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The development and understanding of alternative plasmonic materials
are crucial steps for leveraging new plasmonic technologies. Although
gold and silver nanostructures have been intensively studied, the promis-
ing plasmonic, chemical and physical attributes of rhodium remain poorly
investigated. Here, we report the synthesis and plasmonic response of
spherical Rh nanoparticles (NPs) with sizes in the 20—40 nm range. Due to
the high cohesive energy of this metal, synthesis and experimental
investigations of Rh nanospheres in this size range have not been
reported; yet, it becomes possible here using a green and one-step laser
ablation in liquid method. The localized surface plasmon (LSP) of Rh NPs
falls in the ultraviolet spectral range (195—-255 nm), but the absorption tail
in the visible region increases significantly upon clustering of the nano-
spheres. The surface binding ability of Rh NPs towards thiolated mole-
cules is equivalent to that of Au and Ag NPs, while their chemical and
physical stability at high temperatures and in the presence of strong acids
such as aqua regia is superior to those of Au and Ag NPs. The plasmonic
features are well described by classical electrodynamics, and the results
are comparable to Au and Ag NPs in terms of extinction cross-section and
local field enhancement, although blue shifted. This allowed, for instance,
their use as an optical nanosensor for the detection of ions of toxic metals
in aqueous solution and for the surface enhanced Raman scattering of
various compounds under blue light excitation. This study explores the
prospects of Rh NPs in the realms of UV and visible plasmonics, while also
envisaging a multitude of opportunities for other underexplored applica-
tions related to plasmon-enhanced catalysis and chiroplasmonics.

Introduction

Localized surface plasmons (LSPs) are collective excitations of
conduction electrons driven by the interaction of metallic
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New concepts

Plasmonics has penetrated fields ranging from energy conversion to
catalysis, biomedical analysis, nanomedicine, light management, and
quantum phenomena. However, gold and silver nanostructures do not
support plasmons in the ultraviolet (UV) region, while other UV-
plasmonic compounds are not chemically stable and cannot be coated
with functional molecules. Rh, on the other hand, has favorable
characteristics for UV plasmonics, but its high cohesive energy leads to
anisotropic nanocrystals with red-shifted plasmon resonance when their
size exceeds 7-10 nm, which is the critical threshold for optimal perfor-
mance. To address this issue, spherical Rh nanoparticles were synthe-
sized by laser ablation in liquid in the range of 20-40 nm. Furthermore,
these Rh nanospheres can be coated with ligands and their exploitation
in the optical detection of toxic ions is demonstrated in the visible as well
as in the UV range, which remained inaccessible to other plasmonic
sensors of this type described so far. The spherical shape of Rh nano-
particles also facilitated benchmarking against classical electrodynamic
models for plasmonic behavior. Finally, Rh nanoparticles offer an advan-
tage over gold, silver and other materials because they are more resistant
to harsh environments and high temperatures, while providing a compar-
able plasmonic response. Overall, Rh nanospheres have the required set
of features to leverage plasmonic technologies in the underexploited UV
region.

nanostructures with electromagnetic radiation."™ To date,
LSPs have been exploited for a wide number of applications
spanning several technological and scientific branches, such as
optical sensing,” anticounterfeiting,® ultradense data storage,’
theranostics,® and photocatalysis,” and various emerging fields
including, for instance, quantum phenomena'® and chiro-
selective photochemistry."* The benchmark plasmonic materi-
als are Au and Ag, which exhibit LSP resonances in the visible
and near infrared spectral range, depending on the specific
morphology of the nanostructure." > Cu has also been stu-
died for plasmonics but its applications are limited by the lower
chemical and physical stability and by the presence of inter-
band transitions in the visible range, which significantly affect
the plasmonic performances.'>"® Indeed, these two features
mostly determine the exploitability of any plasmonic material,
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which is true also for Au and Ag since they have interband
transitions in the UV region, where they cannot support any
LSP.>"* Ultraviolet plasmonics is interesting because of its
implications in advanced optical phenomena,'>™” plasmonic
photocatalysis,'® thermal activation of catalytic processes,'®
photodetection®® and sensing.”’ UV photons can generate
energetic hot-carriers in plasmonic nanostructures, unlocking
catalytic processes with high energy barriers.””™"” Besides,
provided that photodegradation is avoided, the Raman spectro-
scopy of organic compounds and biomolecules is boosted,
because of the inverse dependence of the Raman scattering
cross-section on the excitation frequency and the approaching
to electronic transitions in molecules without resonances in the
visible range.*'*>"'” The combination of UV radiation and local
field enhancement in plasmonic materials is also an emerging
strategy for enhancing natural optical activity."*

In order to expand the spectral range of plasmonic applica-
tions to the UV, a few materials with promising optical proper-
ties have been identified, such as Al, Mg, Bi, Ga and Rh.>*%2%23
Other metals have plasmons in the UV region, such as Pd, Pt
and some non-noble transition metals.**®?*?3 However, their
plasmonic properties are poor due to a small real component of
the dielectric function compared to the imaginary component,
either because of the presence of interband transitions in the
UV range or because of their low electrical conductivity.>**'%>*
Besides, non-noble metals undergo oxidation without the for-
mation of a native shell of passivating oxide.

Unfortunately, Al, Mg and Bi are not chemically stable in air
and in water,*>**” requiring further stabilization with thick
passivating shells, while Ga is liquid at room temperature and
may also undergo oxidation in the long term without appro-
priate protection.”® This is the main drawback of other plas-
monic materials alternative to Au and Ag, such as nitrides.””

Rh is an exception, because it is renowned for its resistance
to air and aqueous environments, without the formation of a
native oxide coating, and for its high melting temperature
(2236 K in the bulk)."**° The chemical stability of Rh is a great
advantage for its widespread use as a catalyst for hydrogena-
tion, hydroformylation, NO, reduction, CO oxidation and
hydrogen evolution.*** To date, Rh has been used in parti-
cular for surface enhanced Raman scattering (SERS),**7°
plasmon-enhanced fluorescence,®” UV photodetection®® and
plasmonic photocatalysis,>*° and even better functions are
expected for Rh alloys.***' The main drawback of Rh, to date, is
the limited earth abundance (0.0002 ppm) and the conse-
quently high cost,***® which however is not the main problem
for most plasmonic applications requiring only tiny amounts of
metal (below milligrams), for which the prevailing cost sources
are the synthesis, processing and durability of the device and
the related sustainability and environmental impact.**

Several Rh nanostructures have been proposed for UV
plasmonics, such as decahedra, nanocubes,®' 43343
multipods,”® nanotetrahedra,**** nanoplates,®® and nano-
triangles.** The shape of plasmonic NPs impacts their optical
and chemical properties, hence the controlled synthesis of
distinct morphologies is important.>****> The sphere is the

nano-
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simplest and most frequent shape of plasmonic NPs, and it is
associated to the largest blue shift of the LSP resonance among all
other geometries with equivalent volume and composition.'”
Thus, Rh nanosperes exhibit plasmonic properties at shorter
wavelengths than that of the other Rh nanostructures mentioned
above. However, Rh nanospheres that have been reported to date
are below the 5-7 nm size threshold.>>*’ In this size range, some
faceting already appeared and the plasmon properties are limited
by the small dimension.** Obtaining spherical Rh NPs with size
>5-7 nm is still a challenge due to the exceptionally high surface
energy and cohesive energy of Rh in its natural face centered cubic
(FCC) structure, which exceed those of the other noble metals such
as Pt, Pd, Au and Ag.****® For instance, spherical Pt NPs,
spherical Pd NPs, but cubical Rh NPs were obtained under the
same experimental wet chemistry conditions.* This may explain
the absence of literature reports about nanospheres with sizes
above 10 nm obtained using chemical methods.

Another critical aspect of Rh NPs described in the litera-
ture is that they are obtained either on substrates or as a
colloid with the use of capping agents and other stabilizing
compounds.”” In the latter case, chemicals absorb UV light,
overlapping with the LSP of rhodium nanostructures,”®>%*34*
and they hamper further functionalization with the desired
organic molecules or the adsorption of analytes for SERS.
Nonetheless, a considerable part of the success of “standard”
Au and Ag plasmonic nanoparticles is connected to the easy
surface chemistry based on the formation of metal-sulfur
chemical bonds with any molecule exposing a thiol group.?
This is crucial for the stability of the colloid of NPs, also in
complex environments at high ionic strength.*®*>° Besides,
surface functionalization is key to endowing plasmonic NPs
with chemical selectivity, which is the basis for a series of
analytical methods based on the change in the linear and
nonlinear absorption spectra, as well as for analyte-selective
surface enhanced spectroscopies.”” Hence, surface availability
would be a key empowering feature for plasmonic Rh NPs.

Here we report the preparation and study of Rh nanospheres
with a size of 20-45 nm, which exhibit a well-defined and
intense LSP in the UV region and flexibility upon surface
functionalization with thiolated ligands. The spherical Rh
NPs were obtained using a laser ablation in liquid synthetic
approach, which provides several benefits such as the use of a bulk
target instead of more expensive chemical precursors and the
operation at room temperature and ambient pressure.*>**>">?
Most importantly, no surface coating agents or chemical contami-
nants are present on the surface of Rh NPs, which is left ready for
functionalization with the desired molecules after or during the
synthesis. The plasmonic properties of Rh NPs are described using
classical electrodynamics and indicate good resistance to acid
environments (aqua regia) and high temperature because of the
excellent chemical stability of rhodium.

The set of properties of the Rh NPs allowed, for the first
time, their exploitation as an optical sensor for the detection of
toxic ions in aqueous solution and confirmed their potential for
the collection of SERS spectra of various analytes upon excita-
tion with blue light.

Nanoscale Horiz., 2025, 10, 336-348 | 337
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Overall, these results demonstrate the useful properties of
Rh nanospheres for UV and visible plasmonics, opening the
way for a multitude of opportunities for other underexplored
applications in a broad range of the electromagnetic spectrum,
including advanced plasmonic-related phenomena such as
plasmon-enhanced catalysis and chiroplasmonics.

Results

The synthesis protocol follows what was previously reported for
Au and Ag nanospheres®>* and consists of laser ablation with
1064 nm laser pulses (6 ns) of a bulk rhodium plate in distilled
water (Fig. 1A). Resorting to bulk pure metal is an advantage in
the case of expensive elements like Rh because it avoids extra
costs due to the preparation, purification and management
of metal precursors,***"*> which in some cases also pose
concerns for safety and formation of pollutant waste.*> Another
advantage of the LAL is the straightforward automation and
compatibility with remote control from a PC or a smartphone,>*
as well as the scalability to gram-scale synthesis without
compromising any of the typical features of the lab-scale
procedure.®® Compared to other scalable chemical methods
for the production of spherical UV plasmonic NPs, which may
require several days,>” LAL is much faster. The choice of NIR
laser pulses is crucial to avoid overlap with the plasmon
absorption of the NPs, which induces photofragmentation
exacerbating the polydispersity of the products. NIR light is
also preferred to limit the formation of strongly oxidising
species by decomposition of water molecules,*® which react
even with noble metals such as Rh forming its oxide.?>**®

The absence of coating agents and other chemicals permits
the functionalization of Rh NPs with the desired ligands and
their separation from the synthesis solution by centrifugation
or dialysis. Thiolated polyethylene glycol (PEG-SH) was added
to the colloid after the synthesis, to ensure stability in an
aqueous solution. The successful coating of Rh NPs with PEG
was assessed by Fourier-transform infrared (FTIR) spectroscopy
of the particles collected after dialysis to remove the unbound
polymer (Fig. 1B). The FTIR spectrum of the dried PEG-Rh NP
pellet shows the vibrational fingerprint of the polyethylene
glycol backbone, such as the intense C-O-C stretching at
1100 cm™' and the bands in the 800-1500 cm ' region,
including the vibrations of the C=0 and C-H bonds.*® Besides,
to demonstrate that the Rh NPs can be coated also with other
thiolated compounds, mercaptopropionic acid (MPA) was used,
and this will be of interest for the applications described in the
following section. Again, the successful coating of the dialysed
and pelleted MPA-Rh NPs was assessed by FTIR (Fig. 1B) by
identifying several distinctive bands such as those of the C=0
of the carboxylic group (1550 cm™ '), the CH, wagging mode
(1380 cm™ "), C-O stretching (1260 cm ') and the O-C=O0
symmetric stretching bands (1020 and 1080 cm™').*°

Energy dispersive X-ray (EDX) spectroscopy (Fig. 1C) and
selected area electron diffraction (SAED, Fig. 1B) were per-
formed on the PEG-Rh NPs within a transmission electron
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microscope (TEM) to identify the spectral signature of rhodium
(L-series in the EDX spectrum) and the reflections from the
(111), (200), (220) and (311) lattice planes, expected for the FCC
rhodium structure.

Then, to study the optical properties of PEG-Rh NPs, a well-
established selective sedimentation protocol was applied, working
in distilled water, to isolate different size fractions.’**° From
the TEM images (Fig. 1E) we evaluated the spherical morpho-
logy, typical of noble metal particles obtained by LAL,>” of the
six fractions of PEG-Rh NPs, which have the average sizes of
45 £+ 15 nm (Sample 1), 37 £+ 13 nm (Sample 2), 32 + 12 nm
(Sample 3), 29 £+ 10 nm (Sample 4), 22 + 8 nm (Sample 5) and
19 + 8 nm (Sample 6). These are the only examples of spherical
Rh NPs in these size ranges reported to date. Benefiting from
the absence of other chemical compounds with absorption
bands in the UV region, the optical properties of the aqueous
solutions of PEG-Rh NPs in quartz cuvettes were measured by
UV-visible spectroscopy in the 190-1000 nm spectral range
(Fig. 1F). All samples have a plasmon band centered in the
UV region with a tail extending to the visible region. The LSP
maximum is at longer wavelengths for the biggest NPs (256 nm
for Sample 1) and at shorter wavelengths for the smallest NPs
(195 nm for Sample 6). The trend of the LSP position is in
general agreement with the predictions of the Mie model for
spherical Rh NPs in water (Fig. 1G). Therefore, we used a
classical electrodynamics approach based on the Mie and Gans
models>®! to fit the experimental spectra, which provided
remarkable agreement as shown by the red lines in Fig. 1F.
Besides, the model succeeded in predicting the average size of
the samples with an accuracy of 0-16% in all cases (45 nm,
43 nm, 34 nm, 29 nm, 24 nm and 21 nm for, respectively,
samples 1, 2, 3, 4, 5 and 6) and without any prior calibration,
which instead is required for Au NPs.>°" This is the first
example of the accurate replication of the experimental optical
properties of Rh NPs using classical electrodynamics, indicat-
ing that the dielectric function reported in the literature
and the theoretical models are exploitable for the prediction
of plasmonic properties in rhodium nanostructures. For this
purpose, the availability of NPs with a simple spherical geo-
metry represented an advantage for benchmarking the model-
ling capabilities.

Despite Rh being known for its high melting temperature
and resistance to strong acids, the plasmonic properties of Rh
NPs have not been tested previously against these extreme
conditions, also in comparison to Au and Ag NPs. In fact, the
plasmon band of the PEG-coated Au and Ag NPs in water
(Fig. 2A) disappeared completely (an LSP intensity change,
ALSP, of —100%) already at a concentration of aqua regia of
2 v/v% for Ag and 10 v/v% for Au, which is the most noble of the
two plasmonic metals. In contrast, the plasmon band of PEG-
coated Rh NPs persisted, with a ALSP of —17 + 2% at 2 v/v%
and —35 £ 3% at 10 v/v%. This decay is also contributed by
particle aggregation at low pH and by the oxidising conditions
affecting both the polymeric coating and the low-coordinated
surface Rh atoms in the nanostructures.”® The effect of aqua
regia was investigated more at the single NP level by depositing

This journal is © The Royal Society of Chemistry 2025
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(A) Sketch of the LAL synthesis followed by the SBS protocol for the size selection of the six Rh NP samples. (B) FTIR spectra of PEG-Rh NPs and

MPA-Rh showing the distinctive bands of, respectively, PEG and MPA. (C) and (D) TEM-EDX spectrum (C) and TEM-SAED pattern (D) of a group of PEG-Rh
NPs. (E) TEM images and size histograms of the six PEG-Rh NP samples. (F) UV-visible spectra (190-1000 nm) of the six PEG-Rh samples (black lines) and
fittings with the Mie-Gans model (red lines). (G) Plot of the LSP peak position versus the NP size for the six PEG-Rh NP samples (black squares) and from

the Mie model simulations for Rh nanospheres in water.

PEG-Rh and PEG-Au NPs on a crystalline Si substrate and
exposing it to an acid-saturated environment for 15’ (Fig. 2B).
The scanning electron microscopy (SEM) images confirmed
that the Au NPs are completely degraded by the interaction

This journal is © The Royal Society of Chemistry 2025

with the vapours of aqua regia, whereas Rh NPs maintained
their initial morphology and size, although a coating appeared
on the surface, which is compatible with the formation of a
passivating oxide layer.**>*®
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Fig. 2

(A) Change in LSP intensity (ALSP), in water dispersions of PEG-coated Rh, Au and Ag NPs. The error bars are the average of two independent

experiments. (B) SEM images of the same PEG-Rh and PEG-Au NPs on a crystalline Si substrate before and after exposure to a saturated aqua regia
atmosphere for 15’. (C) Optical absorption spectra of PEG-Rh and PEG-Au NPs deposited on quartz before and after heating in air at 500 °C for 30’.
(D) SEM images of the same PEG-Rh and PEG-Au NPs on a crystalline Si substrate before and after heating in air at 500 °C for 30'.

The effect of temperature on the LSP and the morphology of
Rh NPs, compared to that of Au NPs with equivalent size and
coating, was also tested. The PEG-Rh and PEG-Au NPs were
deposited on quartz and crystalline Si to record optical proper-
ties and morphology before and after heating in air at 500 °C
for 30'. It is well known that the melting temperature and
thermal stability of Au and Ag nanostructures are dramatically
reduced at the nanoscale compared to the bulk.*” In fact,
despite a bulk gold melting temperature of 1064 °C, the LSP
of Au NPs undergoes blue shifting and shrinking at 500 °C, with
a significant reduction in the scattering background. These
changes are indicative of the transition from the aggregates of
the pristine Au NPs on the quartz substrate to single submicro-
metric NPs due to melting and merging (Fig. 2C top). This is
confirmed by the SEM images of the PEG-Au NPs on the Si
substrate (Fig. 2D top). In contrast, the optical properties of Rh
NPs do not change in the UV region, although a significant
increase of the scattering background is observed after the heat
treatment (Fig. 2C bottom). However, the SEM images indicated
that the morphology of the Rh NPs remained unmodified, with

340 | Nanoscale Horiz., 2025, 10, 336-348

no signs of melting or merging (Fig. 2D bottom). Since the PEG
coating is oxidised at 500 °C in air, the change in the optical
properties is, thus, compatible with the coarsening of the Rh
NPs in the macroscopic deposits on the quartz substrate due to
the removal of the organic shell.

A great advantage of plasmonic NPs is the possibility of
adding chemical functionalities that allow the specific recogni-
tion of analytes through the change of their colloidal state from
isolated to aggregated particles, which implies a modification
of the optical properties due to the LSP hybridization between
particles.”*>>° However, there are no examples in the literature
that describe this phenomenon and its application with Rh
NPs. Hence, the response of a colloid of MPA-Rh NPs was tested
in the presence of a series of toxic metal ions in aqueous
solutions buffered at pH 9. This pH is required for the disso-
ciation of the proton from the carboxylic acid of MPA, providing
the surface of the MPA-Rh NPs with a high density of negative
charges, which is necessary for colloidal stability in the absence
of metal ions and for the coordination of metal ions and
consequent NP aggregation when the analyte is present in

This journal is © The Royal Society of Chemistry 2025
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(A) Sketch of the MPA-Rh NP optical sensor based on the coordination of metal ions by the carboxylic groups of MPA. (B) Evolution of the optical

spectra of MPA-Rh NPs while increasing the concentration of Cd(i). (C) TEM images of the MPA-Rh NPs before and after the addition of Cd(u).
(D) Response of the optical sensor for different metal ions. (E) and (F) SERS spectra of bare Rh NPs excited at 458 nm (E) and 488 nm (F).

solution (Fig. 3A).°>% For instance, after increasing the concen-
tration of Cd(u) in the MPA-Rh NP solution, a clear modifica-
tion of the optical extinction spectrum was observed, that is,
the decrease of the absorbance in the 230-400 nm range (the
buffer absorbs at wavelengths < 225 nm) and its increase
beyond 400 nm (arrows in Fig. 3B). This behaviour is typical
of plasmonic optical nanosensors due to the aggregation of NPs
promoted by the analyte,>**®>® as demonstrated by the TEM
images of the MPA-Rh NPs before and after the addition of
Cd(u) at 159 uM concentration (Fig. 3C). The responsivity of the
optical metal-ion sensor based on MPA-Rh NPs was also tested
with other toxic cations (Pb(u), Co(ir), Hg(u) and Mn(u), Fig. 3D),
and it was found to be higher for lead, intermediate for
cadmium, cobalt and manganese and lower for mercury but
always with a sensitivity in the range of a few units of pM and
with a saturation beyond 200 pM under our experimental
conditions (0.03 mg mL~' Rh NP concentration). Note that

This journal is © The Royal Society of Chemistry 2025

550 nm was identified as a convenient wavelength to track the
response of the optical nanosensor, although other wave-
lengths can be selected because of the response of the Rh
NPs in a wide spectral range from 230 nm to the NIR, which has
no precedents for plasmonic particles. For instance, optical
sensors based on the UV plasmon band of these Rh NPs are
relevant in environments containing species that absorb in the
visible range, for which Au and Ag NPs are not exploitable.
UV plasmonic nanomaterials, including Rh nanostructures,
have previously been studied as substrates for SERS at various
wavelengths in the UV and visible ranges.>*>° In this case,
uncoated Rh NPs were collected from the liquid after the LAL
synthesis and tested for SERS with 458 and 488 nm laser
excitation (Fig. 3E and F) in the presence of various analytes
such as rhodamine B (RB), crystal violet (CV), nitro-thiophenol
(NTP), benzenethiol (BT) and DNA. The Raman fingerprints of
the five compounds, deposited at millimolar concentration on
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the Rh NPs (for details see Methods), were recorded in all cases
with excitation at 458 nm (Fig. 3E). With 488 nm laser excita-
tion, only the signal of RB, CV, NTP and a weak signal from BT
were detected. At both excitation wavelengths, the signals were
detected only after optimization of the exposure time and laser
intensity to prevent the rapid degradation of the analytes. This
effect has been observed systematically in the literature on Rh
NPs excited with blue and UV light and has been attributed to
the photochemical effects of photons in this spectral range
combined with the high catalytic activity of rhodium.***’ In our
case, the degradation of the analytes is favoured because the
surface of Rh NPs obtained by LAL is free of capping agents or
other chemical compounds.

Discussion

In this study, rhodium nanospheres with sizes in the 20-45 nm
range were obtained by LAL synthesis in water (Fig. 4A). Previous
reports on the synthesis of Rh NPs with equivalent size by
chemical routes only reported anisotropic morphologies, which
in some cases were also affected by oxidation or partial reshap-
ing under real conditions with the alteration of their optical
and chemical properties.*"** With chemical synthesis, faceting
and formation of elongated shapes were already observed for
sizes below 5-7 nm (Fig. 4B),** because Rh is known for its
surface energy higher than those of all the other plasmonic
noble metals.”>***® In LAL with nanosecond pulses, a thin
metal plume is detached from the bulk Rh target after absorp-
tion of beam energy, which expands towards the underlying
solution while also transforming into liquid metal droplets

View Article Online
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through a process of spinodal decomposition (Fig. 4A).°* In this
way, Rh hot vapours and liquid metal droplets are ejected into the
liquid solution, where they will be cooled down to room tempera-
ture on the timescale of hundreds of milliseconds.’**>%* Hence,
the formation of LAL generated Rh NPs is orders of magnitude
faster than in chemical reduction, allowing the preservation of the
spherical morphology of the original droplets. Instead, the metal
vapours can either nucleate and grow into smaller Rh NPs or react
with the oxidising compounds generated by the decomposition of
water molecules at the interface with the hot metal plume ejected
from the target.>**>® The latter pathway leads to the formation of
rhodium oxide, as verified in a previous study about LAL of bulk
Rh in water.*> Here, Rh oxide was removed through the dialysis
and the SBS of the colloids. Hence, from the perspective of the
recovery of precious metals and for the global efforts towards the
development of sustainable processes, Rh oxide can be collected
without the need for solvent evaporation, contrary to what
happens for the unreacted molecular Rh precursors that persist
in chemical synthesis.>***

The extinction spectra of the six samples of Rh NPs were
successfully fitted with the classical electrodynamics model,
using the experimental dielectric function of Rh from the
literature (see Methods). The model was also able to identify
the average size of each sample, without any prior calibration or
other external input. There are no other examples in the
literature that indicate such a good agreement, meaning that
the plasmonic properties of Rh nanospheres can be predicted
and modelled in the same way as it is done for Ag and Au NPs.
This offers the opportunity to use the Mie model for a direct
comparison of the extinction, scattering and absorption cross-
sections of 10 nm and 50 nm nanospheres of the three metals

(A) LAL synthesis of Rh nanospheres
Laser pulse
1064 nm - 6 ns
Water Rh Cavitation Rh nanospheres
Ejected Rh . drops el % |10 R
> layer > >
4 plume \
~1 ns \ X ~100 ns ~100 ps
Rh target Rh vapors Rh oxide
(B) Chemical synthesis of Rh nanocrystals
Liquid Rh chemical Rh nuclei Rh seeds Rh nanocrystals
precusors (<1 nm) (<5-7nm) (>5-7nm)
—> o —> 0:.0: —> |
~102s ~10%s ~10%s

Fig. 4 Sketch for the comparison of Rh NP synthesis by LAL (A) and chemical methods (B). (A) In LAL, a layer of the bulk metal target is ejected into the
solution (pure water) where it undergoes a spinodal decomposition into liquid droplets and some Rh vapours. This material initially cools down inside a
cavitation bubble formed in the liquid solution underlying the ablated metal target, before reaching the thermal equilibrium with the liquid phase in less
than 100 ms. Rh vapours and clusters can form Rh oxide compounds, while the metal droplets form the final Rh nanospheres. (B) In the chemical
synthesis, starting from a Rh precursor in the presence of various compounds (reducing agents, stabilizers, and templating agents), subnanometric nuclei
form on a typical time scale of 1-100 s, and subsequently coalesce in seeds and grow into the final nanocrystals on a time scale of thousands of seconds.
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(A) and (B) Comparison of the extinction, absorption and scattering cross-sections of Rh, Ag and Au NPs in water with a diameter of 10 nm (A) and

50 nm (B). (C) Plasmonic quality factor for spherical NPs in the quasistatic regime obtained from the dielectric functions reported in the literature. (D) Plot
of the scattering (full circles) and absorption (hollow circles) cross-section maxima in Rh, Ag and Au nanospheres in water versus the particle size.

The cross-sections in (A), (B) and (D) are calculated using the Mie model.

(Rh, Ag, and Au) in water (Fig. 5A and B). One can observe that
the extinction cross-section of Rh NPs is comparable to that of
Ag and Au NPs of the same size and shape, although the LSP of
each metal is in different spectral regions. This was not obvious
from the plasmonic quality factor (Qrsp), which for a nano-
sphere in the low loss limit and in the quasistatic regime can be
approximated as minus the ratio of the real (¢’) to the imaginary
(¢") components of the dielectric function.>'*>"* The Qpgp in the
visible range is much higher for Ag and Au than that for Rh, but
Rh prevails in the UV range, where interband transitions in Ag
and Au are located (Fig. 5C). One of the requisites for appreciable
plasmonic behaviours is the high density of conduction electrons
and the high conductivity,”” which at the nanoscale are larger in
Rh compared to Ag and Au,*>*° leading to a high real dielectric
function in the UV-visible range. However, the Fermi level of Rh
overlaps with the energy of d-levels, which are partly empty,®”
leading to intraband and interband transitions and high imagin-
ary component of the dielectric function in the visible range,'®®”
with a negative impact on the plasmonic quality factor.">®®
Another feature emerging from the comparison of the cross-
sections in Fig. 5A and B is that, when going from the 10 nm to

This journal is © The Royal Society of Chemistry 2025

the 50 nm NPs, the LSP of the Rh nanosphere red shifts more
(73 nm) than that for the Ag (24 nm) and Au (7 nm) equivalents,
because of the retardation effects occurring at the shorter
wavelength of UV light.®® The combination of retardation
effects and the electronic properties of Rh results in the
domination of the extrinsic size effect on the LSP bandwidth,
while the intrinsic size effect is negligible for nanospheres
bigger than 10 nm. This explains the excellent fitting with the
MG model without any calibration of Kreibig’s A parameter.>°"
Besides, the scattering and absorption contributions to the
extinction cross-section of the 50 nm Rh NPs are comparable,
as in Ag, while in Au the absorption prevails. This is best shown
by the plot of the calculated maximum of the scattering and
absorption cross-sections in nanospheres versus their size
(Fig. 5D), showing a crossover at 50 nm for Rh, 38 nm for Ag
and 80 nm for Au. Like Ag, this makes Rh interesting for near
field and nanolensing phenomena even at small NP sizes.
Hence, specific information on the local field enhancement
was obtained from numerical calculations with the discrete
dipole approximation. The calculations considered the ideal
case of a dimer of Rh nanospheres separated by a gap of 2 nm
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and excited at wavelengths from UV to NIR, which are typical of
commercial spectrometers (Fig. 6A). The plots of Fig. 6A report
the bidimensional map of the SERS enhancement factor (Gsggs)
when the light is polarized along the dimer axis, i.e. when the
electromagnetic hot spots are generated in the gap between the
NPs, considering nanospheres with radii of 20, 30 and 40 nm.

(A)

(B) Dimer of Rh nanospheres
107 5 2 nm gap
Nanosphere size:
n —A—20 nm
—0—30 nm
o —HE—40 nm

MAX
GSERS
.’/

10° A/\A

(o) T T T T T T
200 300 400 500 600 700 800
Excitation wavelength (nm)

Fig. 6

40 nm NPs

A =488 nm
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Gsgrs at each point surrounding the NP can be evaluated with
good approximation as the 4th power of the ratio between
the local and the incident electric field.*’° As expected, the
maximum Gsggs is achieved in the gap of the dimer, even for
the shortest wavelengths and the 40 nm NPs, where retardation
effects are more important."”> The maximum Ggggg at 350 nm
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(A) Bidimensional maps of the Gsgrs in the equatorial plane of Rh NP dimers with a gap of 2 nm and sizes of 20, 30 and 40 nm excited at 350, 458,

488 and 633 nm in a medium with refractive index n = 1.334. (B) Plot of the Gsgrs Maximum versus the excitation wavelength for the three dimer sizes
considered. (C) The plot of the Gsgrs maximum versus the gap size for an excitation wavelength of 350 nm and dimers with a size of 40 nm.
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and 458 nm are on the order of 10’ and 10° for the 30 and
40 nm NPs, which are values comparable to those predicted at
longer wavelengths (532 and 633 nm) in Ag and Au NPs with
equivalent morphology.*>”*7* This is in agreement with pre-
vious numerical analysis based on the rhodium dielectric
function.>"*'®”® The maximum Ggggs in the dimers is reported
versus the excitation wavelength in Fig. 6B, showing that the
best performance is expected for 350 nm excitation, while the
enhancement is much lower at 258 nm and 633-758 nm. This
trend is qualitatively in agreement with the experimental
evidence of better SERS signals with excitation at 458 nm
than at 488 nm (Fig. 3E and F). As for the reference plasmonic
materials (Ag and Au)”' and also for Rh, there is a clear
dependence of the local field enhancement on the size of the
NPs, with 40 nm NPs performing better than the 30 and 20 nm
ones, despite the spectral trend of the Gggrs remaining the
same for the three sizes. Due to retardation effects, which red-
shift the dipolar LSP in larger nanospheres,l’2 the Gggrs at
258 nm for 20 and 30 nm NPs are close to that for 40 nm NPs.
At longer wavelengths, the calculations indicate that the
presence of NPs with sizes below 30 nm in a polydisperse
sample of Rh NPs is not beneficial for all those phenomena
relying on the enhancement of the local electric field. However,
small NPs are suitable for thermoplasmonic phenomena and,
in the case of a catalytic metal such as Rh, for photodegrada-
tion of organic compounds.>>® Regarding the possibility of
improving the size control of Rh NPs generated by LAL,
different methods have been proposed in the literature,>>>>”*
which can be summarised as follows: addition of stabilizing
ligands during LAL or laser fragmentation of LAL-generated Rh
NPs allows reducing the average size and relative standard
deviation down to the range of a few nanometers; laser melting
in liquid of LAL-generated Rh NPs allows increasing the average
size and relative standard deviation up to the submicron range.
In addition, the combination of the SBS protocol with different
LAL conditions in terms of pulse wavelength, duration, repeti-
tion rate and liquid environment has also been reported as a
suitable approach to access laser-generated NPs in a variety of
size ranges as required for each specific application.>'>%°%7174

The increase of the gap of the dimer also leads to the typical
exponential decay of Ggsggrs (Fig. 6C). Considering this result
and the rapid photodegradation of analytes reported in the
literature,”*> and confirmed in this study, it can be concluded
that maximum local field performances can be achieved by
coating the Rh NPs with a subnanometric shell of an inert
material to benefit from local field effects while minimizing
analyte decomposition, which remains an open challenge for
Rh nanostructures.

Conclusions

In summary, this study contributed to expanding the toolbox
of plasmonic materials with Rh nanospheres in a size range of
20-45 nm, where the optical properties are very appealing
for applications under UV and visible light conditions.

This journal is © The Royal Society of Chemistry 2025
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The spherical morphology was achieved through a laser-
assisted synthesis, which avoids the spontaneous formation
of anisotropic shapes typical of chemically synthesized Rh
nanocrystals. The surface of the Rh NPs is available for con-
jugation with thiolated molecules, which is a key advantage of
the reference plasmonic materials based on Ag and Au. The
optical properties of the experimental samples of Rh NPs are
modelled using classical electrodynamics. The calculations also
indicated that the plasmonic behaviour of Rh nanospheres is
comparable to that of Ag and Au NPs in terms of extinction
cross-section and local field enhancement, although shifted to
the near-UV spectral region, which is inaccessible to silver and
gold nanostructures. As a proof of concept, SERS spectra were
recorded for various analytes at 458 and 488 nm, and it was
demonstrated that the functionalized Rh NPs can be used as an
optical nanosensor for detection of toxic ions in aqueous
solution. It is also shown that the chemical and physical
stability at high temperatures and in the presence of strong
acids (aqua regia) is superior to those of Au and Ag NPs.
Besides, Rh nanospheres can be used in harsher chemical
environments and at temperatures higher than those of Au
and Ag equivalents. Overall, the plasmonic, chemical and
physical attributes of these 20-45 nm Rh nanospheres high-
light their importance in the realms of UV and visible plasmo-
nics, while also envisaging a multitude of opportunities for
other underexplored applications such as plasmon-enhanced
catalysis and chiroplasmonics.

Methods

Synthesis. LAL was performed in distilled water using a
Q-switched laser (1064 nm, 6 ns, 50 Hz) focused at a fluence
of 10 mJ em™? with an f= 10 cm lens on a Rh target (99.99%
pure, Mateck GmbH). After LAL, thiolated PEG (5000 Da,
Laysan Bio) or mercaptopropionic acid (MPA, Sigma-Aldrich)
was added at, respectively, 0.035 mg mL ™' or 0.1 mM final
concentration and incubated overnight at room temperature.
After incubation, the MPA-Rh NPs were dialysed (10 kDa cutoff,
Sartorius Vivaspin concentration membranes) and resuspended
in distilled water. Instead, the PEG-Rh NPs were selected based on
their size through a previously reported sedimentation based
separation (SBS) procedure.>® Briefly, the sample was placed in
Eppendorf tubes (1 mL for each tube) and centrifuged for 1 h
using a MPW352HR centrifuge and a fixed angle rotor, and
then the sediment was stored and the supernatant was centri-
fuged again for 1 h at higher ref. The procedure was performed
at 50, 200, 400, 600, 800, 1200 and 1500 rcf. For the sediments
obtained at 200, 400, 600, 800, 1200 and 1500 rcf, the centrifu-
gation was repeated a second time at the same rcf to improve
the separation from the supernatant.

Characterization. UV-visible spectra were recorded with a
JASCO V770 spectrophotometer. For aqueous solutions, quartz
cells with a 2 mm optical path were used and spectra were
recorded in the 190-1000 nm wavelength range. The range
below 190 nm was avoided because of the decay of the response
curve of the spectrometer and the concomitant increase of the
absorption edges of water and PEG. TEM analysis was performed
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with a JEOL JEM3010 TEM using a Gatan Multiscan CCD 794 and
EDS (Oxford Instruments) and a FEI Tecnai G2 12 transmission
electron microscope operating at 100 kV and equipped with a
TVIPS CCD camera. The samples for TEM analysis were prepared
by evaporating NP suspensions on a copper grid coated with an
amorphous carbon holey film. More than 500 NPs were counted
for each histogram, using the Image]J software. The JCPDS 05-0685
card of FCC Rh was used for the interpretation of the ED pattern.
FTIR was performed on the dried samples deposited on a KBr
window with a PerkinElmer 1720X FTIR spectrophotometer.

Scanning electron microscopy (SEM) was performed with a
Zeiss Sigma HD microscope, equipped with a Schottky FEG
source, one detector for backscattered electrons and two detec-
tors for secondary electrons (InLens and Everhart Thornley).

Optical sensing. For the optical sensing experiments, the
MPA-Rh NPs were dispersed at a concentration of 0.03 mg mL ™"
Rh in a 1 mM tris-borate buffer (pH 9, using trizma base
(Sigma) and boric acid (Sigma)), to ensure deprotonation of
the carboxylic groups of MPA.*> Metal salt solutions were
prepared in the same buffer at 1 mM concentration using
manganese(n) nitrate tetrahydrate (Sigma), lead(u) nitrate
(Sigma), cadmium nitrate tetrahydrate (Sigma), cobalt(u) nitrate
hexahydrate (Sigma), and mercury(u) nitrate monohydrate
(Merck). UV-vis spectra were collected at a standard incubation
time of 60 s after the addition of the metal solution. For TEM
analysis, the solutions of MPA-Rh NPs before and after addition
of Cd(u) (159 uM final concentration) were mixed at 1:10 vol/
vol with a 10 mg mL ™" aqueous solution of poly(vinyl alcohol)
(18 kDa, Sigma) and deposited on the TEM grid, to prevent
clustering of the NPs while drying the liquid, as described in
ref. 50. For the analysis of the spectra versus metal concen-
tration, the difference in absorbance at 550 nm between the
solution with the metal ions and the initial MPA-Rh NP solution
(AAbs'@550 nm) was calculated after normalization at 255 nm
of the experimental absorption spectra.

SERS. Raman spectroscopy was performed with a micro-
Raman set up using an Olympus BX 41 microscope with a 20X
objective (Olympus, NA = 0.40) and the 458 nm and 488 nm
lines of an Ar'/Kr" gas laser (Coherent, Innova 70). The Raman
scattering of the sample is coupled into the slit of a three-stage
subtractive spectrograph (Jobin Yvon S3000) and detected
using a liquid nitrogen-cooled CCD (Jobin Yvon, Symphony,
1024 x 256 pixels, front-illuminated). The laser power was
set to 0.5 mW and the acquisition time was 1-5 s for 1-20
accumulations at 458 nm and 5 s for 20 accumulations at
488 nm, with higher power or longer accumulation times
resulting in sample degradation.

Uncoated Rh NPs were obtained by centrifugation of the LAL
colloid (50 rcf at 1 h to discard the first sediment followed by
1000 rcf for 1 h twice to collect the sediment and wash it with
water) and resuspension in distilled water at 0.1 mg mL~ ' Rh
concentration. For each analyte, 50 mL of the Rh NP solution
was drop-cast on a microscope slide and dried at room tem-
perature for 1 h, then 10 mL of the analyte solution was drop-
cast on the deposit of Rh NPs and dried at room temperature
for 30 minutes before analysis. The following analytes were
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used: rhodamine B chloride (RB, 6 mM in ethanol-water 1:1,
Sigma), crystal violet chloride (CV, 6 mM in ethanol-water 1:1,
Sigma), nitrothiophenol (NTP, 100 mM in ethanol-water
1:1, Sigma) benzenethiol (BT, 100 mM in ethanol-water 1:1,
Sigma), and deoxyribonucleic acid sodium salt from herring
testes (DNA, 500 mM base pairs in water, Sigma).

Electromagnetic calculations. The bulk dielectric functions
of Rh,”® Au,”® Ag,”” and water’® as the dispersing medium were
used. In all cases, a size-corrected metal dielectric constant was
used to account for electron scattering at the NP surface
(intrinsic size effects), as reported in ref. 2 and 61. For this
purpose, the Drude parameters and the Fermi speed were taken
from ref. 65 and checked for consistency using the method
described in ref. 79 Extrinsic size effects were accounted for by
setting a multipolarity order of 5 in the Mie model. The fit of
the optical spectra of PEG-Rh NPs was performed with a
dedicated code, as described previously,>®" which exploited
the Mie model for nanospheres and the Gans model for
nonspherical particles, and setting the A parameter for intrinsic
size effects to the standard value of 1. Extinction, absorption
and scattering cross-section calculations of Rh, Ag and Au NPs
were performed using the Mie model.>**

The Gsgrs bidimensional maps were calculated by the dis-
crete dipole approximation (DDA) method, using the DDSCAT
code and the related DDFIELD package,®® considering the
equatorial plane of the dimers of Rh NPs, for an incident
electric field linearly polarized along the dimer axis. The
calculations were performed considering light excitation at
258, 350, 458, 488, 633, and 785 nm and that Rh NPs are
embedded in a homogeneous medium of relative permittivity
1.77 to reproduce the influence of the substrate. The target
consisted of a number of dipoles of 0.95 x 10° (20 nm NPs),
3.1 x 10° (30 nm NPs) and 7.4 x 10° (40 nm NPs), to ensure that
the interdipole spacing was small compared to the NP size and
incident wavelengths.>*°
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