transfer and increases the number of active catalytic sites.*” In
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Fig.7 The ESI-MS in the positive mode for (a) pure MB, (b) pure MB with NPs (0.4 mL), (c) pure MB with NaBH,4, and pure MB containing NaBH4
with various amounts of Au@Ag—Pt NPs: (d) 0.10 mL, (e) 0.20 mL, (f) 0.30 mL, (g) 0.35 mL, (h) 0.40 mL. (i) Is the m/z ratio of LMB/MB measured for
various amounts of Au@Ag—Pt NPs. The inset images show the gradual color changes from the MB to the reduced MB (LMB) due to the reduction

of MB, as seen in (i).
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addition, the cost of the used quantity of Au@Ag-Pt NPs was
$0.013, which is approximately twice the cost of non-noble
metal NPs reported by Wu et al.** Despite the higher cost, the
Au@Ag-Pt NPs maintained outstanding stability and high
catalytic activity, even after six months of storage, underscoring
their potential for long-term and practical applications in
wastewater treatment.

3.3. Electrospray ionization mass spectrometry (ESI-MS)
analysis

ESI-MS was employed in positive ion mode to qualitatively
identify LMB, the reduced forms of MB following 60 minutes of
catalytic reaction, as shown in Fig. 7. In the pure MB solution, as
seen in Fig. 7(a), three primary peaks were observed at mass-to-
charge (m/z) values of 284, 285, and 286. The dominant peak at
m/z = 284 corresponded to MB in its cationic form [C,¢H;sN3S]",
while the peaks at 285 and 286 represented heavier isotopic
variants, ['*C"C;5H5N;S]" and [C1¢H;5N3>*S]", respectively. In
the sample containing pure MB and 0.4 mL of NPs, the m/z ratio
of 284/285/286 = 100/19.2/6.0, remained consistent with that of
pure MB, due to the absence of electron donation by NaBH, and
reduction, as seen in Fig. 7(b). In the sample without NPs,
additional peaks at m/z = 308, 309, and 310 were detected,
corresponding to sodium adducts of LMB, [C;4H;oN3S + Na'[",
[**C"*C15H1oN3S + Na']", and [C1H;oN;**S + Na™]", respectively,
as seen in Fig. 7(c). Since LMB is C;6H;oN3S and neutral, it is
only detectable in positive mode when forming adducts with
either a proton (H") or sodium ion (Na*). Fig. 7(d)-(h) show the
ESI-MS spectra obtained by incrementally increasing the NP
concentrations from 0.10 to 0.40 mL. The intensity of the m/z =
308 peak, corresponding to LMB, increased proportionally with
the decrease in m/z = 284, corresponding to MB, indicating
progressive conversion. The LMB/MB ratio for each NP
concentration are summarized in Table 4, with values of 0.40,
0.50, 0.71, 1.69, 2.35, and 2.64 for 0, 0.10, 0.20, 0.30, 0.35, 0.40
mL, respectively, as shown in Fig. 7(i). A substantial increase in
the m/z ratio was observed starting at 0.30 mL, indicating that at
least this volume of NPs is required for effective MB reduction,
with complete conversion achieved at 0.40 mL. In addition,
despite the completion of reduction, as seen in Fig. 7(h),
residual MB peaks persisted in the ESI-MS spectra, suggesting
that oxidation of LMB back to MB may occur during the ioni-
zation process, a known phenomenon in ESI-MS analysis.
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3.4. Durability of Au@Ag-Pt core@multi-shell NPs

The durability of the Au@Ag-Pt NPs was evaluated by
comparing their nanostructures observed using HAADF-STEM
imaging and elemental distribution overlay maps after one
cycle, six cycles, and six months of storage (following six cycles)
of MB reduction reactions, as shown in Fig. 8. Remarkably, the
NPs retained their structural integrity throughout repeated
catalytic cycles and prolonged storage. Both low- and high-
magnification HAADF-STEM images revealed the preservation
of the core@multi-shell morphology, with the Au in the core
remaining intact and the Ag-Pt shell remaining its structure.
The elemental distribution maps consistently showed distinct
localization of Ag and Pt in the shell and Au in the core, vali-
dating the stability of the multi-shell architecture. Additionally,
individual Pt granules remained well-dispersed on the shell
surface, even after extended use. Energy-dispersive X-ray spec-
troscopy (EDS) analysis further supported these observations,
revealing consistent atomic ratios of Ag and Pt relative to Au
across all samples, as summarized in Table 5. These results
demonstrate the excellent structural and compositional
stability of the Au@Ag-Pt NPs, confirming their suitability for
long-term catalytic applications.

3.5. Catalytic reduction mechanism of MB dye

In the reduction reaction system of MB dye, NaBH, acts as the
electron donor, MB serves as the electron acceptor, and Au@Ag-
Pt NPs function as the catalyst, respectively. When NaBH, is
introduced into the reaction medium, it decomposes to produce
hydrogen ions (H") and electrons (e~) in water, which facilitate
the reduction of MB to LMB by transferring electrons. The
overall reaction is drawn schematically as shown in Fig. 9, and
the corresponding chemical equation can be described as
follows:

NaBH, + H,O — Na[BH3(OH)] + 2H" + 2¢~ (3)
C16H18C1N3S (MB) + H+ +e — C16H19N3S (LMB) + CI™ (4)
These electron transfer process enhances the reduction

efficiency of MB dye, thereby improving the overall catalytic
efficiency.

Table 4 The relative m/z ratio of MB (at 284, 285, 286) and LMB (308, 309, 310) peaks depending on the amounts of NPs

LMB (m/z at 308)

Sample MB (m/z at 284/285/286) LMB (m/z at 308/309/310) "MB (/- at 284)
MB 100/19.0/5.7 N/A 0

MB + 0.40 mL 100/19.2/6.0 N/A 0

MB + NaBH, 100/23.0/7.2 40.3/8.0/4.1 0.40

MB + NaBH, + 0.10 mL 100/22.6/7.1 49.5/9.1/3.1 0.50

MB + NaBH, + 0.20 mL 100/23.5/6.9 70.8/13.1/3.9 0.71

MB + NaBH, + 0.30 mL 59.3/18.0/12.5 100/18.8/6.9 1.69

MB + NaBH, + 0.35 mL 42.5/15.5/5.2 100/18.8/6.4 2.35

MB + NaBH, + 0.40 mL 37.9/16.6/4.0 100/20.1/13.7 2.64
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%

Fig. 8 Sets of HAADF-STEM low- and high-magnified images with elemental distribution overlay maps by STEM-EDS: initial (a—c), after one
cycle reaction (d—f), after six cycle reactions (g—i), and after six cycle reactions after 6 months (j—). The elemental distribution by Au-L, Ag-L, and
Pt-L edges were pseudo-colored in red, green, and blue, intentionally.

Table 5 Atomic ratios of Ag/Au and Pt/Au before the MB reduction reaction, one cycle reaction, six cycle reactions, and six cycle reactions after
6 months, respectively

Before the MB reduction After the MB reduction After the MB reduction MB reduction reaction
reaction reaction (1 cycle) reaction (6 cycles) after 6 months (6 cycles)
Ag/Au 0.69 + 0.04 0.70 £+ 0.03 0.69 £+ 0.05 0.69 4+ 0.06
Pt/Au 0.40 £+ 0.01 0.39 £+ 0.04 0.38 £ 0.05 0.38 £ 0.04

Three possible mechanisms have been proposed to explain fine Pt granules. This configuration provides a significant
the rapid reduction of MB in the presence of Au@Ag-Pt NPs. specific surface area of Pt, increasing the number of active
One possible mechanism is that the Ag-Pt multi-shell region catalytic sites and enhancing reaction efficiency. Another
contains randomly distributed voids within the matrixof Agand possible mechanism is that Ag has a lower work function than

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 45928-45941 | 45937
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Fig. 9 The schematic diagram of the probable MB reduction mechanism in the presence of the Au@Ag—Pt NPs and NaBH,.

Pt (Ag = 4.26 eV, Pt = 5.65 eV,*"), allowing electrons from Ag to
rapidly transfer to Pt at the Ag/Pt interface. This results in
electron-rich Pt, which promotes efficient electron transfer to
MB molecules and significantly contributes to the reduction of
MB. This synergistic effect of Ag and Pt is schematically illus-
trated in Fig. 9. Consequently, Au@Ag-Pt NPs facilitate the fast
reduction of MB dye due to the substantial active surface area.
The other possible mechanism is that the surficial Pt granules
play a vital role in hydrogen activation, as schematically shown
in Fig. 10, where NaBH, is adsorbed onto the Pt surface gran-
ules and undergoes stepwise dissociation, producing hydrogen
ions and electrons through the following reactions:*

NaBH, + H,O — Na[BH;(OH)] + 2H" + 2¢~ (5)
NaBH4
2H* + 2e- + Na[B(OH),] 7

I
Na[BH(OH).] Na[BH5(OH)]
Pt

Na[BH,(OH),
2H* + 2e-
granule

2H* + 2e-

NaBH, + 4H,0

Na[B(OH),] + 8H" + 8e-

Fig. 10 Mechanism of the hydrolysis of sodium borohydride as cata-
lyzed by the surficial Pt granule.

45938 | RSC Adv, 2025, 15, 45928-45941

Na[BH;(OH)] + H,O — Na[BH,(OH),] + 2H" +2¢~  (6)
Na[BH,(OH),] + H,O — Na[BH(OH)3] + 2H" +2¢~  (7)

Na[BH(OH);] + H,O — Na[B(OH),] + 2H" + 2¢~ (8)

These activated hydrogen atoms donate electrons to the MB,
facilitating its reduction to LMB. The catalytic activation of
hydrogen on Pt significantly accelerates the reaction rate
compared to the use of NaBH, alone. In summary, the A u@Ag-
Pt NPs contributed to the rapid reduction of MB dye is attrib-
uted to the large active surface area, synergistic interaction
between Ag and Pt, and efficient hydrogen activation on Pt
granules, making Au@Ag-Pt NPs highly effective catalysts for
dye degradation.

4. Conclusion

Au@Ag-Pt core@multi-shell NPs were synthesized via a co-
reduction method that combines GRR with chemical reduc-
tion. Structural and compositional analysis using STEM and
EDS confirmed the formation of NPs with a well-defined
core@multi-shell architecture. The catalytic performance of
the NPs was validated through UV-vis spectrophotometry and
ESI-MS, demonstrating efficient reduction of MB dye to LMB.
Optimal catalytic efficiency was achieved with 0.4 mL of NP
solution, completing the reduction within 1 minute and
yielding a pseudo-first-order rate constant of 5.924 =+
0.132 min~*. The NPs retained over 99% catalytic efficiency
after six reaction cycles and six months of storage, with no
observable changes in their nanostructures, confirming their
exceptional stability, reusability, and durability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The enhanced catalytic performance is attributed to the
synergistic interaction between Ag and Pt within the multi-shell
structure, which increases surface area and promotes electron
transfer. Combined with their rapid reaction kinetics and long-
term stability, Au@Ag-Pt NPs present a promising solution for
commercial applications in the treatment of organic pollutants
in wastewater.
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