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Tailoring carbon-encapsulated gold nanoclusters
via microchip laser ablation in polystyrene
solution: controlling size, structure, and
photoluminescent propertiest
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The desired control of size, structure, and optical properties of laser-derived carbon-encapsulated metal
nanoclusters (NCs) is crucial for various applications. This study introduces a novel approach utilizing a
microchip laser (MCL) ablation for preparing carbon-encapsulated gold nanoclusters (Au NCs) in a toluene
solution, employing polystyrene as a stabilizing agent. Through systematic experiments, control over NC
size and carbon layer thickness is achieved by adjusting laser power and polystyrene concentration. Lower
laser power combined with higher polystyrene concentration yields smaller Au NCs with thinner carbon
layers, demonstrating the efficacy of this approach. Additionally, the prepared nanostructures exhibit
enhanced photoluminescence properties, with emissions dependent on excitation wavelength and carbon
layer thickness. These findings underscore the potential of MCL-based pulsed laser ablation in liquid in
deriving carbon-encapsulated metal NCs, highlighting the importance of experimental parameters and
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Introduction

Carbon-encapsulated metal nanoparticles (NPs) have emerged
as a promising field of study owing to their various applications
ranging from catalysis to biomedical engineering."* These
nanostructures possess unique characteristics, particularly
their exceptional catalytic performance in Fenton-like systems.’
In addition, heteroatom dopants, such as metal NPs
encapsulated in N, P-doped carbon,® and the favourable
interface between metal and carbon, have been observed to
facilitate efficient electron transfer, enhancing catalytic
activity.” The preparation of carbon-encapsulated metal NPs
typically involves the reduction of metal ions, followed by
encapsulation within a carbon shell.® Various methods exist for
coating the NP surface, including vapor deposition,” sol-gel,®
and solution dipping.’ Pulsed laser ablation in liquid (PLAL) is
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solvent characteristics in tailoring NC properties.

a promising technique for fabricating such nanostructured
materials in a single step, offering ease and effectiveness in
ambient conditions.'*™">

In the PLAL process, metal NPs are generated within a
plasma plume by subjecting a metal target to intense laser
pulses. Under the high-temperature and high-pressure
conditions of the plasma plume, solvent molecules
decompose, forming carbon species. These carbon species
then condense onto the surface of the metal particles,
resulting in an encapsulated nanostructure.'®™™® Among
the commonly used solvents for PLAL, toluene or benzene
are used as solvents and carbon sources to prepare carbon-
encapsulated metal NPs. It is known that the thickness of the
outer carbon layer plays a crucial role in the performance of
carbon-encapsulated metal NPs, particularly in applications
such as surface-enhanced Raman scattering (SERS),'® where
ultrathin layers are desirable for maximizing SERS efficiency
and desirable for controlling the surface plasmon properties
of Au NPs. Additionally, reducing particle size enhances the
number of surface sites per unit area of metals, leading to
superior catalytic properties."” However, achieving smaller-
sized NPs with ultrathin carbon layers remains a challenge.

In our recent studies, we demonstrated the ability of MCL
to produce Au NPs in both aqueous and polar organic medias
(Fig. S11)."®'? Especially in the latter case, we explored the
formation of Au nanoclusters (NCs), having below 2 nm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diameter, stabilized by poly(N-vinyl-2-pyrrolidone) (PVP), a
hydrophilic polymer. Indeed, the use of MCL addresses the
limitations of high-power laser systems when working with
flammable organic solvents, making it a promising technique
for advanced NP synthesis. Motivated by such attractive
features of MCL system, here we extended our research by
using polystyrene as a hydrophobic polymer in toluene. The
use of polystyrene in this experiment realized the control of
particle size distribution and toluene decomposition due to
its high heat capacity,>® resulting the mono-dispersed small
Au NC with thin carbon layer. Furthermore, we observed that
the laser ablation-derived carbon layer exhibits emission in
the visible spectral region with wavelength-dependent
properties similar to typical carbon dots, adding to these
novel nanomaterials' versatility and potential applications.

Results and discussion
Au NCs preparation by PLAL

Our experiment was initiated with 180 mW laser irradiation
on a bulk gold target in a 50 mM polystyrene-dissolved
toluene solution for an hour. During the ablation process,
the colour of the solution turned from colourless to brown.
As shown in Fig. 1(a-c), TEM analysis confirmed the
formation of Au NCs with a primary particle size of 1.7 + 0.3
nm and a very narrow particle size distribution. This
observed primary particle size aligns with the literature, in
which carbon materials are produced by PLAL using
toluene.'”™* In general, PLAL affords metal NPs with more
than 5 nm.>" The observed characteristics of the particles in
this experiment suggested that the encapsulation of Au
particles within a carbon matrix generated by solvent
decomposition plays a significant role in the process. This
encapsulation effectively inhibits particle nucleation and
growth, resulting in smaller primary particle
Simultaneously, we prepared Au NC in toluene solvent
without using polystyrene. As shown in Fig. 1(d-f), obtained
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Fig.1 a), b), d) and e) TEM images and c) and f) size distribution of Au

NCs prepared a)-c) under polystyrene and d)-f) in the absence of

polystyrene. The applied average energy was 180 mW for each.
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Au NCs showed three different primary particle size fractions
(1.8 nm 19%, 2.8 nm 44%, 4.5 nm 37%) covered by thicker
graphitic carbon layers. This result differs from previous
literature affording mono size distribution,'® probably due to
the larger laser fluence of the current system (19.6 J cm™2).
Considering previous reports about the NP formation,'>*
the plausible mechanisms for the formation of different sizes
of carbon encapsulated nanostructures is proposed as shown
in Fig. 2. When a pulsed laser irradiates the bulk gold target,
Au particles are ablated under the high-temperature and
high-pressure of the plasma plume. As recent studies have
demonstrated and that particle growth begins within the
plasma plume during the first nanoseconds of the process,
then eventually produces several size distributions.**** Under
these extreme conditions, toluene molecules immediately
decompose, generating carbon species. These carbon species
subsequently condense onto the ablated Au particles,
forming the carbon layer. In the absence of a stabilizing
agent, the resulting nanostructures undergo several
aggregation stages due to Brownian motion and van der
Waals forces.”> In contrast, under the presence of
polystyrene, the adsorption of polystyrene onto the surface of
the forming Au core and/or the carbon layer covering the Au
core inhibits further growth of Au core and aggregation of
the resulting nanostructures. This leads to small and uniform
sized particles. When we next focus on the carbon layer
thickness (Fig. 1(b) and S27), it was found that the condition
with polystyrene gave relatively thinner layer. It is reasonably
suggested that the size of NCs affects the carbon layer
thickness in terms of the cooling effect (pyrolysis of carbon)*?
and decomposed carbon distribution around the plume
(segregation of carbon).”® Indeed, the slightly larger cluster
size of the samples obtained under the absence of
polystyrene indicate the contribution of the above two effects.
Additionally, the high heat capacity of polystyrene reduces
the extent of toluene decomposition, resulting in thinner
carbon layers.

In addition to analysing the primary particle size, we
evaluated the secondary particle size using dynamic light
scattering (DLS), which highlights the structural differences
in PLAL products formed with and without polystyrene. As
modelled in Fig. 3, the sample containing polystyrene
exhibits an average secondary particle diameter of 7.3 nm. In
contrast, the pure toluene sample has a significantly larger
average diameter of 2.4 x 10> nm, corresponding to the
aggregated carbon structures as confirmed in TEM analysis.

Raman spectral measurements showed the detailed
aspects of the carbon layer (Fig. S31). Each sample showed
two broad peaks: around 1350 cm™' and 1570 cm,
corresponding to the D and G bands of carbon, respectively.
The carbon structure in our samples was very similar to those
obtained by Chieu et al. from the pyrolysis of benzene, as
evidenced by the similarity in the Raman spectra.*’

The UV/visible absorption spectra revealed that both
prepared samples exhibit similar absorption characteristics
(Fig. S4t). A broad surface plasmon resonance (SPR) peak
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Fig. 2 Schematic representation of the formation of carbon-encapsulated nanostructures. When a pulsed laser irradiates a bulk gold target (a), Au
particles are ablated in the plasma plume (b). The decomposition of toluene generates carbon, which condenses onto the surface of the Au
particles, forming carbon-encapsulated nanostructures (c). Then, these nanostructures are released to the surrounding solvent (d). In the absence
of a stabilizing agent, these nanostructures tend to aggregate, leading to growth in particle size and an increase in the number of carbon layers
(e)-(g). Thus, nanostructures with varying sizes are produced (h). In the presence of polystyrene, which adsorbs polystyrene onto the encapsulated

nanostructures, further aggregation is prevented (i) and (j).

was observed, which was more prominent in the sample
prepared without polystyrene. It is known that the SPR peak
shape is affected by several factors, such as of course the
presence of outer layer, which allows the delocalization of
free electrons at the interface region,”® and the electron-
phonon and phonon-phonon relaxation, which are
enhanced especially in the case with <20 nm sized NPs to
give broader peak.>® These factors seemed to contribute to
the overall suppression and broadening of the SPR peak in
our samples.

Based on the analysis of TEM and UV/visible absorption
spectra, it is evident that the carbon matrix not only regulates
the growth of NCs but also diminishes the SPR of the
generated Au NCs. Thus, the carbon-encapsulated Au NCs
possess zero plasmonic properties, with their primary role
being to support carbon formation. However, it is crucial to
obtain carbon-encapsulated Au NCs with plasmonic
properties, as it enhances their tunability and functionality of
the NCs for various applications ranging from sensing and
catalysis to biomedical uses. In the context of PLAL, several
authors have attempted to achieve plasmonic properties

With polystyrene Without polystyrene

Au Carbon N\ Polystyrene

Fig. 3 Schematic structural model and secondary particle size of
carbon-encapsulated Au NCs in the presence and absence of
polystyrene (after 15 minutes of sonication).
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using different approaches. For instance, in ref. 10, the
authors successfully recovered the Au NCs SPR by oxidizing
the carbon layer. However, Au NC aggregation occurred, and
they could not maintain the constant particle size even after
oxidizing the carbon layer. In contrast, ref. 13 reported
obtaining ultrathin carbon layers, controlled from 0.6 to 2
nm, wrapped around Au particles through laser ablation in
ethanol/toluene mixed solution. However, the inner noble
metal size was reported to be <20 nm. Notably, neither
publication provided information on the most effective
method for producing very small metal NCs with ultrathin
carbon layers. Thus, our experiment aimed to effectively
control both the size of Au NCs and the thickness of the
carbon layer by following two approaches: changing the laser
power and changing the heat capacity of toluene.

Laser power effect on carbon-encapsulated Au NC size

The control of heat energy in the laser-ablated plasma plume
is crucial because it directly influences the energy transfer
required for the decomposition of toluene. In other words,
we can change the carbon layer thickness by adjusting the

Table 1 Primary particle diameter (determined via TEM analysis) of Au
NCs prepared by PLAL under the presence of polystyrene (50 mM) with
different laser powers. See (ESI{) for TEM images of each sample

Laser power Primary particle size Carbon layer thickness

(mW) (nm) (nm)

104 2.2+0.4 2.4 +0.2
180 1.7 +£0.2 3.0+0.3
350 1.8+0.4 3.5+0.2
550 1.7 +£0.3 4.2 + 0.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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laser power. In this context, the ablation experiments were
performed in four different laser powers (104, 180, 350, 550
mW) by modifying the pulse current (Table 1). As shown in
Fig. 1, the use of polystyrene is important for achieving
smaller particle sizes, improving dispersion, and preventing
aggregation. Therefore, the laser power was varied while
maintaining a 50 mM concentration of polystyrene. Here,
carbon layer thickness was evaluated using an extension of
Mie theory designed for core-shell structures, where carbon
is considered the outer shell and Au NCs are the core, as
described in previous studies (see ESIt).'® It can be seen from
the TEM particle size (Fig. S5t) and carbon layer thickness
results (Table 1) that the thickness of the carbon layer
surrounding the inner Au NCs is greatly influenced by laser
irradiation power. A thin carbon layer is achieved by
decreasing the laser power, resulting in smaller amount of
solvent decomposition. It is noteworthy that under very low
power conditions, particularly at 104 mW, Au NCs' size was
slightly larger. Because, at lower laser power, the heat from
the laser-generating plasma plume may not be sufficient to
induce significant decomposition of toluene molecules. This
results in slower carbon layer formation, allowing more time
for the Au NCs to aggregate and grow, forming a larger size.
Thus, 104 mW laser power is suitable for forming an
ultrathin carbon layer, although controlling the Au NC size
under this condition is difficult. Conversely, under very high
laser power, the thick carbon layer fully controls the size of
Au NCs. Fig. 4(a) shows the UV-vis spectra of carbon-
encapsulated Au NCs prepared under varying laser powers.
The data reveals that the quenching effect of SPR diminishes
as the thickness of the carbon layer decreases at low laser
power, which results in the generation of the plasmon
properties. This significant red shift in the SPR peak of Au
NCs occurs compared to the typical peak at around 520 nm
due to the high refractive index (n) of the carbon layer (n =
2.7)*° compared to toluene (n = 1.5), which serves as the
surrounding medium of Au NCs.*

Polystyrene concentration effect on carbon-encapsulated Au
NC size

Our second approach involves controlling solvent decomposition
by increasing the polystyrene content in the laser ablation

a) 20 b) )
14 Polystyrene concentration
Laser power

— 104 mW
1.0 — 180 mW

350 mW
0.8 — 550 mW

Absorbance (a.u.)
Absorbance (a.u.)
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medium. Toluene has a relatively low heat capacity, causing it
to decompose quickly when exposed to the heat energy under
the high-temperature and high-pressure of the plasma plume.
In contrast, polystyrene typically possesses higher heat
capacities due to its molecular structure and larger molecular
weight. Using differential scanning calorimetry analysis, we
experimentally measured the heat capacity of toluene (1.1 + 0.1
J K™, 200 mM polystyrene in toluene (4.6 + 0.1 ] K''), and 400
mM polystyrene in toluene (6.1 + 0.2 J K'). These results
indicate that increment of the polystyrene content gains the
heat capacity of the system, reducing toluene decomposition
and the carbon layer thickness. In addition, presence of
polystyrene contributed the formation of smaller Au particles.
Laser ablation experiments with different polystyrene
concentration will tell the further detail of the effect of
polystyrene. In this context, six different polystyrene
concentrations (0, 10, 50, 100, 200, and 400 mM) were
investigated, while maintaining constant laser power at 104 mW
as previously applied (Fig. S67). The results presented in Table 2
clearly show that the polystyrene concentration strongly
influences the primary particle size of the Au NCs and thickness
of the outer carbon layer. It is evident that increasing the
polystyrene concentration the size of the Au NCs becomes
smaller due to polystyrene acting as a stabilizing agent and
preventing aggregation. In addition, as the polystyrene
concentration increases, leads to a decrease in the solvent
decomposition, resulting in a thinner carbon layer. This
outcome further demonstrates that even under laser irradiation
with low power, smaller Au NC sizes can be achieved by
increasing the polystyrene concentration. Thus, low power with
high polystyrene concentration is more effective in obtaining a
small core with a thin carbon layer. The UV-vis spectra of Au
NCs prepared with different concentrations of polystyrene are
presented in Fig. 4(b). This demonstrates that the reduction in
the SPR quenching effect is noticeable when a thin carbon layer
is present. Consequently, this process leads to the formation of
carbon-encapsulated Au NCs with plasmonic properties.

Perspectives of MCL ablation

A PLAL experiment was conducted using both the MCL and a
higher-power ns-laser (Quanta-Ray PRO-250) under optimized
polystyrene concentration (400 mM) to evaluate the
effectiveness of the MCL in obtaining a thinner carbon layer,

Table 2 Results of PLAL on gold target in toluene under different
concentrations of polystyrene. The average laser power was fixed to be
104 mW

Polystyrene concentration Particle size Carbon layer thickness

0.0 T T T T 1 00T T T T T 1

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm)

Fig. 4 The UV-vis spectrum of carbon-encapsulated Au NCs obtained
by using a) different laser powers in 50 mM polystyrene/toluene solution
and b) different polystyrene concentrations with applying 104 mW
average power. All the samples were prepared as 0.03 mM Au in THF.

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

(mM) (nm) (nm)
0 2.8+0.5 3.9+0.6
Wavelength (nm) 10 2.5+0.5 3.3 £0.6
50 2.2+0.3 24+04
100 1.7£0.3 21+04
200 1.7 £ 0.2 2.0+04
400 1.7 £ 0.2 1.8+£04
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Table 3 Results and PLAL parameters of the present MCL system and
the ns-laser (Quanta-Ray PRO-250) system in a comparison experiment

Present MCL Quanta-Ray PRO-250

Pulse energy (m]) 1.3 25
Pulse duration (ns) 0.9 12

Spot diameter (um) 130+ 6 800 + 13
Laser fluence (J cm™) 19.6 9.95
Repetition rate (Hz) 100 10
Particle size (nm) 1.7+£0.3 1.7+0.3
SPR band Present Absent

following the laser conditions outlined in Table 3. The results
demonstrated that the SPR band is strongly suppressed for
the Au NCs produced by the higher-power laser. Meanwhile
the Au NCs produced by the MCL system show a distinct SPR
band, as shown in Fig. 5. This suppression is probably
attributable to the forming of a thicker carbon layer resulting
from the higher pulse energy of the Quanta-Ray PRO-250
derived from the longer pulse duration. This result clearly
reflected the MCL's feature of high-power laser showed a
comparable particle size of 1.7 + 0.3 nm to the case of MCL
with a narrow particle size distribution (Fig. S77), reflecting a
half laser fluence of Quanta-Ray machine compared with
MCL's, which does not cause significant difference in the
particle size in the reported work.**

Photoluminescence properties of carbon-encapsulated Au

NCs

Carbon nanomaterials are emerging as promising
photoluminescence (PL) materials, gaining significant
interest due to their potential applications.>*** This

motivated us to investigate the PL properties of MCL-
generated carbon in  encapsulated nanostructures.
Understanding the optical behavior, specifically how the
emission spectra change with parameters such as excitation
wavelength and carbon layer thickness, is important. Thus,
our study first focused on the excitation wavelength
dependency of carbon-encapsulated Au NCs having the
smallest Au cores and thinnest carbon layers. This

—— MCL
— Quanta-Ray PRO-250

Absorbance (a.u.)

0.0 T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Fig. 5 UV-vis spectrum of carbon-encapsulated Au NCs prepared
using the MCL system and Quanta-Ray PRO-250 laser in the presence
of polystyrene (400 mM).
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nanostructure was synthesized using 104 mW laser power in
a 400 mM polystyrene solution. In order to avoid interference
from toluene and ensure uniform polymer concentrations in
each sample, the solvent was exchanged for THF and excess
polystyrene was removed by filtration after laser ablation.
This study employed different excitation wavelengths ranging
from 350 nm to 450 nm. It is clearly observed that as the
excitation wavelength increased, the emission peaks shifted
towards longer wavelengths as shown in Fig. 6(a). The
highest fluorescent emission intensity was recorded when the
excitation wavelength was set at 330 nm. This indicates that
the fluorescence spectra depend on the excitation
wavelength, a characteristic commonly reported in the
literature on luminescent carbon NPs, similar to carbon
dots.**?*

Then, the PL spectra of various thicknesses of carbon
layers with constant sizes of Au NCs were examined using the
previously determined excitation wavelength of 330 nm. In
this experiment, all samples were dissolved in THF solvent to
eliminate interference from toluene. After laser ablation,
excess polystyrene was removed by filtration to ensure the
same polymer concentrations were present in each sample.
As illustrated in Fig. 6(b), all samples show a primary
emission peak around 410 nm and a shoulder peak at
approximately 510 nm. Interestingly, as the thickness of the
carbon layer decreased, the intensity of the 410 nm emission
peak gradually increased, while the intensity of the 510 nm
emission peak showed a slower increase. Notably, the peak
position remained consistent across samples, as evidenced
by the absence of red or blue shifts in the emission peaks
with varying carbon layer thicknesses (Fig. 6(b)).>**® This
may be due to the size difference in all samples not being
significant enough to cause a peak shift. In this context, the
PL intensity was quantified by measuring a constant

25 a) 25 b)
Excited wavelength

Carbon layer thickness
—18

PL intensity (a.u.)
©
<
3
3
3
PL intensity (a.u.)

o T o T T T T 1
300 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

s 27 ¢

x

g 20 wl

£

H

5 " [2om]
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E 10

3

2

2 s

H 350m

[

£ 0

i

a

1!5 2{0 2!5 3‘0 3!5 410 4!5
Carbon layer thickness (nm)
Fig. 6 Emission properties of carbon-coated Au NCs obtained by PLAL
using MCL in polystyrene/toluene mixture. a) Emission spectra of
carbon-coated Au NCs excited at various wavelengths. b) Emission
spectra of Au NCs with different carbon layer thicknesses. Excitation
wavelength was 330 nm. c) Carbon layer thickness-PL intensity
relationship. All the samples were prepared as 0.03 mM Au in THF.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentration of Au NCs (0.03 mM). However, since the
emission originates from the carbon material, it is crucial to
quantify the PL intensity under a fixed carbon content.
Experimentally determining the carbon content was difficult,
so it was calculated based on the layer thickness for each
sample. The emission intensity shown in Fig. 6(b) was then
divided by the carbon content in each sample to quantify the
PL intensity under fixed carbon content (Fig. 6(c)). As in
Fig. 6(b), when the carbon layer thickness is decreased, the
410 nm emission peak intensity gradually increases,
following the same pattern as under fixed Au content.
Therefore, it is well clear that the PL properties of the
carbon-encapsulated Au NCs can be significantly modified by
changing the carbon layer thickness. Regarding the
fluorescence emission mechanism in carbon quantum dots,
bright fluorescence is believed to arise from the radiative
recombination of surface-confined electrons and holes.>*"*”
In our case, the two fluorescence emissions at approximately
410 and 510 nm likely originate from different excited states.
The short-wavelength emission at around 410 nm is
hypothesized to originate from nano-sized sp> carbon
domains, representing intrinsic state emission, while the
long-wavelength emission at around 510 nm is attributed to
defect state emission due to surface defects.*®

Conclusions

This study introduces a novel approach for preparing carbon-
encapsulated Au NCs via PLAL utilizing the MCL system.
Controlling NC size and carbon layer thickness is achieved by
incorporating polystyrene as a stabilizing agent and toluene
as the carbon source. The experimental results reveal that
polystyrene concentration strongly influences both the size of
Au NCs and the thickness of the carbon layer. Lower laser
power combined with higher polystyrene concentration
results in smaller Au NCs with thinner carbon layers,
demonstrating the effectiveness of this approach.
Furthermore, the synthesized nanostructures exhibit
enhances photoluminescence properties, showcasing a
dependency on excitation wavelength and carbon layer
thickness. This study presents a comprehensive investigation
into preparing and characterizing carbon-encapsulated metal
NCs, highlighting the potential applications and benefits of
utilizing MCL-based PLAL techniques. The insights from this
investigation into pulse laser ablation in liquids and how
laser parameters and solvent properties impact the process
will pave the way for the precise synthesis of novel
nanostructures.

Experimental

General

Bulk gold rod (99.99% purity), polystyrene (Sigma Aldrich),
toluene (Merck Millipore), and tetrahydrofuran (THF)
(Merck Millipore) were utilized. All chemicals were used as-
is without further purification. Transmission electron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microscopy (TEM) images were captured using a JEOL JEM-
2100 electron microscope operated at 200 kV, with samples
placed on a holey carbon support film-coated copper
microgrid (EMJapan, U1003). Image analysis was performed
using Image] software, and the mean diameter and
standard deviation were calculated from an average of 300
particles. High-resolution TEM images for carbon-
encapsulated Au NCs (prepared with 400 mM polystyrene,
104 mW laser power) were acquired using a Hitachi
H-9000NAR microscope at 200 KV, again using a holey
carbon support film-coated copper microgrid. To enhance
contrast, a carbon coating was applied via spin-coating with
reduced graphene oxide, which minimized the carbon
layer's thickness on the copper grid. The carbon coating
was performed with following the reported method
described in the ref. 39. To investigate the influence of the
carbon matrix on the SPR band of the Au NCs, the Mie
theory extension for core@shell spheres was applied,
considering the carbon as a shell surrounding the Au core
(see ESIT for detail)."” The mean hydrodynamic diameter of
the particles in toluene was measured via dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvern, UK) at
a wavelength of 633 nm and a detection angle of 173°.
Samples were sonicated for 15 min Dbefore the
measurement. Measurements were averaged over at least
three readings at 25 °C. Raman spectra were recorded using
a micro-Raman spectrometer (JASCO, NRS-3100) with 532
nm excitation. A drop of the sample solution was dried on
a Si wafer surface, and spectra were obtained by averaging
200 scans. For samples containing polystyrene, Raman
analysis was performed on Au NCs encapsulated in carbon,
prepared using 400 mM polystyrene and 104 mW laser
power. The Au NC concentration was determined via
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) using a Shimadzu ICPS-8100. Absorption spectra
of the sample solutions were measured using a UV-vis
spectrometer (UV-3600, Shimadzu) with a 3.5 mL quartz
cuvette. Photoluminescence emission spectra were recorded
using a spectrofluorometer (RF-5031PC, Shimadzu) at
various  excitation = wavelengths. For  UV-vis and
photoluminescence measurements, excess polystyrene was
removed by membrane filtration, and the solvent was
replaced with THF. Heat capacity measurements were
conducted using a differential scanning calorimeter (DSC)
(STA 449C Jupiter, Netzsch) under a nitrogen atmosphere.
Samples were sealed in aluminium pans, with an empty,
hermetically sealed aluminium pan serving as the reference.
The measurements were performed over a temperature
range of 20 °C to 80 °C at a heating rate of 5 °C min™". The
DSC instrument was calibrated using a sapphire standard prior
to the experiments.

General PLAL method

The gold target (5 x 15 mm) underwent cleaning by
ultrasonication in acetone for 5 minutes, followed by rinsing
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with deionized water and drying before use. Subsequently,
the target was affixed onto a custom-made holder (PEEK)
equipped with a magnetic stir bar, and this assembly was
positioned at the base of a Pyrex® vessel (30 x 80 mm).
Zirconia beads (p 6 mm) were placed between the vessel and
the holder to stabilize the rotation axis (Fig. S1(b)f). The
liquid level was set to be 5 mm above the gold surface. Laser
irradiation was focused directly on the target surface using
an  Nd:YAG/Cr':YAG  microchip laser.  Additional
specifications can be found in the cited papers."®'® The
initial laser condition to confirm the effect of polystyrene was
conducted with the concentration of 50 mM and without
polystyrene experiments were conducted under MCL
parameters as follows: wavelength of 1064 nm, pulse energy
of 1.8 m]J, pulse duration of 900 ps, peak power of >2 MW,
and a repetition rate of 100 Hz, with an average power of 180
mW. Laser power effect experiments were carried out with 50
mM of polystyrene at different laser powers (104 mWw, 180
mW, 350 mW, and 550 mW) by adjusting the laser current.
Polystyrene concentration effect experiments were conducted
with concentrations of 10, 50, 100, 200, and 400 mM,
utilizing the following laser parameters: wavelength of 1064
nm, pulse energy of 1.0 mJ, pulse duration of 900 ps, peak
power of >2 MW, and a repetition rate of 100 Hz, with an
average power of 104 mW. Comparative experiments were
performed with 400 mM polystyrene using an Nd:YAG laser
(Quanta-Ray PRO-250) operating at wavelength, 1064 nm;
pulse energy, 1500 m]; pulse duration, 12 ns; peak power,
125 MW; average laser power, 15 W; repetition rate, 10 Hz. In
all experiments, the pulsed laser irradiation onto the gold
target was conducted at room temperature for 60 minutes,
stirring at 200 rpm.

Data availability
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