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Abstract 

Polydisperse rhodium nanoparticles have recently shown promise for ultraviolet (UV) 

plasmonics, but controlling the size and morphology of metal nanoparticles is essential for tuning 

surface plasmon resonances. Here we report the use of slow-injection polyol methods to 

synthesize monodisperse Rh nanocubes with unprecedentedly large sizes and slightly concave 

faces. The associated local surface plasmon resonances (LSPRs) red-shifted with increasing sizes 
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in the UV region from deep UV to around 400 nm, consistent with numerical simulations. UV 

illumination of p-aminothiophenol attached to the Rh nanocubes generated surface-enhanced 

Raman spectra and accelerated photo-decomposition, and these enhancements were largest for 

nanocubes whose LSPR was resonant with the UV laser. The lack of a native oxide coating, the 

precise control of nanocube size and morphology demonstrated here, and the ability to tune the 

surface plasmon resonance from the deep UV to near UV spectral region, make rhodium a 

compelling choice for UV plasmonic applications. 

 

Keywords: Plasmonics, rhodium, synthesis, ultraviolet, Raman, photocatalysis 
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Excitations of collective electron oscillations in metal nanostructures by external electromagnetic 

fields concentrate light in sub-wavelength spaces.1, 2 Localized surface plasmon resonances 

(LSPRs) are the manifestation of these concentrated electromagnetic fields near the surfaces of 

plasmonic nanoparticles, and their ability to enhance the optical response of nearby analytes has 

been exploited for many applications including surface-enhanced spectroscopy, optoelectronics, 

and photocatalysis.3-9 Tuning the size and shape of the metal nanoparticles is a well-established 

approach for controlling their plasmonic properties, since these parameters determine the 

boundary conditions in Maxwell’s equations. Over the last decade, tremendous efforts have been 

devoted to developing plasmonic nanoparticles made of Au, Ag, and Cu, but their resonant 

frequencies are limited to the visible and near-infrared (NIR) regions.10-13 Ag possesses excellent 

optical properties but is oxidized upon exposure to air and moisture, deteriorating its plasmonic 

performance. Therefore, Au nanoparticles, with stability against different environments, are 

widely used as plasmonic nanostructures in the visible and NIR regions. 

Interest is growing for ultraviolet (UV) plasmonics, driven by applications such as label-free 

detection of biomolecules, so metal nanostructures that exhibit plasmonic effects in the UV 

region are needed.14, 15 Currently, Al16-20 and Ga21-23 are the most studied materials with UV 

plasmonic responses and are attractive because of their wide availability and compatibility with 

CMOS processing. However, Al and Ga nanostructures suffer from fast oxidation in aerobic and 

aqueous environments, which changes the size and shape of the metal nanostructures as well as 

deteriorates their plasmonic properties, especially for applications where direct surface contact is 

necessary. A stable, noble metal with UV plasmonic effects is needed to serve as the UV 

counterpart to Au and promote research into UV plasmonics. Rhodium, a noble metal with 

superior stability against various environments,24 has been demonstrated to exhibit LSPRs in the 
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UV region. Rh multipods, synthesized by Xia and colleagues, was the first experimental 

demonstration of UV plasmonic Rh nanostructures.25 We recently employed similar Rh 

multipods in a quantitative spectroscopic study and observed surface-enhanced Raman scattering, 

fluorescence, and photo-degradation of p-aminothiophenol (PATP) upon irradiation of UV laser, 

all in good agreement with numerical simulations.26, 27 In addition, no perceivable change in 

morphology of individual Rh multipods was observed after the treatment with nitric acid, 

proving the excellent stability of Rh nanoparticles.26 Indeed, the stability and tunable UV LSPRs 

of Rh nanostructures make them a compelling system for studying structure-property 

relationships and establishing the principles of UV plasmonics. 

Although Rh multipods exhibit UV plasmonic effects, most synthetic methods produce 

polydisperse mixtures of tripods and tetrapods whose sizes are difficult to adjust controllably, 

preventing plasmonic properties from being tailored for specific applications.25, 26, 28 Syntheses of 

Rh nanocubes, tetrahedra, icosahedra, and hollow frames with sizes mainly smaller than 15 nm 

have been reported in the literature.29-35 We reproduced some of these syntheses, and as expected, 

no LSPR features were experimentally observed at energies less than 4.8 eV, which was 

consistent with our numerically simulated results that the resonant energies of these small Rh 

nanostructures are in the deep UV region (Fig. S1, ESI†). Hence, new synthetic methods are 

needed that controllably produce larger, monodisperse Rh nanostructures with LSPRs in UVA 

and UVB regions (280 - 400 nm, 4.4 - 3.1 eV).  

In this work, we report unseeded (no pre-synthesized Rh seeds added) and seeded (pre-

synthesized Rh seeds added) slow-injection polyol methods to synthesize size-tunable, 

monodisperse Rh nanocubes (NCs) with wavelength-tunable LSPRs in the UV region. The cubic 

shape was chosen due to the sharp corners to better concentrate electromagnetic fields and the 
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well understood mechanism of shape control, so we can focus on the tunability of sizes and 

associated LSPR energies. We achieve size control of large Rh NCs through the slow injection of 

Rh precursor solution, which ensures a low concentration of Rh atoms and a high amount of Rh 

precursor in the reaction mixture. The plasmonic properties of the Rh nanocubes were studied by 

UV-vis extinction spectroscopy and correlated with numerical modeling using finite element-

based methods.36 The LSPR frequencies red-shifted as the size of Rh nanocubes increased in a 

manner that was in good agreement with simulations. Accelerated photochemical decomposition 

of PATP attached to Rh NCs was observed by surface-enhanced Raman spectroscopy (SERS), 

and the sample whose LSPR was most resonant with the UV laser wavelength exhibited the 

fastest decomposition rate. To our knowledge, this is the first report of Rh nanostructures with 

tunable UV plasmonic properties. Understanding the relationship of Rh nanostructure size and 

morphology to UV plasmonic effects and enhancements could promote new avenues of research 

in photodetection, photochemistry, and photocatalysis. 

The size of the Rh nanoparticles is primarily determined by the ratio of Rh seeds to injected Rh 

precursor. To prepare large Rh NCs, the concentration of generated Rh atoms must be 

maintained at low supersaturation to minimize the formation of seeds while injecting enough Rh 

precursor into the reaction mixture to grow those few seeds to larger sizes. To achieve these two 

requirements, an unseeded polyol method was used to synthesize Rh nanocubes (see detailed 

experimental methods, ESI†). Briefly, KBr dissolved in ethylene glycol (EG) was held at 160 oC, 

into which RhCl3 and polyvinylpyrrolidone (PVP) solutions were separately injected at a slow 

rate by a two-channel syringe pump. The Rh precursor, RhCl3, was reduced immediately by EG 

upon addition into the hot reaction mixture, as observed from the color change (colorless to 

brown). The slow injection rate ensured that the RhCl3 in each droplet of the precursor solution 
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was consumed before the next precursor droplet was added, thereby maintaining a low 

concentration of Rh atoms throughout the synthesis. Under these conditions, small Rh seeds 

form during the addition of the first few drops of the Rh precursor, and subsequently added 

precursor deposits Rh atoms on the surface of existing seeds rather than forming new seeds. By 

controlling the injection time t, and thus the total volume of precursor solution added to the 

reaction mixture, Rh NCs with edge lengths between 10 and 27 nm were successfully 

synthesized. Transmission electron microscope (TEM) images of monodisperse Rh NCs with 

edge lengths of 15 nm (t = 20 min), 21 nm (t = 50 min) and 27 nm (t = 120 min) are shown in 

Figs. 1b-d. These Rh NCs have slightly concave surfaces as observed by TEM, consistent with 

the growth mechanism in which Rh atoms first deposit on the corners of the seeds and then 

migrate to the edges and faces.37  

The optical properties of these Rh NCs were studied by UV-vis extinction spectroscopy and 

compared with numerical simulations (Figs. 1a,e). The UV-vis extinction spectra were measured, 

and the LSPR peaks for 15, 21, and 27 nm Rh NCs dispersed in ethanol were found at 4.51 eV 

(275 nm), 4.23 eV (293 nm) and 3.96 eV (313 nm), respectively. The resonant energy 

increasingly red-shifted with increasing size, in good agreement with predictions from a finite 

element electromagnetics simulation in which a linearly polarized plane wave illuminated a 

perfect structured Rh NC immersed in ethanol (Fig. 3). The spectral extinction cross-section was 

calculated as the sum of the absorption and scattering spectral cross-sections (see theoretical 

simulation for more details, ESI†).  

To red-shift the LSPR of Rh NCs to lower UV energies, even larger Rh NCs must be synthesized. 

One approach to synthesize larger NCs would be to continue increasing the amount of Rh 

precursor in the unseeded method, but this would be unnecessarily time-consuming since the 
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amount of precursor required, and thus the time required, grows cubically with edge length. 

Moreover, the prolonged time could affect the shape control of nanoparticles due to parasitic side 

reactions or the dilution of other reagents (Fig. S2, ESI†). Instead, a more time-efficient, seeded 

method was developed to obtain larger Rh NCs.38 The reaction mixture containing 27 nm Rh 

NCs was directly used as a seed solution without any post-synthesis purification or washing 

treatment. Larger NCs grew as the RhCl3 solution was injected into EG containing a 

predetermined volume of this seed solution held at 160 oC. To help maintain the cubical shape of 

the Rh NCs, KBr was co-dissolved with PVP and injected to the reaction mixture along with the 

RhCl3 solution. By tuning the amount of precursor added, Rh NCs with edge lengths between 27 

and 59 nm were synthesized within 2 h using this seeded method.  

Representative TEM images of these larger Rh NCs are shown in Figs. 2b-d. These NCs are 

uniform in size and have slightly concave faces as well. Only a few small Rh NCs were observed 

from TEM, indicating successful prevention of secondary nucleation during the seeded synthesis. 

The optical properties of these Rh NCs were also investigated by extinction spectroscopy and 

compared with the numerical simulation (Figs. 2a,e). The experimentally measured LSPR peaks 

of 39, 47, and 59 nm Rh NCs were found to be 3.65 eV (340 nm), 3.44 eV (360 nm) and 3.25 eV 

(381 nm), respectively, increasingly red-shifted toward the lower edge of UV region with 

increasing size (Fig. 3).  

The size distribution of these Rh NCs was measured using more than 50 nanoparticles for each 

sample (Fig. S3, ESI†). The narrow distribution of particle size (< ± 1.5 nm) could be attributed 

to the separation of seed formation and time-controlled nanocrystal growth in both unseeded and 

seeded methods. Seeds formed in the early stage of synthesis, whether formed in situ (unseeded) 

or intentionally added (seeded), experience the same opportunity to receive new Rh atoms from 
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subsequent addition of Rh precursor, thereby growing into NCs with uniform sizes. By tuning 

the amount of precursor added to the reaction mixture, the sizes of the produced nanocubes and 

the associated LSPR energies can be precisely controlled with an excellent match to numerical 

predictions (Fig. 3). The Rh NC suspension is also stable after stored in ambient condition for 

several months. Recently, a hydrothermal method was reported to synthesize concave Rh NCs 

with edge length from 5 to 25 nm. The slow-injection polyol methods in this work, however, 

offer wider size tunability in a more time-efficient manner.39 Rh NCs with edge lengths larger 

than 90 nm and LSPRs in the visible region were synthesized, indicating that the LSPR energies 

of Rh NCs could be further red-shifted with increasing sizes (Fig. S4, ESI†). The size uniformity 

was not as good as the samples discussed here, and we are currently working on improving the 

size uniformity. 

Examination of high-resolution TEM (HRTEM) imagery of a Rh NC with edge length of 26.0 

nm, captured along [100] zone axis (Fig. S5, ESI†), reveals that fringes parallel to the faces 

possess a lattice spacing of 1.91 Å, corresponding to the {200} planes of face-centered cubic Rh. 

The contrast along the edge emphasizes the concave faces of these Rh NCs.  The simulated near 

field intensity distribution |E|
2 for resonant illumination at the surface of a 27 nm Rh NC is 

depicted in Fig. 4. Large enhancements of incident radiation intensity are observed at the NC 

edges, reaching factors as high as 700 at the NC corners. Comparing the enhancements of the 

edges parallel and perpendicular to the polarization of the incident light reveals a minimum |E|
2 

of ~10 occurs at the edge center for parallel polarization. 

The concentrated high-energy fields and hot electrons from the excitation of UV LSPR in Rh 

NCs could be important sources for photochemical reactions, in much the same way that Au, Ag, 

and Cu have been used for visible light applications.9, 40-43 To probe the efficacy of 
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photochemical reactions accelerated by Rh NCs, UV photo-degradation of a Raman active 

molecule, PATP, was comparatively studied neat and attached to the surfaces of 21, 39, and 59 

nm Rh NCs using Raman spectroscopy with a 325 nm wavelength He-Cd laser. The intensity of 

the C-C stretch mode of PATP near 1590 cm-1, proportional to the amount of PATP under 

constant field intensity, was used to quantify the reaction kinetics.44-47  

As shown in Fig. 5a and b, the neat PATP sample exhibits a slow decay of the Raman signal 

with increasing exposure to UV light, while the signal from PATP attached to the surfaces of 39 

nm Rh NCs exhibits a much faster decay under identical experimental conditions. Assuming that 

the photocatalytic reaction is first order on PATP, an exponential decay model is used to fit the 

Raman data, and the results are shown in Fig. 5c. The model fit the data well, and the rate 

constants for these four samples are extracted. The neat PATP sample shows the slowest decay 

with a rate constant of 0.020 s-1. The 21, 39, and 59 nm Rh NC samples have much higher rate 

constants of 0.66, 0.84, and 0.51 s-1, respectively. The measured LSPR energy of 21, 39, and 59 

nm Rh NCs in ethanol is 4.23, 3.65, and 3.25 eV, respectively. Since the LSPR energy of Rh 

nanoparticles on Si substrates blue-shifts ~0.2 eV compared to the case in ethanol, the 39 nm Rh 

NCs on a Si substrate are most resonant with the 325 nm (3.81 eV) laser, and attached PATP 

decomposed fastest. Conversely, the 21 and 59 nm Rh NCs are non-resonant with the excitation, 

and the attached PATP decomposed more slowly but still faster than the neat PATP under 

otherwise identical conditions.26 The observation that PATP attached to 39 nm Rh NCs shows 

the fastest decay (4 times faster than neat PATP) validates the expected enhancement of 

photochemical reactions by the excitation of a UV LSPR in Rh nanoparticles. To estimate the 

enhancement factor, consider that the monolayer of PATP attached to the surfaces of Rh NCs, 

which together cover ~3% of the Si substrate (Fig. S6b, ESI†), exhibits a Raman signal 
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comparable to that of the neat PATP with thickness ~70 nm (as determined by AFM imaging). 

Since the thickness of PATP monolayer was 0.7 nm,48 the SERS enhancement factor could be 

volumetrically estimated to be about 400. The very weak Raman signal from a Si substrate 

without Rh NCs following the same PATP coating procedure (Fig. S6a, ESI†) also proves that 

the enhancement of Raman signal and accelerated photo-decomposition of PATP indeed come 

from the excitation of LSPR in Rh NCs. 

Conclusion 

In conclusion, uniform Rh NCs with edge lengths ranging from 10 to 59 nm have been 

successfully and controllably synthesized with unseeded and seeded slow-injection methods. 

UV-vis extinction spectra of these Rh NCs revealed the existence of LSPRs in the UV region 

that red-shifted with increasing size in a manner consistent with numerical simulations. The sizes 

and associated resonant energies of Rh NCs can be precisely controlled by the amount of 

precursor added to the reaction. These UV plasmonic Rh NCs were employed in the 

photochemical decomposition of PATP under UV illumination and exhibited accelerated 

reaction rates that were fastest when the LSPR coincided with the laser wavelength. The precise 

control of particle morphology and LSPR wavelength of noble metal Rh NCs, and the associated 

field-enhanced spectroscopic and photochemical processes, could prove transformative to the 

nascent field of UV plasmonics. 
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Figures 

 

 

Fig. 1. UV-vis extinction spectra (a: experimental; e: theoretical) of monodisperse Rh NCs in 

ethanol, with corresponding TEM images from unseeded slow-injection methods of average edge 

lengths of 15 (b), 21 (c), and 27 nm (d), respectively.   
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Fig. 2. UV-vis extinction spectra (a: experimental; e: theoretical) of monodisperse Rh NCs in 

ethanol, with corresponding TEM images from seeded slow-injection methods of average edge 

lengths of 39 (b), 47 (c), and 59 nm (d), respectively. The scale bars for inset images are 20 nm. 
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Fig. 3. The relationship of edge lengths and LSPR energies from experimental measurements 

(black squares) and numerical simulations (blue circles) of Rh NCs in ethanol. The blue dotted 

line is a linear fitting of the simulated results. The x-error bars of experimental data are the 

standard deviations of the edge lengths of Rh NCs measured by TEM in each sample. The y-

error bars are the peak widths at which 99% of maximum intensity in extinction spectra occurs.  
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Fig. 4. Simulated near-field intensity distribution |E|
2 at the surface of a 27 nm Rh NC at the 

resonant energy 3.96 eV, along with the coordinates used for the finite element modeling. The 

light is polarized along the X-axis and propagating in Z-axis in the simulation.  
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Fig. 5. Raman spectra of neat PATP (a) and PATP with 39 nm Rh NCs (b) at representative 

times (each spectrum integrated over five seconds). (c) Summary of 1590 cm-1 Raman signal 

decay for PATP neat and attached to 21, 39, and 59 nm Rh NCs. 
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Conceptual insights 

This work introduces size-tunable and localized surface plasmon resonance (LSPR) energy-

tunable Rh nanostructures to the field of ultraviolet (UV) plasmonics. It could be considered as 

the counterpart of Au and Ag in visible plasmonics in the UV spectrum range. The research of UV 

plasmonics is limited by the stability of currently studied materials, including aluminum and 

gallium. Rhodium, a stable noble metal without surface oxide, provides appealing model system 

to investigate the morphology-LSPR relationship in the UV region. The precise size control and 

tunability of sizes as well as the associate resonant energies of Rh nanostructures demonstrated 

here represents a major advance in understanding the fundamental principles of UV plasmonics. 

Additionally, the enhanced photo-decomposition through the excitation of UV LSPRs in Rh 

nanostructures manifests the photocatalytic capability of concentrated electromagnetic fields 

and resulted hot electrons, which could provide an access to chemical transformations 

unavailable previously. The tunability and photocatalytic activity of UV LSPRs in Rh 

nanostructures pave the way for both understanding the fundamentals in UV plasmonics and 

developing practical applications that utilize these uniquely concentrated high energy 

electromagnetic waves. 
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The localized surface plasmon resonance of Rh nanocubes red-shifts in the UV region with increasing size  
39x33mm (300 x 300 DPI)  
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