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Pulsed-Laser-Driven CO, Reduction Reaction for the
Control of the Photoluminescence Quantum Yield of

Organometallic Gold Nanocomposites
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Over the last decade, the CO, reduction reaction (CO,RR) has been increasingly
exploited for the synthesis of high-value raw materials in gaseous or liquid form,
although no examples of CO, fixation in nanoparticle systems have been dem-
onstrated. Herein, CO, fixation into solid nanomaterials by laser synthesis and
processing of gold colloids in water, traditionally considered a green approach
leading to ligand-free nanoparticles without the formation of by-products, is
reported. If carbon monoxide-rich gold nanopatticles are observable even after
synthesis in deionized water, the presence of CO, derivatives in alkaline water
environment leads to C, and G; coupling with the production of carboxylic acids as
a typical CO;RR fingerprint. While laser processing of preformed gold colloids is
selective for G, coupling, both G, and G; coupling to lactic acid are observed during
pulsed laser ablation of a gold target. In the latter case, it is demonstrated that it is
possible to synthesize photoluminescent organometallic nanocomposites in the
blue spectral region with a quantum yield of about 20% under adequate experi-
mental conditions. In this research, new pathways are offered to be explored in
energetics, photonics, catalysis, and synthesis at the nanoscale.

is considered to have an energetic value.!"!
The chemical reduction of CO, into gases
or fuels has been mainly demonstrated by
the use of electrochemical cells at low
potential regimes, although thermochemi-
cal and photochemical cells employing dif-
ferent nanostructured interfaces have also
been developed.”™® Reduction of CO, to
solid carbon is now considered one of
the most valuable routes to a permanent
storage solution.'”'l In fact, the CO,
reduction reaction (CO,RR) in volatile spe-
cies such as methane, carbon monoxide, or
organic solvents is not a definite route con-
cerning environmental pollution, and the
unwanted release of such species into the
environment still represents a potentially
serious hazard. Thus, intensive research
has been devoted to the development of
alternative technologies capable of further
converting more volatile species into less-
volatile functional materials.

1. Introduction

Several efforts have been directed toward the development of
negative emission technologies in the last decade, where CO,
capture, storage, and modification into value-added chemicals

Over the last five decades, pulsed lasers have created many
new technological possibilities, from laser cutting, drilling, weld-
ing, and engraving to 3D printing!'*"* and the laser synthesis or
processing of colloids (LSPC)."* The LSPC method includes
both nanoparticle synthesis by pulsed laser ablation in a liquid
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(PLAL), or laser irradiation of preformed nanoparticles.!">™'”) In
the latter case, different physicochemical mechanisms can be
triggered considering gold nanoparticles (AuNPs) in water,
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depending on the laser pulse wavelength, fluence, temporal dura-
tion and repetition rate. For example, laser pulses at the wave-
length of 532nm can induce a so-called nanoparticle laser
fragmentation in liquid (LFL) if the fluence is higher than
~0.5 ] cm ™% leading to a metal nanoparticle phase explosion
and the recombination of the gold clusters into small nanopar-
ticles averaging about ~3 nm.*”#

In addition to PLAL comprising a scalable synthesis method
for high-purity nanoparticles, persistent microbubbles contain-
ing oxygen and hydrogen and, in some cases, hydrogen peroxide,
have also been observed.">? It has been discussed that perma-
nent gases originate from thermally induced water splitting
(WS), due to direct contact with the water layer above the hot
plasma plume that forms within the laser-excited target region
during the first few nanoseconds, following the absorption of
the high-intensity incident laser pulse.*! Apart from the direct
production of hydrogen and oxygen during the laser ablation of a
solid target in water, colloidal nanoparticles have also been syn-
thesized in the past by reducing metal salts applying high-inten-
sity laser pulses (typically short ps to fs pulses).?!) As
demonstrated by the Tibbetts group, the production of radicals,
such as (H«/OH.) and (H+/OH-), is key to understanding their
respective redox reactions.'*?!

Moreover, the production of molecular hydrogen has also
been observed during the pulsed laser irradiation of preformed
colloidal AuNPs dispersions, where the excited metal electrons
can trigger a cascade ionization and water molecule breakdown.
In this case, appropriate pulse fluence values and metal species
concentrations encompass the key factors controlling the gas rate
and volume produced during irradiation.**~>*!

More recently, the CO,RR has also been observed when
performing laser reduction in liquids employing ultrashort,
high-intensity laser pulses in water containing CO, without
the presence of AuNPs. In this case, the authors reported the
formation of CO and small amounts of CH,.?®! In contrast,
the addition of a transition metal target, such as gold, can further
reduce the Gibbs free energy for the CO,RR, due to higher local
temperatures reached near the metal target during the process
(10*K),””) while also introducing other additional reactive spe-
cies, such as molecular hydrogen (H,)?*% and solvated electrons
(e7). These may, in turn, further promote CO, activation and the
stabilization of intermediate reaction products, eventually
increasing the CO,RR to CO.*®?’! However, the presence of
CO, in the liquid environment has received poor attention in pre-
vious studies. In fact, carbonates and organic material have been
detected during gold PLAL in water when ablation was per-
formed at high pH values.>*? Some authors?*® have previously
suggested that oxocarbons may originate from nanomaterial con-
tamination when in contact with the atmosphere, although the
origin of the organic material has not yet been identified.
Even less attention has been paid to the potential chemical
reactions involved in the pulsed laser processing of preformed
colloids, such as AuNPs fusion or fragmentation, with the
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literature mainly devoted to the discrimination of the threshold
fluence of these processes, and the morphology and charge of the
resulting nanomaterial.'*'”** Both PLAL and LFL in water are
traditionally considered as obeying an important green chemistry
rule, i.e., the absence of by-products, which is why the resulting
nanoparticles are commonly defined as ligand free in most liter-
ature reports.[15’34’35]

A systematic investigation including negative control experi-
ments with inert gases at the gas-liquid interface was carried
herein to evaluate the possibility of inducing the CO,RR by gold
colloids laser synthesis and processing."] Alongside CO produc-
tion, the pulsed-laser-driven CO,RR was confirmed to allow the
control of both C, and Cj coupling processes. Furthermore, CO,
fixation leads to organometallic photoluminescent nanocompo-
sites obtained by the complexation or nucleation of organic prod-
ucts with AuNPs.

In this context, Ziefuf$ et al. recently demonstrated that LFL in
water allows for the synthesis of fully inorganic gold nanoclusters
(AuNCs) characterized by a quantum yield (QY) of about 2% for
visible (blue) emission.*®) A common way to increase the stabil-
ity and the QY of AuNCs to values between 10% and 60% is to
manipulate the electronic environment by adding ligands that act

www.small-science-journal.com

as electron donors.*”~*!I Therefore, the possibility of carrying out
the CO,RR insitu during PLAL of gold targets in water is an
intriguing perspective for the production of photoluminescent
AuNCs where stability and QY enhancement can be controlled
by the same organic ligands produced during the reaction.

2. Results and Discussion
2.1. AuNPs Size Control

The PLAL was performed for a total of 6 h by irradiating the same
gold target point with laser pulses at different wavelengths,
namely 1064 nm (@) or 532nm (2w), as well as simultaneous
irradiation employing pulses at both 1064 and 532 nm (@ + 2w).
The experimental setup used for the synthesis is depicted in
Figure S1, Supporting Information, while the laser parameter
values of the different PLAL configurations are reported in detail
in Table S1, Supporting Information.

Figure 1a—f presents the AuNPs transmission electron micros-
copy (TEM) images as a function of the sodium hydroxide
(NaOH) concentration in the aqueous solution (cnon), and laser
pulse frequencies. As indicated in Table S2, Supporting
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Figure 1. a—f) TEM images of AuNPs synthesized by PLAL in water in equilibrium with the air environment employing laser pulses at different frequencies
and different Cy,on values. a,b) Laser pulses at the w frequency in deionized water or in water with a Cy,on value of 4.0 mmol L™, ¢,d) Laser pulses at the
2w frequency in water with Cyaon Vvalues of 2.0 or 4.0 mmol L. ,f) Simultaneous laser pulse irradiation at both the @ and 2w frequencies (@ + 2w) in

water with Cyaon values of 2.0 or 4.0 mmol L™". The insets depict the experimental statistical size (radius) distribution. The UV-vis extinction spectra of

the corresponding colloidal dispersion are represented on the right side of the TEM images. The grey lines represent the Mie fit obtained in the dipolar

approximation applying the experimental size distributions.
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Information, both pH (i.e., cnaon) and laser pulse frequency con-
trol the statistical average nanoparticle dimensions. In the case of
laser pulses at the w frequency, the introduction of NaOH is
responsible for the evident differences observed concerning sta-
tistical nanoparticle size distribution. Without the addition of
NaOH (Figure 1a), the AuNPs present primary and secondary
nanoparticles with average diameters of about 20 and 45 nm,**
respectively, while the broadening of the extinction spectra up to
wavelengths of about 800 nm is attributed to the low pH and
ionic force of deionized water,*” which provokes interparticle
dipolar interaction, large coalescence, and agglomeration.!*>**
When NaOH is introduced into the ablation environment, the
average nanoparticle diameter is reduced to ~8 nm, the extinc-
tion spectra are narrower, and the size distribution becomes
monomodal, without the detection of a significant number of
secondary nanoparticles (Figure 1b). This agrees with literature
results concerning AuNPs synthesized by PLAL in water in basic
environments or those containing highly diluted electro-
lytes,***>) where primary nanoparticle coalescence is inhibited
during main cavitation bubble dynamics./*>*®!

In contrast, applying pulses at 532 nm leads to monomodal
distributions with average AuNPs dimensions well below
10 nm (Figure 1c—f), down to an average diameter ¢ of about
2.6nm for cnuon =4.0mmol L™ in the w + 2w configuration
(Figure 1f). As indicated by the theoretical calculations reported
in Figure S2, Supporting Information, although the continuous
formation of new AuNPs is observed throughout the irradiation
process, the fluence of the laser pulse passing through the pre-
formed nanoparticle column before reaching the target is, in this
case, reduced to values below ~1.5 ] cm™? during laser process-
ing, leading to an overlap between the synchronous target abla-
tion and LFL.I"*3336]

The size and stability of AuNPs synthesized by PLAL in water
media containing hydroxides are commonly associated to the pH
of the aqueous solution, which controls electrostatic nanoparticle
repulsion, modulating AuO~ and AuOH group ratios on the
nanoparticle surface.’®** The results reported in Table S2,
Supporting Information, confirm this trend, where nanoparticle
sizes decrease at higher pH values. The observed particle size
and higher yield of smaller AuNPs (i.e., ¢ < 3 nm) with increas-
ing pH values are also in agreement with the recent study pub-
lished by ZiefuR et al., who described the synergism between
anion adsorption and high pH values in electrostatically stabi-
lized AuNCs.[*”)

In addition to morphological characterizations, we further
investigated the organic content in the colloidal dispersions of
AuNPs by determining the parameter ATC, which represents
the total carbon (TC) difference between samples obtained after
laser pulse irradiation with (PLAL) or without (laser reduction in
liquid) the gold target (Figure S3, Supporting Information), but
with the same value of cna.op. As indicated in Table S2,
Supporting Information, the results indicate that the final TC
value following laser incidence on the NaOH solution (TCy) is
lower when the gold target is absent, suggesting that chemical
reactions involving aqueous carbon dioxide (CO,,q) species occur
during gold target PLAL.

The presence of by-products originating from the PLAL pro-
cess different from bare gold nanoparticles is evident in
Figure 1b,f. In the first case, spots presenting a lower contrast
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are observed, corresponding to small nanoparticles with an aver-
age diameter of about 5nm, which rapidly volatilize when
attempting to capture higher-magnification images (higher elec-
tron current density). In the second case, the by-products form an
extended medium in which ultrasmall gold nanoparticles are
embedded.

2.2. Products of the Pulsed-Laser-Driven CO,RR on Gold

A detailed analysis of the nanomaterial produced by the pulsed-
laser-driven CO,RR was performed by surface-enhanced Raman
scattering (SERS) to demonstrate that Au—CO ligands are present
on the surface of the nanoparticles before their exposure to the
air. We first examined the SERS spectra of the AuNPs subjected
to LSPC at the water—air interface in the presence of NaOH. The
results, presented in Figure 2a, indicate that the Au—CO signal,
centered at about 2120 cm ™", appears regardless of experimental
condition and configuration. Figure S4, Supporting Information,
displays the SERS spectra of AuNPs synthesized at different
water—gas interfaces without NaOH, namely in pure argon
(AuNPs,R), air (AuNPs,;,), nitrogen (AuNPy,), and a 99% argon
and 1% CO, (AuNPo,) mixture. It is interesting to note that, in
this case, the gold carbonyl signal is absent from all spectra. The
SERS signal depends on the LSPR band of the spatial region
excited by the laser radiation, which is quenched by the fast
and massive agglomeration that takes place during the SERS
analysis sample preparation (see Experimental Section). For
example, Figure S4, Supporting Information, also reports the
Raman spectra of the lyophilized powders synthesized with
cnaon = 2.0mmol L™, in which the gold carbonyl signal is
absent, suggesting that AuNPs precipitation must be avoided
during the SERS substrate deposition process. To confirm this
observation, we added NaOH to the colloidal AuNPs dispersion
following syntheses at different water-gas interfaces to improve
stability, and repeated the SERS measurements. As noted in
Figure S4, Supporting Information, both AuNPs,;, and AuNPco,
present a gold-carbonyl signal, confirming that Au-CO is not
absorbed onto the NPs surface when in contact with the atmo-
sphere, but is instead generated during the LSPC in the presence
of COj.q. These results are particularly significant, as gold-
carbonyl species are detected even at very low CO,,q concentra-
tions, such as in the case of deionized water in equilibrium with
air (TC < 1 ppm). The results, supported by the recent observation
concerning the laser reduction of CO, to CO in water by
Yan etal.,* confirm that the CO,RR to CO transformation during
the gold target PLAL in water is responsible for the detection of the
gold-carbonyl line, and that the concept of a ligand-free nanopar-
ticle cannot be applied when a gold target PLAL is performed at the
water—air interface.

To investigate the pulsed-laser-driven CO,RR characteristics,
we studied the cy,on dependence of the X-Ray diffraction (XRD)
pattern of the nanomaterial produced in water in equilibrium
with air. Figure 2b indicates that several Bragg reflections begin
to appear below the most intense gold phase peak at 38.2 (20) at
tnaon > 2.0 mmol L7 alongside traditional peaks associated
with crystalline gold, linked with a preferential growth along the
(111) plane.*® Vice versa, the XRD pattern at a lower NaOH con-
centration exhibited the gold phase only. Applying the procedure

© 2024 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 2. a) SERS spectra of the nanomaterial synthesized in water at Cyaon = 2.0 mmol L™ in equilibrium with air by PLAL at 532 nm (2w, green line),
1064 nm (w, grey line), or 532 nm and 1064 nm (w + 2w, black line), and by LFL (@ — 2w, red line). The excitation wavelength in the SERS measurements
was 638 nm. Some of the spectra were shifted along the vertical axes for better visualization. b) XRD patterns of the crystalline materials synthesized by
PLAL at the 2w frequency in water at different Cyaon values in equilibrium with air. c¢) Theoretical fit of the experimental XRD spectra for
Cnaon = 4.0mmol L™ (blue line). Several crystalline organic species were detected alongside the typical gold phase diffraction pattern, such as nahcolite,
trona, and sodium acetate. d) Carboxylic ion concentrations determined by ion chromatography on the transparent nanomaterial diffusing through the
pores of a dialysis membrane with a molecular weight cutoff of 3.5 kD. The pristine nanomaterial was synthesized by LFL (red columns) or PLAL with laser
pulses at the w frequency (grey columns), 2w frequency (green columns), and @ + 2@ (black columns) in water at Cyaon = 4 mmol L™ and in equilibrium
with air. As reported in Table S2, Supporting Information, the total carbon of the samples (TCo + ATC) was about 35 ppm. Data are presented as the

means £ SD (n=15) (ns, not significant *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

described in Experimental Section (using the Joint Committee
on Powder Diffraction Standards, JCPDS, Supporting
Information), a fit was performed to the nanomaterial diffracto-
gram obtained at a cy,0n of 4.0 mmol L™ and laser pulses at a
20 frequency,*! yielding the results presented in Figure 2c.
Qualitative and quantitative XRD analyses demonstrated the for-
mation of typical products of both CO,RR and NaOH-based CO,
capture and storage, such as trona (Na3(COs)(HCOs3).2(H,0)),
nahcolite (NaHCOj3), and sodium acetate (NaCH3COO) at 49.9%,
39.2%, and 10.9%, respectively.”®>* These percentages are rel-
ative to the organic material mass detected in the crystalline
phase, and therefore do not consider possible amorphous
CO,RR products or the organic material fraction volatilized dur-
ing the powder preparation for the analysis.”*

To confirm the XRD results and further investigate the effect
of the experimental laser irradiation parameters, an ion chroma-
tography (IC) analysis was performed on the portion of the material
diffusing through the pores of a dialysis membrane with a molecu-
lar weight cutoff of 3.5 kD, corresponding to an average diameter of
1.8 nm for gold. Table S3, Supporting Information, and Figure 2d
display the determined organic acid concentrations obtained from
pristine samples synthesized in water at equilibrium with air

Small Sci. 2024, 2300328 2300328 (5 of 15)

(enaor = 4.0 mmol L%, TC = (TCy+ ATC) = 35 ppm) by LFL or
PLAL applying laser pulses at different frequencies. As organic car-
boxylic acids tend to be slightly volatile, a fraction evaporates during
sample concentration employing mild thermal heating, so that the
concentration determined by IC represents a lower value than the
actual one.*"

Only a C, coupling to acetic acid is observed following LFL. In
this case, the C, coupling efficiency, defined as the ratio between
the concentration of C, products and TC (TC = 35 ppm), is of
about 10%. In contrast, when PLAL is performed, the results
highlight the presence of formate, acetate, and lactate ions, as
indicated in the elution curve presented in Figure S5, Supporting
Information. Itis interesting to note that the C3/C, coupling ratio
varies depending on the laser pulse frequency used to perform
the PLAL (Table S3, Supporting Information). This parameter
has a minimum value of 0.14 when 2 pulses are used, increas-
ing to 0.29 during simultaneous irradiation with @ and 2w
pulses, and is higher than 1 when PLAL is performed by infrared
laser pulses. We conclude that a selective C, coupling to acetic
acid is obtained by LFL (at least at the experimented fluence),
while the C; coupling is a distinct process associated to target
ablation, with the highest conversion efficiency of 3% obtained
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by pulses applied at the @ frequency (pure PLAL process without
fragmentation). Concerning the results presented in Figure S2,
Supporting Information, a qualitative correlation was noted
between the rate of new nanoparticle production during PLAL,
proportional to the extinction spectra slope as a function of time,
and total lactic acid production. In fact, the production of new
AuNPs is rather constant in time and presents a similar slope
in the PLAL employing @ or @ + 2w pulses, while the slope is
progressively reduced during time in PLAL employing green
laser pulses, indicating that fragmentation becomes predomi-
nant in comparison to the production of new nanoparticles.
Finally, the total conversion efficiency into carboxylic acids
(C1+ C,+ C3) does not vary significantly under the different
experimental LSPC configurations, except for the fragmentation
process, with a maximum value of about 10% (Table S3,
Supporting Information).

Pristine AuNPs colloidal dispersions were further investigated
by high-resolution TEM (HRTEM). Figure 3 presents the
HRTEM images of different types of organometallic nanocompo-
sites (OMNCs) observed in fresh samples synthesized at differ-
ent cnaon values and under different laser pulse configurations.
Figure 3a highlights a region of the same sample represented in
Figure 1b, where small AuNCs of about 2 nm are embedded in
the organic material, which volatilizes as soon as a higher mag-
nification (higher electron current density) is applied. A first kind
of OMNC stable to electronic irradiation is represented in
Figure 3b, where the organic material is characterized by a high
degree of disorder and surrounds AuNCs with average dimen-
sions of about 4 nm. Figure 3c shows nonvolatile OMNCs syn-
thesized by fragmentation, where the AuNCs exhibit an average
dimension of about 2nm. A crystalline organic structure sup-
ported by AuNPs is represented in Figure 3d, where an interline
spacing with an average value of 0.98 nm is observed. Similar
OMNC:s are shown in Figure 3e, where the elemental energy-dis-
persive X-Ray spectroscopy (EDX) analysis reveals the presence
of carbon, oxygen, and sodium in addition to gold. Interestingly,
the Fourier transform of the crystal structure (Figure 3f) reveals
characteristic sodium acetate interplanar spacings (see Table S4,
Supporting Information), demonstrating that the OMNCs depicted
in Figure 3d,e are obtained by PLAL-induced CO,RR and C, cou-
pling hydrogenation. Most crystalline OMNCs, rarely observed in
samples, are extremely sensitive to the acceleration electron volt-
age applied during the measurements. In fact, as reported in
Figure S6, Supporting Information, when the energy is main-
tained at 200 keV, the interplanar distance associated with the
plane (001 sodium acetate) decreases overtime, and the crystal
structure rapidly disappears after a few seconds of irradiation.

The experimental SERS, IC, XRD, and HRTEM results pro-
vide clear evidence of CO,RR induction by pulsed laser pulses.
A detailed display of the chemical reactions leading to the C, and
C; coupling is suggested in Figure 4, for formic, acetic, and lactic
acids. As mentioned earlier, PLAL promotes the homolytic cleav-
age of O—H bond of the water molecule into highly reactive
hydroxyl (HO-) and hydrogen (H-) radicals.®® These, in turn,
can reduce CO, to CO in aqueous media/**! (homogeneous reac-
tion) or, as proposed herein, on the surface of nanoparticles
(heterogeneous reaction). In particular, it is proposed that the
pulsed-laser-driven CO,RR to C, and C; products on gold
involves the following three main steps: 1) the reaction of
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CO, and CO with hydrogen radicals (H-), leading to HCO,- (car-
boxyl) and HCO- (formyl) radicals, respectively; 2) the binding of
HCO,- and HCO- to nanoparticle surfaces, followed by electron
and proton transfers by reaction with hydrogen radicals (H-),
cleaving C—O bonds and forming C—H bonds (hydrocarbons);
and 3) desorption of the final organic products from the nano-
particle surface and diffusion into the bulk of the solution.
Indeed, as proposed in ref. [56], acetic acid and lactic acid are
produced by the coupled desorption of —CH3;:—COOH and
—CH;3:—COOH:—CHOH, respectively.

The main proposed acetate and lactate formation pathways on
AuNPs start with the reduction of CO, and CO by H-, resulting in
HCO,- and HCO- radicals, respectively. The ratio of these radi-
cals on the AuNP can determine the obtained products. As noted
in Figure 4, one carboxyl and one formyl molecule are required to
obtain an acetate molecule. Furthermore, two formyl and one
carboxyl molecules must be close enough to the gold surface
to produce lactate. In addition, isolated formyl and carboxyl mol-
ecules bound to the gold surface may react with hydrogen rad-
icals to produce formaldehyde and formic acid, respectively.
Additionally, methane (CH,) may also be obtained by the reac-
tion of formyl with hydrogen radicals (H-), releasing water (H,0).
Finally, the alkaline medium neutralizes acids due to the pres-
ence of sodium hydroxide, yielding sodium acetate and sodium
lactate both bound and unbound to AuNPs surface. The fact that
formaldehyde was not detected may be associated to its high vol-
atility, resulting in unfavorable conversion or carbonization during
the laser ablation process. An alternative C; molecule that may
be formed comprises methanol, which was also not detected.
The steps of the reactions summarizing the proposed mecha-
nisms for obtaining formic, acetic, and lactic acid by the
pulsed-laser-driven CO,RR on gold are reported in Supporting
Information.

2.3. Photoluminescent OMNCs Characterization

As reported previously, gold PLAL or LFL in water containing
NaOH leads to the formation of transparent photoluminescent
non-atomically precise AuNCs.**”) To characterize their optical
emission, the pristine colloidal dispersion containing the nano-
material was bleached by centrifugation, resulting in a clear dis-
persion with a gold concentration on the order of 25 ppb. Two
distinct emission bands, one in the ultraviolet (UV) and the other
in the visible (blue) region, were detected.**>”

To obtain deeper insights into the effect of the laser-driven
CO,RR on morphological and optical AuNCs properties, a
bleaching process was applied to the colloidal nanomaterial dis-
persions synthesized herein. Images of the bleached nanomate-
rial were obtained by HRTEM or high-resolution scanning TEM
(HRSTEM) at low acceleration voltages, as depicted in Figure 5.
Independently of the experimental synthesis parameters, two dif-
ferent types of AuNCs were detected in the samples: the first fully
inorganic small ones (diameter between 2 and 3 nm), presented
in Figure 5a, and the second, organometallic colloidal nanocom-
posites composed of AuNCs and organic material in amorphous
or nanocrystalline form (Figure 5b—g). When performing LFL, no
crystalline organic material was obtained, but rather groups of
AuNCs embedded in an amorphous organic matrix, as depicted
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Figure 3. TEM images at an 80 kV acceleration voltage displaying different organometallic nanocomposites (OMNCs) synthesized by the pulsed-laser-
driven CO,RR in water at equilibrium with air, at different Cyaon values and different laser pulse configurations. a) AuNCs surrounded by volatile organic
material (Cnaon = 4.0 mmol L™, @). b) OMNCs composed of AuNCs and amorphous organic material (Cyaon = 2.0 mmol L™, 2w). c) Nonvolatile
OMNCs synthesized by fragmentation (Cnaon = 4.0 mmol L™, @ — 2w). d) High-resolution transmission electron microscopy (HRTEM) image of crys-
talline OMNCs, demonstrating an interplanar spacing of 0.98 nm (Cyaon = 4.0 mmol L™, @ 4- 2@). €) HRTEM image clearly showing OMNCs composed
of AuNPs and sodium acetate nanocrystals (Cnaon = 4.0 mmol L™, @ + 2w), as confirmed by f) the Fourier transforms of the region highlighted by the

dashed white square.

in Figure 5b. In this case, TEM measurements were not possible
at higher magnifications, as this material is highly sensitive to
electron irradiation. Some nonvolatile organic crystal structures
can instead be observed in PLAL-obtained samples. In addition to
the AuNC-sodium acetate nanocomposites (Figure 5c,d), large
colloidal structures composed by AuNCs and dihydrated sodium

Small Sci. 2024, 2300328 2300328 (7 of 15)

formate are also clearly visible (Figure 5e,g), as deduced from the
interplanar spacings characteristic of the crystals reported in
Table S4, Supporting Information, consistent with the Fourier
transforms reported in Figure 5fh. Although these are examples
of crystalline organic acids, it is important to note that most
organic CO,RR products are present in the amorphous phase,
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Figure 4. Chemical reactions leading to C; and C; coupling on gold nanoparticles, producing formic, acetic, and lactic acids in a basic water environment.

as depicted in Figure S7ab, Supporting Information. The
sodium acetate nanocrystals appear both in irregular shapes
and in the form of elongated structures, with average transverse
and longitudinal dimensions of about 20 and 200 nm, respec-
tively, Figure S7cd, Supporting Information. The average
dimensions of the dihydrated formate nanocrystals are difficult
to accurately estimate, due to the difficulty in obtaining dried
samples with a low degree of agglomeration. Nevertheless,
Figure 5e,g and S7e(f, Supporting Information, suggest that
most nanocrystals seem to also exhibit a preferential growth
direction, with average dimensions of the order of 50 and
100 nm in the orthogonal direction.

Based on this information, we cannot exclude the possibility
that the observed organic structures crystallized during colloid
drying over the TEM grid, although the dynamic light scattering
results concerning the pristine colloidal solutions reported in
Figure S8, Supporting Information, confirm the presence of a
bimodal hydrodynamic size distribution, with an average dimen-
sion of about 2 and 100 nm, respectively.

The optical properties of the nanomaterial obtained after the
bleaching process were investigated by steady-state and time-
resolved photoluminescence spectroscopy. An intense band at
about 420 nm (blue band) is present when the material is excited
at 315 nm, while a UV band centered at about 360 nm appears
when the excitation wavelength is reduced to 250 nm, as shown
in Figure 6a,b. The photoluminescence excitation and emission
spectra of the OMNCs do not suffer any spectral changes upon
laser pulse frequency variations during PLAL, or when LFL is
performed. A quantitative optical emission assessment was per-
formed for the samples synthesized under the three different
configurations, and the QY was estimated by comparison with
a certified QY standard solution (Rhodamine 101) as a function
of the sample concentration (e.g., sample dilution). To obtain the
number of emitted photons, the optical band was integrated

Small Sci. 2024, 2300328 2300328 (8 of 15)

between 315 and 550 nm for the AuNCs and between 540 and
700 nm for Rhodamine 101 (Figure S9, Supporting Information).
The comparison of the fairly perfect linear behaviors of the inte-
grated photoluminescence band as a function of absorption (i.e.,
sample dilution) with the standard (displayed in Figure S10b,
Supporting Information) allowed for robust QY assessments.
The results presented in Figure 6¢c demonstrate that the QY
can be controlled by the experimental configuration employed
in the LSPC. In fact, a value as high as 20% can be obtained
by PLAL applying simultaneous @ and 2w laser pulses compared
to an average value of about 14% and 7% for PLAL applying 2w or
w laser pulses, respectively. In addition, the OMNCs synthesized
by LFL are characterized by a QY as high as 10%, significantly
higher than the QY of 2% recently measured by Ziefuss et al.*%
for fully inorganic AuNCs synthesized by LFL. The lowest QY
associated to the OMNCs synthesized by PLAL-driven CO,RR
with infrared laser pulses was, however, expected. In fact, with-
out the fragmentation process, only a small percentage of pri-
mary AuNPs are in the form of small nanoclusters, so the
probability of interaction with the produced organic material
is low.

Finally, Figure 6d indicates the photoluminescence lifetime of
the sample synthesized by simultaneous PLAL with @ and 2@
pulses for emissions in different spectral regions and excitation
at 304 nm. Details concerning the protocols and mathematical
approach used to measure the QY and 7 photoluminescence life-
times are reported in Supporting Information (Figure S9-S11,
Supporting Information).

The photoluminescence decay curves can be properly fitted by
applying two different exponential decay curves with 7; and 7,
lifetimes, with their corresponding values given in Table S5,
Supporting Information. Traditionally, time-resolved photolumi-
nescence emission can be used to investigate electron recombi-
nation dynamics responsible for the photon emissions that take
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Figure 5. Images of the bleached nanomaterials obtained by HRTEM or HRSTEM with a low electron acceleration voltage (<100 kV). The nanomaterial
was synthesized by PLAL or LFL in water at equilibrium with air at different Cy,on values. a) Bare AuNCs (Cnaon = 2.0 mmol L™, 2w). b) OMNCs
composed of AuNCs and amorphous organic material obtained by fragmentation (Cnaon =4.0 mmol L', w—2w). The acceleration voltage was
set at 100 kV. c,d) HRSTEM images using the high-angle annular dark-field detector (HAADF) of OMNCs composed of AuNCs and sodium acetate
nanocrystals obtained after filtering the bleached nanomaterial through 0.4 pm filters (Cnaon = 4.0 mmol L™, @ 4 2w). The inset depicts the EDX spec-
trum of the sample. The interplanar distance corresponding to the plane (0 1 0) plane of sodium acetate is highlighted in (d). €) OMNCs composed of
AuNCs and dihydrated sodium formate nanocrystals obtained after filtering the bleached nanomaterial through 0.4 pm filters (Cnaon = 4.0 mmol L
® + 2w). f) The Fourier transforms of the region highlighted by the dashed white square in panel (e). g) The same type of organometallic nanocomposites
is displayed in panel (e) but prepared under different synthesis conditions (Cnaon = 4.0 mmol L™', 2w). The nitrogen signal noted in the EDX spectra is
due to the silicon nitride TEM grid. h) Fourier transform of the region highlighted by the dashed white square in panel (g).
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Figure 6. Excitation (solid lines) and emission spectra (dashed lines) of the photoluminescent OMNCs obtained after the bleaching process by centrifu-
gation. The LSPC was performed at the water—air interface with Cyaon = 4.0 mmol L™, by LFL (red lines) and PLAL using 2w pulses (green lines),
pulses (grey lines), or w 4 2w laser pulses (black lines). The photoluminescence emission in a) the UV and b) visible spectral windows was excited at 250
and 315 nm, respectively. c) QY of the photoluminescent nanomaterial with excitation at 304 nm. The vertical lines in the columns represent the standard
deviation associated to the measurements of five independent samples. d) Spectral-dependent 7; and 7, lifetimes obtained by time-resolved photo-
luminescence spectroscopy for the photoluminescent nanomaterials synthesized with @ + 2w laser pulses. The photoluminescence was excited at
304 nm. The data are presented as the means == SD. n =15 in panel (c) and n =2 in panel (d). (ns, not significant *p < 0.5, **p < 0.1, and ***p < 0.01).

place in the system. Our samples exhibit a non-single exponen-
tial photoluminescent decay, commonly associated to the pres-
ence of different relaxation processes, responsible for different
photoluminescence contributions.® This indicates that differ-
ent emitting conditions coexist in our samples, as commonly
observed when dealing with nanoparticles, due to size and shape
distributions that affect their optical properties. Additionally, two
different emissive species were detected in our samples, namely
small fully inorganic AuNCs and organometallic colloidal nano-
composites composed of AuNCs and carboxylic salts. These con-
ditions justify the occurrence of different photoluminescence
decay components. Figure 6d demonstrates that 7, is almost con-
stant, with an average value of about 8 ns (<I,> ~22%) over the
entire emission spectral range, while 7; increases from about
1.4-3.0 ns between 360 and 480 nm (~78%). The lowest experi-
mental 7; value is in agreement with the results reported by
Ziefuss et al.,* where the highest lifetime was in the order
of 2 ns and was attributed by density functional theory (DFT) cal-
culations to the sp-sp intraband highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO)
transitions of bare AuNCs with dimensions between 2 and
3 nm,**** similar to those displayed in Figure 5a. The spectral
dispersion observed for 7; is consistent with a jellium model
approximation, where the measured spectral lifetime may be
divided by the intensity of the emission at the respective
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wavelength to obtain the intrinsic lifetime. The latter, as pre-
dicted by spontaneous emission, should increase with decreasing
energy emissions.°” The notable differences in comparison with
the results reported for the pulsed laser synthesis of fully inor-
ganic AuNCs comprise higher QY and 7, values. Regarding the
latter parameter, decays in the 5-10 ns range are orders of mag-
nitude below the typical values of AuNCs stabilized by glutathi-
one or thiolate groups,?”*" and are, instead, typical for steric
cluster stabilization and spatial confinement by polymers, den-
drimers or macromolecules such as vitamin B; or bovine serum
albumin.#1%062631 The low 7, value leads us to conclude that the
carboxylic salt crystals located around the nanoclusters do not
participate in the ligand to metal charge-transfer process,’”
but rather promote QY enhancement by direct electron donation
to the metallic core from the electron-rich oxygen, as suggested
for other sterically stabilized nanoclusters.[**¥ Interestingly,
carboxylic acids have been reported to play a fundamental role
in the formation of colloidal 2D or 3D suprastructures in aque-
ous media by hydrogen and/or ionic (counter ion) interaction,
ultimately leading to the formation of photoluminescent
metal-organic nanoframeworks.[**®* In these particular struc-
tures, photoluminescence enhancement and longer lifetimes
are due to the inhibition of the degree of freedom of the carbox-
ylic ligands forming the network of metal-organic nanoframe-
works,*? similar to what takes place when the metal-organic
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shell is rigidified in ligand-stabilized luminescent AuNCs./*®

Surprisingly, some of the OMNCs in this study present a crys-
talline organic structure (Figure 5b-h), which should further
reduce ligand mobility.

It is important to note that the presence of the organic material
produced by the CO,RR does not seem to significantly alter the
spectral UV and visible (blue) photoluminescence properties,
centered around 360 and 420 nm, respectively (Figure 6a,b). In
fact, as reported in refs. [36,57], both fully inorganic AuNCs or
AuNCs synthesized by PLAL in water containing low NaOH con-
centrations (cyaon = 0.02 mmol Lfl) are characterized by similar
UV and visible emission bands, and AuNCs with average dimen-
sions of 2.4nm exhibit an emission centered around 415 nm.
This observation suggests that OMNCs emission is still associ-
ated with the HOMO-LUMO transition of metallic cores.

2.4. AuNPs Biocompatibility

Since the results presented earlier break the classical paradigm
concerning the absence of by-products during gold PLAL in
water, traditionally associated with their high biocompatibility
level,[*”) it seems legitimate to question the viability of the nano-
material synthesized by the pulsed-laser-driven CO,RR in a basic
water environment. As in vitro toxicity tests are considered the
gold standard to evaluate nanoparticle safety, we performed the
trypan blue assay on different normal cell lines, namely human
keratinocytes (NCTC 2544), murine macrophages (RAW 267.4),
and human microvascular endothelial cells (HMVEC) to com-
plete our experimental investigation. A treatment for 24 h with
AuNPs synthesized by w + 2w laser pulses at a final concentra-
tion of 15 ppm revealed that these nanoparticles were nontoxic
and actively taken up in by all tested cells, as displayed in
Figure S12, Supporting Information. Thus, the inorganic and
organic products obtained during the CO,RR do not significantly
alter AuNPs biocompatibility, even when the products become
macroscopically observable increasing the amount of CO,,q in
the ablation environment.

2.5. Discussion on the Nature and Effects of the Pulsed-Laser-
Driven CO,RR

We attempted to provide a phenomenological scenario of the
pulsed-laser-driven CO,RR on gold observed in this study.
The temporal evolution of the thermodynamic properties (i.e.,
temperature and pressure) of the metal-water interface from
the laser pulse absorption to final product stabilization has been
studied through molecular dynamics simulations by Zhigilei
et al. for both the PLAL and LFL processes."®*? In both cases,
a mixing region (MR) is created after a few hundred of picosec-
onds with an extension of a few tens of nanometers, with temper-
atures ranging from 10° to 10* K, where excited metal species
(M*, liquid droplets and vapors), liquid species (L*, liquid drop-
lets and vapors), and gaseous species (G*) can coexist, and even-
tually participate in chemical reactions in an environment under
a pressure of the order of 10-10 MPa. In both cases, the MR is
created by the interaction between the outer water layer and the
phase metal explosion products. The MR depicted in Figure 7a is
located at the interface with a cavitation bubble in the expansion
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phase for PLAL and in the last picosecond before the collapse for
LFL."™*? In the latter case, the MR is above the bubble boundary
due to the ejection of AuNCs from the center of the fragmented
pristine nanoparticle.**

Our hypothesis is that the CO,RR is driven by the thermal
energy (kT) generated after the laser pulse absorption, shown
as flashes in Figures 7b,c, by the target (PLAL) or the AuNPs
(LFL). We define the process in which CO, hydrogenation occurs
at the surface of the AuNPs (or nanoclusters) by H- radicals or
H™ ions present in the bubble as a one-step CO,RR. Figure 7b
indicates that the electrons resulting from the oxygen evolution
reaction can evolve through the hydrogen evolution reaction,
which leads to the production of molecular H, by WS, or through
the one-step CO,RR, which classically leads to the production of
carbon monoxide (CO) and carboxylic acids (R-COOH). Figure 7c
shows the two-step CO,RR, where the bubble may contain
H- radicals or H" ions alongside H, produced by WS and CO
produced by the one-step CO,RR. The pulsed-laser-driven
CO,RR mechanism is, therefore, probably an overlap of a
one-step and two-step CO,RR, which has recently been proposed
as a cascade process to improve the Faradaic efficiency in the
synthesis of C, and C; products for industrial processes.®®! As
schematically depicted in Figure 7c, the experimental results
demonstrate that the pulsed-laser-driven CO,RR process on gold
target leads to the synthesis of various metal-organic nanostruc-
tures, such as carbon monoxide-rich AuNPs (COR-AuNPs) and
photoluminescent organometallic colloidal nanocomposites
composed of AuNCs and carboxylic acids.

The main difference between PLAL and LFL is the absence of
a C; coupling in the latter process, at least for the laser pulse
fluence value applied herein (%2.5 ] cm™?). We attribute this dif-
ference to the creation of a plasma plume during PLAL which,
unlike LFL, is responsible for the presence of strong reducing
agents such as H- and H, produced during water-splitting,
and higher transient MR temperatures.">** Considering the
low values of both the metal concentration and laser pulse flu-
ence employed in the present research, the probability of obtain-
ing molecular hydrogen during LFL by cascade ionization is
low.”>** In this scenario, we propose that both one-step and
two-step CO,RR with molecular hydrogen are involved in the
PLAL, while a one-step CO,RR through H™ ions is likely to com-
prise the main conversion pathway during LFL.

We emphasize that the observation of the C; coupling to lactic
acid during PLAL is the first demonstration of an artificial (photo-
thermal) synthesis of lactic acid in an environment consisting solely
of CO, and water. Lactic acid is, in fact, usually obtained by the
introduction of additional substances, >’ glycerol dehydrogena-
tion,”? or carbohydrate fermentation supported by lactic acid bac-
teria,”*! demonstrating the unicity of PLAL-driven CO,RR.

Small differences are observed regarding total free carboxylic
acid concentrations, depending on the experimental PLAL
parameters, and the highest CO, conversion value of about
10% is obtained through the fragmentation of pre-synthesized
AuNPs. The latter result can be understood by considering
the fragmentation fluence threshold and cavitation bubble for-
mation dependence on the dimension of pristine AuNPs.”*7!
As indicated in Figure 1a, the AuNPs synthesized in deionized
water with infrared laser pulses are the only ones that present a
significant fraction with diameters higher than 20nm,
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Figure 7. a) Proposed scheme of the physicochemical processes involved in the pulsed-laser-driven CO,RR with gold during PLAL (left panel) or LFL
(right panel). The reaction chamber is formed by the mixing region (MR) at the interface with the laser induced bubble created after laser pulse absorption
(orange flash) by the gold target or pristine AuNPs, which supplies the required thermal energy E(kT). b) Water splitting (WS) and one-step CO,RR
compete with each other, leading to gas (H,, O,, CO) and possible carboxylic acid (R-COOH) formation. In the case of PLAL, He and OH. radicals are also
produced during the plasma formation. c) The MR-bubble interface for the two-step CO,RR contains also H, and CO obtained from WS and the one-step
reduction process. CO, can be introduced into the system either by the addition of NaOH or by direct injection. The pulsed-laser-driven CO,RR process
leads to the synthesis of carbon-monoxide-rich gold nanoparticles (COR-AuNPs), and organometallic colloidal nanocomposites composed of AuNCs and

carboxylate salts. The photo indicates the visible (blue) photoluminescence of the OMNCs, characterized by a QY of about 20%.

characterized by a higher absorption cross section and energy to be
used in the thermal processes accompanying the fragmentation.

At first sight, one might expect a correlation between the total
CO, conversion efficiency to organic material and the photolu-
minescent QY of the OMNCs obtained by different experimental
LSPC configurations. Conversely, significant differences are
observed concerning QY. The main reason is the fact that the
organic material detected by IC consists of carboxylic acids in
free state, which do not interact with the AuNCs, and do not par-
ticipate in QY enhancement. Attempts at quantifying the concen-
trations of both free and bound carboxylic acids by IC analyses of
pristine OMNCs were, however, not successful, and damaged the
instrument columns during the measurements.

The experimental results also indicate that the PLAL-driven
CO,RR by simultaneous irradiation with pulses at the » and
2w frequencies leads to ultrasmall AuNPs with an average diam-
eter of less than 3 nm (Figure 1) and a higher QY of photolumi-
nescent OMNCs (Figure 6¢). Both results may be associated to a
higher percentage of organic material stabilizing the AuNCs. The

Small Sci. 2024, 2300328 2300328 (12 of 15)

latter is responsible for a size-quenching effect associated with
cluster stabilization by organic material during the fragmenta-
tion, which could act as an in situ generated surfactant.”® The
second experimental observation is consistent with a scenario
in which a higher fraction of the photoluminescent AuNCs is
embedded in the carboxylic salts produced during the pulsed-
laser-driven CO,RR. Indeed, the HRTEM analysis of the photo-
luminescent nanomaterial (Figure 5) demonstrated that only a
fraction of the AuNCs is stabilized by carboxylic acids, so that
the overall QY is reasonably an average of the values associated
with the bare and protected nanoclusters.

As a final remark, we emphasize that the present study was
aimed at providing a proof of concept of pulsed-laser-driven
CO;RR, and further optimization of both QY and the CO, con-
version efficiency is possible. It is legitimate to believe that the
CO,RR conversion efficiency strictly depends on both the tem-
perature and the concentration of hydrogen reactive species in
the MR, as well as bubbles generated during the laser irradiation,
as represented in Figure 7.
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The temperature of the plasma plume can be generally con-
trolled by the fluence of the laser pulses independently of the
temporal duration, and higher temperatures are expected when
the laser pulse can interact with the plasma plume along the
whole lifetime, which is of the order of ~100 ns.”””% The reac-
tive hydrogen species concentration may be, instead, enhanced
by exploiting laser water breakdown, due to both cascade ioniza-
tion and direct medium ionization by multiphoton absorption.”*)
If cascade ionization can be triggered by the excited AuNPs elec-
trons when nanosecond laser pulses exhibit a fluence of over
~40] cm ™22 direct multiphoton absorption can participate
in the production of hydrogen when ultrashort laser pulses
are considered (ps and fs).®®3! Considering these complex
aspects, we deduce that, although the pulsed-laser-driven CO,RR
may be performed by laser pulses with different temporal dura-
tions, it is difficult to understand possible differences observed in
terms of CO, conversion efficiency at this stage of research. It is
instead, straightforward, to predict that the use of state-of-the-art
pulsed laser technologies with repetition rates in the order of
MHZz®*#3] may fix the same amount of CO, in a timeframe sev-
eral orders of magnitude lower than the characteristic time used
in the present study, with new perspectives from an energetics
point of view.

Interesting results are also expected from the use of dual-wave-
length ultrashort pulses with controllable delay, where the sec-
ond pulse can interact with primary NPs produced some
hundreds of picosecond after the absorption of the first NP by
the target.®*%!

Although this study does not currently focus on the energetic
issues related to CO, conversion, we hope that it will be the start-
ing point for the development of an alternative negative emission
technology based on LSPC, where different experimental param-
eters can be adequately engineered to achieve a competitive CO,
conversion rate to advanced nanomaterials in the colloidal phase.

3. Conclusions

We demonstrated herein that the CO,RR is an intrinsic feature of
the gold LSPC at the water—air interface. Carbonyl ligands are
present on the surface of AuNPs even when the LSPC is per-
formed in deionized water, while C, and C;3 by-products become
macroscopically observable as long as higher amounts of aque-
ous CO, are introduced via NaOH, creating a basic water envi-
ronment. Under these conditions, pulsed-laser-driven CO,RR
allows the production of value-added chemical feedstocks in
the colloidal phase. The process is responsible for the production
of nanomaterials in the form of carbon-monoxide-rich gold
nanoparticles and organometallic photoluminescent colloidal
nanocomposites consisting of AuNCs and carboxylic salt nano-
crystals. While LFL is selective for C, coupling to acetic acid, we
were able to modulate C, and C; coupling efficiencies to formic,
acetic, and lactic acid by applying laser pulses at different fre-
quencies to perform pulsed laser ablation, also modulating
AuNPs dimensions and the QY of the photoluminescent
OMNCs. When ablation is performed by the simultaneous irra-
diation with infrared and green pulses, the synthesis of ultra-
small gold nanoparticles with an average diameter of less than
3nm was observed, as well as an unprecedented QY as high
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as 20% in the photoluminescence of the OMNCs, one order
of magnitude higher than the characteristic value of fully inor-
ganic AuNCs. These findings shed light on the physicochemical
processes underlying LSPC in water and provide the scientific
community with a new technological tool for the conversion
of CO, into biocompatible advanced nanomaterials in the colloi-
dal phase.

4. Experimental Section

The materials used in the present research and the preparation method
for the aqueous NaOH solution are reported in Supporting Information.

Laser Synthesis and Processing of the Colloids: The PLAL was performed
using laser pulses with a temporal width of 5.8 ns at 532 nm (2w) and
1064 nm (w), generated by a Nd:YAG source operating at a repetition rate
of 10 Hz (Q-Smart 850, Quantel USA). The pulse profile was represented
by a TEMO0O0 Gaussian mode, with effective circular beam waist (radius) of
2.8 and 2.6 mm at the w and 2w frequencies, respectively (details reported
in Supporting Information). The laser pulses were focused on the target by
a focusing lens with focal lengths of 15.2 and 14.9 cm at the w and 2w
frequencies, respectively. A polytetrafluoroethylene beaker was used for
the synthesis, the height of the water column above the gold target
was kept constant at 6 mm, and the same point of the target was ablated
for 6 h, for a total number of laser pulses equal to 2.16 x 10°. The PLAL
was performed under three different laser pulse configurations, namely @
pulses, 2w pulses, and simultaneous pulses at both the @ and 2w frequen-
cies (w + 2w). In all three cases (@, 2w, and w + 2w), the fluence F and the
energy E were calibrated to reach a maximum optical density nanomaterial
value after 6h of PLAL equal to 1.0 £0.1. LFL (w — 2w) of preformed
AuNPs was performed for 6 h with a laser pulse fluence at the water—
air interface of about 2.5 | cm™2. Details of the laser pulse energy and flu-
ence in the different experimental configurations for both the PLAL and
LFL processes are given in Supporting Information, alongside details con-
cerning the AuNPs synthesis at different water—gas interfaces.

Separation of the Transparent Organometallic ~Photoluminescent
Nanocomposites: The photoluminescent OMNCs were obtained from pris-
tine samples by a bleaching process described in detail in ref. [57]. Briefly,
the pristine colloidal nanomaterial dispersions were heated at 45 °C under
a nitrogen environment, resulting in a tenfold colloidal dispersion concen-
tration, due to mild thermal evaporation. The concentrated samples were
then centrifuged at 13 000 rpm and 0°C for 3 h. Finally, the supernatant
was separated from the precipitate, yielding samples containing gold on
the order of 25 ppb. Transparent nanomaterials exhibiting a high scat-
tering background in the optical extinction spectra were further filtered
through 0.4 pm filters.

IC, TC, and Metal Concentration Determinations: TC measurements
were performed using a total carbon analyzer model TOC-VCPN from
Shimadzu (Japan). The experimental setup shown in Figure S3, Supporting
Information, was applied to correctly measure the ATC (difference in TC of
aqueous NaOH solution irradiated with and without the gold target).

The gold concentrations in the water samples were determined by
inductively coupled plasma mass spectrometry employing a Nexlon
300X Perkin Elmer apparatus (USA). The samples underwent sonication
in an ultrasonic bath for 10 min prior to each measurement.

IC measurements were performed using a DIONEX Thermo-Fischer
ICS-2000 chromatograph, with automatic eluent generation (KOH), sup-
pressed conductivity detection, and chemical eluent suppression. Details
are given in Supporting Information.

Optical Spectroscopy Characterization: Sample extinction spectra were
obtained using a double beam Lambda 950 Perkin Elmer spectrophotom-
eter (USA). SERS was performed using an XploRA micro-Raman apparatus
(HORIBA), and the samples prepared as explained in Supporting
Information. Photoluminescence spectroscopy was performed in both
steady-state and time-resolved modes, as reported in detail in Supporting
Information. The optical QY of the samples was evaluated by comparative
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method using a Rhodamine 101 reference sample (QY = 100%, details in
Supporting Information).®¢!

TEM: HRTEM and EDX were performed at different high acceleration
voltages (80, 100, 200 kV), depending on sample specificities, as explained
in the main text. Two apparatuses were employed throughout the study, a
JEOL 2100 F microscope operated at 100 or 200 kV, and a FEI Titan 80-300
microscope operated at 80 kV. Details are given in Supporting Information.

XRD: XRD measurements were performed using a single-crystal Oxford
Diffraction SuperNova Agilent diffractometer (USA) equipped with a Titan
CCD detector, using CuKa radiation (1.5416 A) at room temperature. The
crystalline phases present in the experimental samples were identified
using the Qual-X suit program for the qualitative and quantitative phase
analyses (QPAs).®% The QPA was performed using the TOPAS Academic
system® applying Rietveld method.®®) Details are reported in Supporting
Information.

Statistical Analyses: The LabSpec6é (HORIBA) and OriginLab 2019b soft-
ware were used to process the SERS data, where the baseline was removed
using a seventh-degree polynomial, and the spectra were shifted along the
vertical axes for better visualization. The UV-vis spectra were normalized
at a value of 1. The XRD data were refined by the Rietveld method using the
DIFFRAC TOPAS-R software available in the Bruker AXS Version 4.2 and
the baseline was removed using OriginLab 2019b with a thirty point interpo-
lation. The data were presented as the means =+ standard deviation (+SD)
for each group, and “n” represents the number of samples per group. A one-
way ANOVA was used for intergroup comparisons when more than two
groups were analyzed. ns indicates that there is no statistically significant
difference, while *p < 0.5, **p < 0.1, ***p < 0.01, ****p < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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