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ABSTRACT 

Single particle nanoplasmonic sensing and spectroscopy is a powerful and at the same time 

relatively easy-to-implement research method that allows monitoring of changes in the structure 

and properties of metal nanoparticles in real time and with only few restrictions in terms of 

surrounding medium, temperature and pressure. Consequently, it has been successfully used in 

materials science applications to, for instance, reveal the impact of size and shape of single metal 

nanoparticles on the thermodynamics of metal hydride formation and decomposition. In this 

Perspective, we review and discuss the research efforts that have spurred key advances in the 

development of single particle nanoplasmonic sensing and spectroscopy as a research tool in 

materials science. On this background we then assess the prospects and challenges towards its 

application in single particle catalysis, with the aim to enable operando studies of the 

relationship between metal nanoparticle structure or oxidation state, and catalytic performance. 

 

Keywords: Single particle plasmonics, single particle catalysis, dark field scattering 
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Heterogeneous catalysis is an integral part of modern society for which it provides highly 

efficient synthesis routes for chemicals and fuels, as well as solutions for environmental 

cleanup1-2. At the core of modern catalyst systems are complex, multi-component materials that 

often consist of metal nanoparticles deposited on a support with large specific surface area. They 

are typically operated at harsh chemical conditions that may range from high temperatures and 

pressures to chemically oxidizing, corrosive or reducing environments. Hence, the non-invasive, 

real time, high-resolution (both in space and time) characterization of catalyst nanomaterials at 

relevant operating conditions – in operando – is to this day still one of the holy grails in catalysis 

research since it constitutes a massive experimental challenge. Consequently, significant efforts 

have been invested in the development of experimental methods that enable operando studies of 

catalyst materials, and great progress has been made in this respect3-8. The made findings all 

highlight the importance of operando studies since they paint a clear picture of a catalyst being a 

very dynamic system, which continuously evolves its properties both at (very) short and long 

time scales, in intimate interplay with its surrounding environment and the applied reaction 

conditions. For example, during reaction, catalyst nanoparticles may dynamically transform their 

structure9-11, sinter and coalesce12, melt13, corrode14, or oxidize at the surface or all the way in the 

bulk15-16 (Figure 1a). 
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Figure 1. (a) Characteristic processes occurring with metal nanoparticles under catalytic 

reaction conditions. (b) SEM image of colloidal Pd nanoparticles synthesized by adapting 

procedures described in Ref.17 and dispersed on a Si substrate by drop-casting. We note the wide 

variety of obtained sizes and shapes. (c) Basic principle of nanoplasmonic sensing: 

Transformations in the size, shape or composition of a nanoparticle under the influence of 

external factors lead to changes in the optical scattering spectrum of the nanoparticle, such as 

spectral shift of the peak position (ΔλPeak), variation in peak intensity (ΔPI) and changes in full-

width-at-half-maximum (ΔFWHM). Reproduced with permission from10, 12-15. 

 

 

A second main challenge in catalysts science and investigations of the active 

nanoparticles is ensemble averaging, which significantly blurs our vision when, for example, 

establishing structure-activity/selectivity correlations. The reason is that heterogeneity in terms 

of size, shape, microstructure and chemical composition (e.g. in the case of alloys or other types 
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of heterostructures18-19) is a general feature among nanoparticles both at the nanometer and at the 

atomic level (Figure 1b), and that activity is non-uniform even across a single particle20 due to 

the existence of surface sites with different activity. This heterogeneity hampers the generation 

of deeper understanding for how these structural parameters affect catalytic activity since they, 

together with electronic and spill-over interactions with the support, directly control the catalytic 

performance. In response, over the last decade the field of “single particle catalysis” has emerged 

in the quest to develop experimental methods that overcome the ensemble averaging problem 

and even reach single molecule resolution21-24. Also in this area significant progress has been 

made and fascinating insights have been reached using approaches based on super-resolution 

fluorescence microscopy20, tip-enhanced Raman spectroscopy25, in situ transmission electron 

microscopy11 and in situ X-ray absorption spectromicroscopy26. 

In the context of single particle catalysis, conceptually, nanoplasmonic sensing based on 

dark-field scattering spectroscopy27 immediately appears as a potentially interesting further 

contender due to the fact that, when projected onto catalysis research, it provides the possibility 

to address individual nanoparticles in the 10 – 100 nm size regime. This range is accessible both 

to the enhanced precision of top-down nanofabrication that enables the preparation of controlled 

and precisely tunable model systems28-29, and to shape-selected synthesis of colloidal 

nanocrystals30-31. Importantly, the single nanoparticle resolution offered by single particle 

plasmonic sensing comes without principle restrictions on both temperature and the surrounding 

medium, that is, both liquid and gas phase environments are accessible at ambient pressure or 

above. Moreover, multiple individual nanoparticles can be addressed simultaneously using 

concepts like hyperspectral imaging32-35. Finally, and as a key point, essentially all the dynamic 

catalyst nanoparticle transformations highlighted above are perturbing the surface or the bulk of 



	 5	

a catalyst nanoparticle significantly enough by either inducing structural changes to size and 

shape, or by imposing chemical changes, such as oxidation state, that a significant and 

measurable change of the localized surface plasmon resonance (LSPR) can be expected.  

Relaxing temporarily the single particle boundary condition for the sake of this 

introductory discussion, it is interesting to provide a brief overview of established applications of 

LSPR based sensing and spectroscopy. Such a survey shows that this highly sensitive, non-

invasive concept has found widespread application in biological sensing, gas detection and 

materials science applications36-39. In the materials science area, relevant application examples 

include studies of polymer swelling40, hydride formation/decomposition41-43, phase- and glass 

transitions44-48, corrosion49, sintering50-51, recrystallization52, molecular diffusion in materials53, 

and the melting and growth of nanoparticles10, 54-55. As the key conclusion from this summary we 

highlight the apparent flexibility of nanoplasmonic sensing and spectroscopy in terms of 

materials that can be studied, the nature of the environment the studies were conducted in, and 

the relative simplicity of the necessary instrumentation. 

  In the remainder of this Perspective we will now summarize and discuss the state of the 

art of applying single particle plasmonic nanospectroscopy and sensing27, 56 in materials science 

on the example of metal nanoparticle – hydrogen interactions. Based on these examples that 

illustrate the potential, we will then outline the way forward towards single particle plasmonics 

for single particle catalysis, as part of the quest towards a new experimental paradigm where 

catalyst materials are studied in operando at the single nanoparticle level. 
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Localized Surface Plasmon Resonance Single Particle Sensing and Spectroscopy 

The basic principle of nanoplasmonic sensing is illustrated in Figure 1c. When light from the 

UV-vis-NIR spectral range interacts with a metal nanoparticle with dimensions comparable to or 

smaller than the wavelength of light, resonant collective oscillations of electrons can be 

induced57. As a result, distinct peaks at the plasmon resonance frequency are observed in 

absorption and scattering spectra of metal nanoparticles. Since the resonance frequency depends 

on particle size, shape and composition, as well as the particle surrounding, the typical 

descriptors used to characterize plasmonic peaks in optical spectra (that is, peak position, peak 

intensity and peak spectral line-width) exhibit measurable changes under the influence of 

external factors58-60. These changes can be monitored at the single particle level via dark-field 

scattering spectroscopy, which provides a straightforward method for highly sensitive detection 

of transformations occurring with, on, or in the close vicinity of metal nanoparticles.	 	 The 

principle of operation of dark-field microscopy is schematically shown in Figure 2. The 

microscope’s dark-field condenser is designed in such a way that only light scattered by the 

sample can reach the used detector. At the same time, the light that is used to illuminate the 

sample is not collected by the objective lens and, therefore, is not part of the image, see Figure 

2a. Such a scheme, despite its simplicity, allows obtaining images with significant contrast that 

makes it possible to observe and study individual metal nanoparticles in real time across a wide 

range of conditions. A typical image obtained with dark-field microscopy is shown in Figure 2b. 

Here one can see an array of plasmonic Cu nanoparticles with a diameter in the range of 80-120 

nm, nanofabricated on an oxidized silicon surface. 
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Figure 2. (a) Schematic depiction of the dark-field scattering microscopy principle. (b) True-

color dark-field microscopy image of electron beam lithography fabricated metallic Cu 

nanoparticles with diameters in the range of 80-120 nm. 

 

Metal Nanoparticle – Hydrogen Interactions 

An early and by now mature example of the successful use of the single particle plasmonic 

sensing and spectroscopy approach in materials science is the case of hydrogen sorption and 

hydride formation in Pd nanoparticles39, 41, a process which today is widely considered for the 

development of next generation optical hydrogen sensors61-64. The seminal paper by 

Langhammer and co-workers41 describes a nanoplasmonic hydrogen sensor composed of an 

array of Pd nanodisks with a diameter of several hundred nanometers, supported on a transparent 

substrate (Figure 3a). Mechanistically, the detection of hydrogen uptake relies on the fact that 

the LSPR frequency of a hydride-forming metal nanoparticle is proportional to the amount of 

hydrogen absorbed throughout the α-phase region at low-hydrogen partial pressure where 

hydrogen is diluted at low concentration in a solid solution, which is characterized by very weak 

hydrogen-hydrogen interaction; the α + β-phase-coexistence region (“plateau”) at the first-order 
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phase transition to and from the hydride (β-phase); and finally, the pure β-phase region at high-

hydrogen partial pressur42, 65.  

 

 

 

Figure 3. (a) Left panel: SEM images of a single Pd nanodisk before interaction with H2 and 

after four cycles of H2 uptake and release at room temperature. The structural changes around 

the edges of the Pd nanodisk are due to crack formation during H2-induced expansion and 

contraction. Right panel: Optical p - λmax isotherms for H2 uptake and release in an array of Pd 



	 9	

nanodisks. Inset: optical response for the Pd-H system consistent with Sievert's law in the 

hydrogen solid solution regime, indicating direct proportionality between plasmonic peak 

position, λmax, and amount of hydrogen absorbed into the Pd nanodisks. (b) Left panel: 

Schematic of Au plasmonic antenna-enhanced sensing of H2 absorbed into a single Pd 

nanoparticle. Right panel: Optical scattering measurements of a system composed of a single Pd 

nanoparticle located at a distance of 10 nm from the triangle Au antenna. (c) Left panel: The 

principle of probing interactions of H2 with the surface of a Pd film using plasmonic smart dust. 

Right panel: Time-resolved measurements of centroid wavelength position of a single smart dust 

particle upon interaction of the 10 nm thick Pd film with H2. Reproduced with permission from41, 

66-67 

 

After the introduction of this plasmonics-based scheme for the study and detection of 

metal-hydrogen interactions, Liu et al.66 and Shegai et al.68  demonstrated almost simultaneously 

the possibility to detect hydrogen sorption and hydride formation in single Pd and Mg 

nanoparticles. However, due to the intrinsically small scattering cross sections of Pd69 rendering 

direct dark-field scattering spectroscopy challenging, they applied an indirect detection scheme 

previously demonstrated for nanoparticle ensembles47 using a single Au plasmonic nanoantenna 

adjacent to the single hydride forming Pd nanoparticle. In this arrangement, the nanoantenna 

probes and signals the hydride formation process via its near-field and via scattering to the far-

field, respectively (Figure 3b). Specifically, due to the small distance separating the 

nanoantenna and the Pd nanoparticle, the optical properties of the entire complex change when 

Pd sorbs hydrogen, due to the concurrent change in both volume and electronic properties of the 

Pd65, 70. This causes a shift of the LSPR in the single particle scattering spectrum of the coupled 
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Pd-Au system, which can be detected using dark-field scattering spectroscopy (Figure 3b right 

panel). Similar studies using different variations of the indirect sensing principle have further 

corroborated the approach as such, and helped to shed light on nanoparticle size and shape 

effects71 or on hydrogen sorption in Pd thin films using the concept of so-called plasmonic smart 

dust67. In the latter study, the smart dust consisted of dielectric shell-isolated gold nanoparticles 

distributed over the surface of the Pd film to locally probe uptake and release of hydrogen 

(Figure 3c). Sizable spectral shifts of the resonance peak were detected upon interaction of the 

Pd film with hydrogen, again highlighting the unique ability of single particle plasmonic sensing 

to investigate chemical transformations. We also note that a very similar mechanism is widely 

used in Core-Shell Nanoparticle-Enhanced Raman Spectroscopy (SHINERS)72. 
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Figure 4. (a) EEL spectra recorded on a single Pd nanocube with edge length of 23 nm before 

and after hydrogen absorption. Scale bar is 20 nm (b) Pseudo pressure-composition isotherms 

and corresponding high-resolution TEM images after H2 absorption and desorption for single 

Pd nanocubes, pyramids, and icosahedra. Scale bars are 20 nm. (c) Top panel: Schematic of a 

heterodimer composed of a nanoplasmonic Au antenna combined with a Pd nanocube and 

corresponding FDTD simulations of the light scattering by various Au-Pd heterodimers upon 

hydrogen sorption in the Pd element. Bottom panel: Equilibrium pressures for hydride formation 

(upward pointing triangles) and decomposition (downward pointing triangles) for single Pd 

nanocubes, octahedra and nanorods of various size, measured by the heterodimer method. (d) 

Optical pressure-composition isotherms for hydrogen sorption in individual, polycrystalline Pd 

nanoparticles and corresponding TEM and Transmission Kikuchi Diffraction (TKD) images. 

Scale bar is 50 nm. Reproduced with permission from73-76. 

 

Since these initial proof-of-concept measurements using various nanoplasmonic antennas 

and hydride forming nanoparticle arrangements66, 68, 71, 77, the generic methodology has further 

evolved into a powerful materials science tool that comes in various sophisticated versions. For 

example, a series of studies by the Dionne group elegantly exploited in situ Electron Energy-

Loss Spectroscopy (EELS) and Transmission Electron Microscopy (TEM) to study the hydride 

formation process in various types of size- and shape-selected Pd nanocrystals by exciting 

plasmonic resonances with the electron beam and tracking the corresponding change in measured 

energy loss as a function of hydrogen sorption71, 73-74, 78-81. A typical result from their seminal 

study73 is shown in Figure 4a where raw EEL spectra recorded on a 23 nm Pd nanocube are 
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shown before and after hydrogen absorption. A shift of the bulk resonance peak of about 2 eV 

caused by hydrogen absorption and desorption is clear evidence of hydrogenation and 

dehydrogenation taking place in the Pd nanocube. In a follow up study, the spatial distribution of 

phases present during hydride formation in single nanocrystals with different shapes was 

reconstructed, using a combination of EELS, dark-field imaging and electron diffraction74. 

Corresponding pseudo pressure-composition isotherms based on the spectral contribution of each 

phase, extracted from EELS data and plotted versus the weight fraction of the β phase, 

β α+ β , are shown in Figure 4b for Pd nanocubes, pyramids, and icosahedra.  

Another type of example for the use of single particle plasmonics to study the 

thermodynamics of hydride formation in individual Pd nanoparticles with different shapes and 

sizes was presented by Syrenova et al.75, 77. For this purpose, an electrostatic heterodimer self-

assembly method was first developed, to enable the controlled formation of Au nanoantenna – 

Pd nanocrystal heterodimers (Figure 4c). From the dark-field scattering spectra of individual 

Au-Pd heterodimers it becomes evident that the transition of the Pd nanoparticle from the 

metallic to the hydride phase is accompanied by a clear shift of the scattering peak to shorter 

wavelengths. As one of the key results, this study revealed that the characteristic slope found 

across the plateau in the phase transformation region of pressure-composition isotherms 

measured for Pd nanoparticle ensembles is the consequence of significantly different phase 

transformation pressures of the individuals.  

As the third example, we present our most recent study, which focused on shedding light 

on the role of the microstructure in polycrystalline Pd nanoparticles during hydrogen sorption.76 

We employed a direct version of plasmonic sensing, which is based on measuring dark-field 

scattering spectra of multiple Pd nanoparticles grown on a TEM membrane at the same time 
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(without adjacent nanoantenna probe), to (i) eliminate experiment-to-experiment artifacts and (ii) 

enable detailed ex situ nanoparticle characterization by high resolution TEM and Transmission 

Kikuchi Diffraction (TKD). In this way, we were able to demonstrate a direct correlation 

between the equilibrium pressures for the formation of hydrides in Pd nanoparticles and the 

length and type of grain boundaries in these nanoparticles (Figure 4d).  

From the so far presented examples, we can draw a number of intermediate conclusions. 

For example, it becomes clear that the fascinating differences in the nature of the interaction of 

Pd nanoparticles and nanocrystals of various shapes sizes and microstructures with hydrogen 

could only be found due to the single nanoparticle approach. In other words, in similar studies 

using conventional experimental methods and nanoparticle ensembles, the found effects would 

have remained hidden. Thus, the single particle studies convincingly demonstrated the capacity 

of single particle plasmonics as a tool for the detailed and quantitative study of chemical 

transformations in individual nanoparticles and the value of the obtainable insights.  

Secondly, we note that, as highlighted by the last example, single particle plasmonics 

based on dark-field scattering spectroscopy provides ample opportunities for the parallel readout 

of multiple individual nanoparticles at exactly identical experimental conditions. This is a very 

important direction of development, (i) because serial measurements on single nanoparticles are 

prone to artifacts due to, for instance, changing experimental conditions or the investigated 

process itself altering the nanoparticles over time, and (ii) because, if single particle experiments 

are to be used to explain trends obtained from ensemble measurements, a large number of 

individual particles needs to be investigated. Therefore, as part of this Perspective, we now 

briefly discuss the unique opportunities offered by single particle plasmonics in this respect.  

 



	 14	

Multiparticle Plasmonic Nanospectroscopy 

In the standard method of measuring a scattering spectrum from a single nanoparticle, it has to 

be isolated in the field of view of the dark-field microscope, for example by the slit of the 

spectrometer27, 56, 82-83. Thus a first straightforward way to address multiple single nanoparticles 

simultaneously is to align them along the slit84-85 of an imaging spectrometer, which can be 

realized efficiently by, for example, e-beam lithography fabrication33, 85 allowing for up to 15-20 

nanoparticles to be measured at the same time with temporal resolution on the order of 1 to 10 s, 

depending on the scattering intensity of the nanoparticle that allows for reasonable signal-to-

noise ratio. However, these measurements are always limited to the number of particles that can 

fit vertically in the slit area, as dictated by the diffraction limit. Alternatively, there exist methods 

for fast parallel spectroscopy that are performed in the wide field of view (not limited by 

spectrometer slit), which significantly increases the number of particles that can be measured 

simultaneously. For example, one can detect scattered light over a large field of view using a 

color camera, and assign pixels to the scattering spots of the particles, and then the 

approximation with an algorithm of the RGB pixel values results in the scattering peak 

wavelength86-87. The acquisition speed of the images was shown to be below 600 ms per image86 

and can be improved with more advanced cameras. There are also different versions of 

hyperspectral imaging that allow for measurements of more than 5032, 100s34, 88 and up to 100089 

nanoparticles simultaneously. However, in these cases the spectra have to be scanned by 

wavelength and integration times range from ~ 0.3 s to 1 s32, 34, 88-89 per wavelength (usually with 

spectral resolution of 1-2 nm). This makes the acquisition time of the already limited spectral 

range significantly long. Studies of dynamic systems with fast kinetics (such as catalysts usually 

are) require very high temporal resolution. Currently, this can be achieved by using 
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monochromatic light illumination (few nm bandwidth) with temporal resolution from 100 ms90 

down to the few ms91 range, and it is limited only by the signal-to-noise ratio and sampling rates 

of the photon counting electronics. As one main conclusion we thus identify the need for the 

reduction of acquisition time for each set of simultaneously measured multiple nanoparticles as 

an important future challenge for this approach, to enable monitoring of (very) fast processes in 

the milliseconds down to femtoseconds range, which are relevant in heterogeneous catalysis92. A 

very nice development in this direction has been demonstrated recently, on the example of a 

method called snapshot hyperspectral imaging. It combines separate and parallel scanning of 

both spectral and spatial dark-field images from multiple single nanoparticles (up to 100 particles 

for an ordered array)35, and enables an acquisition time of 1 ms with a spectral resolution of 0.21 

nm/pixel. 
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Figure 5. (a) Scattering spectra of single Au nanoparticles (top panel) and the corresponding 

spectral shift as functions of reaction time during the catalytic oxidation of ascorbic acid (bottom 

panel). The peak shift signal is cause by electron injection into the Au during reaction. Inset: 

SEM image of the Au decahedron used as the catalyst. (b) Scattering spectra and the surface 

plasmon band shift of an elongated tetrahexahedral Au nanoparticle in D.I. water, ammonia 

borane (AB), and during the reaction of 4-nitrophenol (4-NIP) reduction. The peak shift is cause 

by charge transfer between reactants and nanoparticles. (c) Top panel: FDTD simulation of the 
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local electric field enhancement of a single Au nanohalo (left) and an Au nanosphere (right). 

Bottom panel: LSPR peak shifts observed along the catalytic reaction between glucose and O2 on 

the Au nanohalo. (d) Top panel: Schematic of a single particle measurement of hydrogen 

evolution on a single Au@Pt/CdS hollow cube. Bottom panel: Plasmon band shift of a single 

Au@Pt/CdS hollow cube along the photocatalytic decomposition of lactic acid. Inset: Extinction 

spectrum evolution of a single Au@Pt/CdS cube along the reaction coordinate. The measured 

peak shift is the consequence of change in the refractive index of the medium surrounding the 

Au@Pt/CdS particle as a result of the decomposition of lactic acid.  (e) Top panel: Extinction 

spectra of ~50 pM solution with AuNR-Ag core-shell nanoparticles after adding Na2S. Bottom 

panel: Time-dependent shifts of the LSPR peak position (λmax) of two nanoparticles after adding 

Na2S to the live cell culture medium. The measured peak shift is the consequence of variations in 

the local refractive index, caused by changes in the molar fraction of Ag2S formed in the silver 

shell. Reproduced with permission from Ref.93-97.  

 

 

Single Particle Catalysis in the Liquid Phase 

Having discussed the evolution of single particle plasmonics in materials science with focus on 

metal-hydrogen interactions, as well as the current state of the art with respect to multiparticle 

analysis and data acquisition frequency, in the second part of this Perspective we now focus on 

its potential in single particle catalysis. To this end, the idea of using nanoplasmonic sensing to 

study catalytic reactions on individual nanoparticles was implemented for the first time about ten 

years ago. In the seminal work by Mulvaney and co-workers93 surface plasmon spectroscopy was 

used to monitor the oxidation of ascorbic acid catalyzed on the surface of single Au 
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nanoparticles. Figure 5a shows typical scattering spectra for a single Au nanoparticle before and 

some time after the start of the reaction. A significant blue shift of the plasmonic peak of 

approximately 20 nm was observed, as a result of electron injection by ascorbate ions during the 

catalytic reaction. Thus, thanks to its sensitivity to the electron density, the approach enabled the 

real time monitoring of a catalytic process on a single nanoparticle with the ability to detect 

reaction rates of just 65 molecules per second.93 Single particle plasmonic measurements using 

dark-field microscopy were also used by He and co-workers to investigate the catalytic oxidation 

of CTAB-stabilized Au nanorods by H2O2 in an acidic environment in the presence of bromide.98 

Another example for the successful application of nanoplasmonic sensing to study catalytic 

reactions on individual Au nanoparticles was demonstrated by Yi and co-workers.97 Selected 

results of this work can be seen in Figure 5b. Here, elongated tetrahexahedral (THH) Au 

nanoparticles, synthesized by a seed-mediated growth method, show a distinct shift of the 

surface plasmon peak due to charge transfer during the catalytic reduction of 4-nitrophenol. 

Furthermore, using the indirect sensing approach based on an inert plasmonic observer, the redox 

reaction between glucose and oxygen94, catalyzed by very small Au spheres could be monitored 

via larger Au spheres (Figure 5c), and the decomposition of lactic acid95 was measured 

indirectly on platinized cadmium sulfide through Au patches that served as a scattering probes 

(Figure 5d). Another interesting example is the mapping of sulfide formation inside living cells, 

which was enabled by single Au nanorod-Ag (AuNR-Ag) core-shell particles96. In this 

arrangement, the Ag acts as an agent reacting with sulfide and the Au nanorod reports the 

resulting shifts via the scattering signal (Figure 5e). In summary, the single particle plasmonic 

measurements of catalytic reactions described above were able to provide valuable information 

about reaction rates93, 95-96, details of reaction kinetics98, the effect of surface facets on catalytic 
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activity97, and changes in surface coverage and charge state of the catalyst94, which helped in 

elucidating the details of the reaction mechanisms and of the catalyst activity at the single 

nanoparticle level.  

While discussing the use of nanoplasmonic sensing for studies of heterogeneous catalysis 

at the level of individual nanoparticles in liquid environment, we also want to mention a number 

of works aimed at coupling single particle plasmonics with electrocatalysis. To study the 

electrocatalytic oxidation of H2O2 on a single Au nanorod, Long and co-workers developed a 

spectroelectrochemical setup in which a dark-field microscope is combined with a 3-electrode 

electrochemical cell99-100. By tracking the position of the plasmonic peak in the spectrum of 

scattered light, this setup allowed the authors to observe various processes on the surface of 

individual Au nanorods in real time. In another study conducted by the same group, a combined 

spectroelectrochemical setup was used to study changes in the optical properties of individual Au 

nanorods during electrocatalytic oxidation of glucose in an alkaline medium101. Finally, Tschulik 

and co-workers recently reported on the study of reactivity of individual Ag nanoparticles in 

aqueous suspensions using an opto- and spectroelectrochemical approach that combines 

electrochemical dark-field microscopy and hyperspectral imaging102. Considering the practical 

importance of electrocatalysts for use in the energy sector, environment and other applications, 

further studies in this direction appear very promising. 

 

Single Particle Catalysis in the Gas Phase 

Introducing the final section of this Perspective, we note that in all the single particle studies 

discussed above the catalytic reaction has taken place on nanoparticles immersed in liquid 

solvents and reactants at or close to room temperature. This leaves unaddressed the very 
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important field of gas phase catalytic reactions, which typically take place at elevated 

temperatures and at atmospheric pressure or above. Hence, studying such processes sets higher 

demands both on the used instrumentation and on the applied plasmonic platform to sustain the 

chemically and thermally harsher conditions. To this end, Larsson et al. demonstrated in a 

seminal study that the heterostructure schematically depicted in Figure 6a enables plasmonic 

sensing of gas phase catalytic reactions at the ensemble level103. The used platform is comprised 

of an array of Au nanoparticle sensors, encapsulated in a thin dielectric layer for protection and 

to mimic the oxide support of a typical supported nanocatalyst, onto which small Pt catalyst 

nanoparticles were grown. This arrangement again uses the plasmonic nanoparticles as inert 

observers to probe the catalyst via their enhanced near field. Using it, enabled the monitoring of 

three different common heterogeneous catalytic processes, that is, the oxidation of H2, the 

oxidation of carbon monoxide (CO), and NOx reduction and storage. As one of the main results, 

it was found that changes of the catalyst surface state upon sweeping of the relative reactant 

concentration could be accurately resolved, including the so-called kinetic phase transition, 

manifested as a distinct step in the plasmonic signal (Figure 6a, bottom panel). Two more recent 

examples using a similar approach have been presented by Niemantsverdriet et al.104-105, where 

in the second study105 quadruple mass spectrometry readout was added and directly correlated 

with the optical response of a Cu nanoparticle ensemble (Figure 6b). Despite this demonstrated 

potential the plasmonic sensing concept – both in its direct and indirect variants – reports on 

single particle plasmonic experiments in the gas phase are still very scarce, with the only 

exception of a study of hydrogen spillover effects between a single Au nanorod and a metal 

oxide support by Mulvaney and coworkers106, see Figure 6c.  
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Figure 6. (a) Top: Schematics of the nanoarchitecture used to monitor changes in the adsorbate 

coverage of a Pt catalyst nanoparticle ensemble in operando during the CO oxidation catalytic 

reaction by adjacent Au plasmonic nanoantenna probes. Also shown are SEM and TEM images 

of the Au nanoantenna array and the Pt catalyst particles, respectively, used in the sensing 

structure. Bottom: Plasmon peak shift (blue) and corresponding temperature variation (red) 

during a sweep of the relative reactant concentration αCO at T = 506 K. The distinct step in peak 

shift denotes the kinetic phase transition, at which a sudden change in adsorbate coverage 

occurs on the catalyst. The origin of the peak shift is not explicitly mentioned. (b) Mass-

spectrometric measurements of O2 and CO2 during CO oxidation on a Cu nanoparticle catalyst 
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at different temperatures (top panel) shown together with the optical center position of the Cu 

nanoparticles, as calculated from operando UV-vis measurements (bottom panel). The data 

reveal a sudden drop in activity as the Cu catalyst gets oxidized and loses its plasmonic 

response. The measured change in optical center is a consequence of the oxidation of the 

particles and the corresponding transformation from the metallic to the oxide state with 

distinctly different optical properties. (c) Left panel: Scattering spectra of a single Au nanorod 

(NR) embedded in the TiO2 thin film of the used Au/TiO2-Pt sample architecture measured upon 

exposure to air (red) and H2 (blue) at room temperature. Right panels: LSPR peak position 

change measured for a single Au nanorod embedded in Au/TiO2 (top) and in TiO2-Pt (bottom) 

upon cycling in N2-H2-N2 (green lines) and air-H2-air (blue lines). The measured peak shift is the 

consequence of electron injection into the Au NRs during the hydrogen dissociation. Reproduced 

with permission from Ref.103, 105-106 

 

 

Future Perspectives 

The recent developments in single particle plasmonic sensing and spectroscopy show that this 

method provides ample opportunities to address individual nanoparticles in the 10 – 100 nm size 

regime in operando, under a wide range of conditions in both the gas and liquid phase. Hence, it 

can enable the investigation of both nanofabricated and colloidal nanoparticles and structures in 

an efficient way and in environments of relevance for heterogeneous catalysis. Specifically, as 

discussed, the plasmonic response of a metal nanoparticle is expected to be sensitive to 

essentially all possible dynamic catalyst nanoparticle transformations that may occur during 

reaction, such as shape change, size change (sintering), change of oxidation state, change in the 
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state of charge, change of chemical composition, change in microstructure, or spill-over effects 

to the support. This has two key implications: (i) it makes the method very versatile; and (ii) it 

may render data interpretation challenging if multiple processes occur simultaneously. As a 

consequence, we foresee that modeling tools such as the Finite-Difference Time-Domain 

(FDTD) method will have to play a key role in de-convoluting different contributions to a 

measured single particle plasmonic response. Furthermore, correlative efforts using electron 

microscopy techniques for initial, intermittent and post mortem detailed characterization of the 

nanostructures will be critical for the derivation of structure-function correlations at the single 

nanoparticle level76, 107.  

Another important aspect to consider and further explore is the use of one of the many 

variants of hyperspectral imaging or similar concepts that have recently become available, since 

these offer unique opportunities not accessible with established single particle catalysis 

experimental methods, such as tip-enhanced Raman spectroscopy or in situ transmission electron 

microscopy, that is, the simultaneous monitoring of a multitude of individual nanoparticles. This 

is, however, critical, because one of the ultimate goals of single nanoparticle studies is to verify 

structure-activity relationships that will help to improve the catalytic performance of the 

ensemble typically used in applications. Hence, it is not enough to investigate one particle at the 

time, but the statistical analysis of thousands of individuals measured simultaneously to 

minimize measurement-to-measurement artifacts is required to investigate whether the averaged 

single particle response reproduces the response of an ensemble of similar nanoparticles. Only if 

this condition is fulfilled, single particle data are truly relevant, and it can, for instance, be ruled 

out that the fact that a nanoparticle was probed as an individual does not alter its response. The 
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latter may be the case due to, for example, the (lack of) mass transport effects that may strongly 

depend on particle proximity in the catalyst and thus impact the measured apparent activity. 

Yet another aspect to consider is that many catalysts metals are poor light scatterers69, 108 

and thus, in particular in the sub 50 nm size range relevant for catalysis, it will be very hard to 

measure directly using dark-field scattering spectroscopy. Hence, it is likely that antenna-

enhanced solutions with closely adjacent inert plasmonic observers will have to be used in this 

regime66, 75, 109, or that alternative solutions such as photothermal imaging or interferometric 

scattering microscopy may become important110-111. Along similar lines, we identify the need for 

the reduction of acquisition time for each set of simultaneously measured multiple nanoparticles 

as an important future challenge, which becomes increasingly difficult for small scattering cross-

sections of the studied nanoparticles. Yet, for catalysis applications it is highly desirable to be 

able to monitor (very) fast processes in the milliseconds down to femtoseconds range. Hence, we 

call for further development in this direction both by clever instrument and readout design to, for 

example, reduce background scattering 112, and by capitalizing on the development of fast highly 

sensitive photon detectors. We also predict that the use of 3D sample nanopositioning will 

become important to reduce noise induced by sample drift, and in this way increase 

(time)resolution113. 

The maybe largest yet essentially unexplored potential of single particle plasmonic 

sensing and spectroscopy lies in gas phase single particle catalysis due to the fact that the 

method, in principle, appears to be perfectly compatible with the required conditions, such as 

high temperatures and atmospheric pressure or even above. In this respect, the remote optical 

readout is a great advantage compared to, for example, tip-probe-based approaches. However, to 

be able to capitalize on these traits, the design and construction of tailored measurement 
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chambers is necessary and needs to be combined with dark-field microscopy. Here, some of the 

obvious challenges to be resolved lie in limiting the temperature to the position of the catalyst in 

order to not damage the microscope objective, as well as in minimizing or actively eliminating113 

thermally induced drift and sample movement. 

Finally, we highlight a unique opportunity offered by the recently presented possibility of 

combining nanofluidics with single particle plasmonic sensing33 in the context of single particle 

catalysis. Specifically, it may offer a solution to overcome the challenge of detection of product 

molecules formed on a small number of catalyst nanoparticles, which is ultimately necessary to 

establish structure-activity correlations. In the single nanoparticle limit, the amount of the 

reaction product produced as a result of a catalytic process falls significantly below the level that 

can be detected with a sufficient degree of reliability using conventional methods. Hence, as part 

of a possible solution, we predict that using nanofluidic structures to host catalytic nanoparticles 

may reduce the internal volume of the “reactor” to the same order as the volume of the catalytic 

nanoparticle itself, in this way locally, at the individual nanoparticle level, maintaining a 

concentration of product molecules that is high enough for detection using, for example, 

fluorescence or scattering methods114-115. At the same time, the state of the catalyst nanoparticle 

can be monitored based on the dynamics of its plasmonic response. Taken altogether, we 

therefore anticipate that single particle plasmonic sensing will play an increasingly important 

role in single particle catalysis. 
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