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Abstract 

Metal nanoparticles are attracting interest for their light-absorption properties; but such materials 

are known to dynamically evolve under the action of chemical and physical perturbations, resulting 

in changes in their structure and composition. Using a transmission electron microscope equipped 

for optical excitation of the specimen, the structural evolution of Cu-based nanoparticles under 

simultaneous electron beam irradiation and plasmonic excitation was investigated with high 

spatiotemporal resolution. These nanoparticles initially have a Cu core–Cu2O oxide shell structure; 

but over the course of imaging, they undergo hollowing via the nanoscale Kirkendall effect. We 

captured the nucleation of a void within the core which then rapidly grows along specific 

crystallographic directions until the core is hollowed out. Hollowing is triggered by electron-beam 

irradiation; plasmonic excitation enhances the kinetics of the transformation likely by the effect of 

photothermal heating.  
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Introduction 

Metal nanoparticles comprised of Au, Ag, and Cu display a notable optical phenomenon 

known as a localized surface plasmon resonance (LSPR) arising from collective oscillations of 

charge carriers that makes them excellent visible light-absorbing nanoantennae.1,2 Consequently, 

these materials are being used in photocatalysis,3–6 single molecule spectroscopy,7–9 

biomedicine,7,10,11 and optical devices.12–14 LSPR properties are dictated by the size, shape and 

chemical composition of the nanoparticles.15–17 These parameters, however, may dynamically 

evolve under operating conditions due to structural18,19 and chemical changes20 induced by 

plasmonic excitation. Understanding such dynamics is essential for developing robust and 

effective nanostructures for plasmonic devices and applications. 

The dynamic evolution of nanostructures under stimulation has been studied by optical 

spectroscopy,18,21–25 X-ray techniques, 26–28 and transmission electron microscopy (TEM).29–36 

Studies have revealed reshaping31,37–39 and changes in elemental compositions26,28,30,32,40 in 

response to perturbations such as heating and exposure to reactive species. Similar exploration of 

structural dynamics of metal nanostructures induced by plasmonic excitation requires a TEM 

equipped for probing materials under light.41 Optical-excitation-coupled TEM has been used to 

gain insights into photocatalytic activity42–45 and fast and ultrafast dynamics.46–54  

Here we used a TEM equipped for optical excitation of the specimen55 to probe the 

structural evolution of Cu-based nanoparticles, a canonical plasmonic nanostructure.20,56,57 Our 

study uncovered that under plasmonic excitation and electron beam irradiation, Cu core–Cu2O 

shell nanoparticles transform to hollow Cu2O nanoshells via the nanoscale Kirkendall effect 

(NKE)21–23,32,58–66 (Fig. 1). While the NKE has been studied for Cu nanoparticles by ex-situ and 

in-situ liquid-cell TEM,32,58–60 the present study captures the dynamics of this transformation in 

real time with atomic resolution and reveals the impact of plasmonic excitation on this process. 

We capture the nucleation of voids in the Cu core; these voids then grow rapidly along specific 

crystallographic directions resulting in the hollow nanostructure. The hollowing process is 

accompanied by the formation of a two-dimensional (2D) film of Cu2O around the nanoparticle. 

Plasmonic excitation accelerates the kinetics of hollowing by enhancing the rate of void nucleation 

likely by the effect of photothermal heating.  
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Figure 1 | Plasmonic properties of Cu nanoparticles and experimental schematic. (a) Normalized ultraviolet–

visible (UV–vis) spectra of as-synthesized Cu nanoparticles (red curve) and oxidized Cu core–Cu2O shell 

nanoparticles (blue curve) in colloidal form. The main absorption peak of the Cu core–Cu2O shell nanoparticles arises 

from the LSPR of the metallic Cu core. It is red-shifted relative to the LSPR peak of the as-synthesized, unoxidized 

Cu nanoparticles due to the effect of the high dielectric constant of the Cu2O shell. The inset shows photographs of 

the (left) as-synthesized Cu nanoparticle colloid and (right) the Cu core–Cu2O shell nanoparticle colloid in cuvettes. 

(b) Experimental schematic. Cu core–Cu2O shell nanoparticles on silicon nitride (SiNx) substrates were studied at the 

single-nanoparticle level by TEM under plasmonic excitation (532 nm laser) and electron-beam irradiation. (Right) 

Schematic of the dynamic evolution of Cu–Cu2O nanoparticles. In the course of imaging, a void appears within the 

nanoparticle at the metal–metal-oxide interface, which grows to produce a hollow oxide nanoshell. Concomitantly, a 

thin film of copper oxide forms on the substrate around the nanoparticle, as depicted by the light-blue disk. 

Results and discussion  

Copper nanoparticles were synthesized using a wet synthetic method with oleic acid and 

trioctylamine ligands (see section on “Cu nanoparticle synthesis” in the Supporting Information).67 

As a plasmonic material, unoxidized Cu0 nanoparticles exhibit a prominent light absorption band 

centered around ~560 nm (red curve in Fig. 1a and Fig. S1), which is attributable to their localized 

surface plasmon resonance (LSPR).20 Given the propensity of copper to oxidize, air exposure at 

ambient temperatures results in formation of a shell of cuprous oxide (Cu2O),21–23 producing a 

core–shell nanostructure. The growth of a high dielectric constant medium, i.e., Cu2O, around the 

Cu core causes a red shift of the LSPR peak to ~600 nm (blue curve in Fig. 1a and Fig. S1); but 

the LSPR of the metallic Cu core remains the primary mode of light absorption.21–23,68 

These Cu–Cu2O core–shell nanoparticles were loaded onto silicon nitride (SiNx) 

substrates, and, using the DETEM, they were imaged under constant plasmonic excitation 

accomplished by irradiation with a 532 nm pulsed nanosecond laser (Figs. 1b and S2) with a <1 

ns pulse duration and operating at an 80 kHz repetition rate. The laser was incident on the sample 

in an elliptical spot with dimensions of ~50 and ~20 µm along the two axes corresponding to a 

spot area of ~700 µm2. Laser power was maintained below 25 mW corresponding to a maximum 
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intensity of 3500 W/cm2 and a maximum fluence of 50 mJ/cm2 per pulse. In the course of imaging, 

nanoparticles subjected to plasmonic excitation convert from a core–shell nanostructure to a 

hollow spherical nanoshell morphology (Fig. 1b, right), as shown by snapshots (Fig. 2) from a 

movie of a selected single nanoparticle (Supporting Movie 1). At early times (Fig. 2a), the 

nanoparticle has a Cu0 core (region of darker contrast) and a Cu2O shell (region of lighter contrast). 

Around 663 s, a void (shown by green arrow in Fig. 2b) appears within the Cu0 core, which grows 

across the nanoparticle to produce the eventual hollow nanoshell (Fig. 2f). The full movie is 

included in the Supporting Information (Supporting Movie 1). In addition, snapshots from 

additional movies showing hollowing of randomly selected nanoparticles under plasmonic 

excitation are provided in Fig. S3.  

Concurrent with the disappearance of the Cu core, there is the appearance of a film of 

material around the nanoparticle (Fig. S4a&b), which continuously grows outward as the core 

shrinks. Elemental mapping by energy-filtered TEM (EFTEM) (Fig. S4d) shows the presence of 

O (Fig. S4e) and Cu (Fig. S4f) indicating that the film is comprised of copper oxide. The material 

has crystalline domains with lattice fringes consistent with {111} planes of Cu2O (Fig. S4c). Cu2O 

is thus the likely composition. The contrast of this material is much lighter than the contrast of the 

Cu2O shell of the initial nanostructure and nearly similar to the background, which suggests that 

Cu2O is formed as a 2D thin film on the substrate around the nanoparticle, unlike the three-

dimensional growth of the Cu2O shell seen in other studies.22 Thus, it appears that Cu atoms diffuse 

out of the core, migrate through the shell, and deposit onto the substrate as a thin film of copper 

oxide. The formation of stable copper oxide is the thermodynamic driving force for the oxidation 

and hollowing of the Cu core; kinetically, it is triggered by the action of the electron beam and/or 

plasmonic excitation (vide infra). Under the low-pressure (~10-5 Pa) conditions of the TEM, the 

source of oxygen in this reaction is likely oxygen adsorbed on the substrate. Treatment of the 

substrate with an Ar + O2 plasma increased the rate of Cu oxidation (see Supporting Information 

section on “Thin film growing around nanoparticles”). This observation coupled with the thin-film 

morphology of the copper oxide indicates that Cu emanating from the nanoparticle reacted with 

oxygen adsorbed on the substrate. The film formed on the substrate appears to grow isotropically 

around the nanoparticle. This indicates that the formation of the 2D Cu2O film is limited by the 

availability of surface-adsorbed oxygen for the reaction with Cu; the isotropic morphology of the 

film therefore reflects the profile of adsorbed oxygen around the nanoparticle. 
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Figure 2 | Snapshots from an in-situ movie acquired under plasmonic excitation showing void formation and 

hollowing. At early stages (a), the nanoparticle has a core–shell structure with a Cu0 core (region of darker contrast) 

and a Cu2O shell (region of lighter contrast). Around the 633 s time point (b), a void appears at one edge of the core, 

as indicated by the green arrow. This void grows across the core (c–e) until a net hollow nanoshell is produced (f). 

Concomitantly with the hollowing, a thin film is formed around the nanoparticle. This film consists of copper oxide 

that likely forms by the reaction of Cu with oxygen adsorbed on the substrate. Scale bars represent a length of 5 nm. 

 

The hollowing is a morphological outcome of the manner in which Cu is oxidized and is 

in fact an example of the NKE, a nanoscale analog of the Kirkendall effect.61–66 To elaborate, 

oxidation occurs via the outward migration of Cu from the core along with inward migration of O 

toward the core. However, Cu atoms diffuse through the Cu2O shell faster than O atoms. This 

asymmetry in diffusion rates results in a net outward flow of Cu resulting in the accumulation of 

vacancies in the core. If the core gets supersaturated with vacancies, the latter condense into a void 

nucleus to minimize interfacial energy.24 A void nucleus that is larger than a critical size can 

spontaneously grow by coalescence with newly formed vacancies. In this manner, the void grows 

across the core, resulting in a hollow nanoshell. Hollowing of the Cu–Cu2O nanoparticles did not 

take place without constant electron-beam irradiation. Electron irradiation appears to be necessary 
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to trigger the reaction of Cu with oxygen inducing the NKE and hollowing. Electron beam-induced 

hollowing has been observed in the past and putatively attributed to core melting, etching, ablation, 

and evaporation.69–75 These processes do not likely contribute in the present study as the Cu core 

remains crystalline throughout the hollowing process; furthermore, the concomitant hollowing and 

oxide thin film growth support the NKE mechanism. Oxidation of Cu is spontaneous in the absence 

of electron irradiation but the NKE is kinetically prohibited by the low diffusivity for transport of 

Cu through the Cu2O shell. In such a case, the electron irradiation serves to enhance the rate of 

diffusion by beam-induced heating of the nanoparticles and/or radiation-enhanced diffusion.76,77 

In the latter process, electron bombardment generates defects within the Cu2O shell, which results 

in enhanced diffusivity of Cu through the shell.  

Leveraging the spatiotemporal resolution of TEM, the hollowing process was investigated 

further to reveal the nanoscale aspects underlying this chemical transformation. Eighty-nine 

movies of individual core–shell nanoparticles undergoing hollowing under plasmonic excitation 

were analyzed; the key features observed in each case are summarized in Table S1. Most 

commonly, hollowing was initiated with the nucleation of a single void.22,65 This was the case in 

65 instances. Often the void nucleated at the metal–metal-oxide interface. The high defect density 

and surface energy associated with the interface favor the nucleation of the voids there.  

In four instances, two voids nucleated in a single core–shell nanoparticle (Fig. 3a). 

However, no common distinguishing structural features were identified across these four 

nanoparticles. Rather the nucleation of a void appears to be a stochastic event, for which two-void 

nucleation is less probable than single-void nucleation and three-void nucleation is less probable 

than two-void nucleation. This expected trend is in line with the observations (Fig. 3b). Finally, 

20 nanoparticles did not undergo hollowing at all—no void nucleation occurred—within the time 

span of the experiment.  
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Figure 3 | Spatiotemporal aspects of the hollowing process under plasmonic excitation. Notable trends in the 

hollowing of a Cu core–Cu2O shell nanoparticle: (a) Snapshots before (left) and after (right) void nucleation showing 

an example of single-void nucleation (top) and two-void nucleation (bottom). Voids are marked by green arrows. (b) 

Pie chart showing the number and % of instances of zero-void (no hollowing), single-void, and two-void nucleation 

in a set of 89 nanoparticles. (c) Direction of void growth (shown by the white arrow and labeled crystallographic axis), 

and (d) number of instances of the void growing along 〈111〉, 〈110〉, and 〈100〉 directions. Note that multiple growth 

directions could be identified for a single nanoparticle as void growth is not generally unidirectional. (e) Faceting of 

the walls of the growing void, where the observed angle of ~125° is consistent with the intersection of (111) and 

(100) planes, and that of ~35° is consistent with the intersection of (111) and (110) planes. Image scale bars are 5 nm 

in length. 

We also examined the spatiotemporal nature of void growth by leveraging the atomic 

resolution of probing. In the course of hollowing, a void propagates along multiple crystallographic 

directions. We identified these directions in several movies where lattice fringes were prominent 

within the shrinking core (Fig. 3c). From the angle between the instantaneous propagation 

direction (perpendicular to the void front) and the known lattice planes of the face-centered cubic 

(FCC) crystal structure of Cu, we identified instances of propagation along 〈100〉, 〈110〉, and 〈111〉 
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directions (Fig. 3d). Our analysis was restricted to these directions due to the limited precision 

with which these angles could be measured. 〈111〉 was the most common propagation direction, 

which is attributable to {111} facets having the lowest surface energy among {111}, {110}, and 

{100} facets.78 In 38 movies, the propagation direction was not assignable to the 〈100〉, 〈110〉, or 

〈111〉 directions: there was insufficient resolution to determine lattice fringes or the angles between 

known planes and the void front did not agree with expected angles. 

We observed that the walls of the growing void were faceted (Fig. 3e). Across ~30% of the 

nanoparticles, the boundaries between the void and the remaining Cu0 core showed sharp facets. 

Angles between these facets match the angles between the crystallographic planes of an FCC 

lattice. Fig. 3e shows two examples. In the first example, late in the hollowing process, a sharp 

corner with an included angle of ~125o develops in the remaining Cu0, consistent with the 

intersection of (111) and (1̅00) planes: 

𝜃 = cos−1([111] ∙ [1̅00]) = cos−1 (−
1

√3
) = 125°  . 

In the second example, hollowing started from two void nuclei. Immediately prior to the meeting 

of the voids, a sharp corner with an included angle of ~38o develops in the remaining Cu0. This 

angle is consistent with the intersection of (111) and (110) planes: 

𝜃 = cos−1([111] ∙ [110]) = cos−1 (
2

√6
) = 35°  . 

To understand the role of plasmonic excitation in the hollowing process, we conducted 

several control experiments. Nanoparticles irradiated with the laser without constant electron-

beam irradiation showed no signs of hollowing even after 3 h (Fig. S5). Conversely, under 

electron-beam irradiation without laser irradiation, nanoparticles were observed to hollow. Thus, 

plasmon excitation does not drive hollowing; rather it has a catalytic effect, as evidenced by an 

additional study that compares the hollowing of nanoparticles with and without plasmon excitation 

under equivalent electron-beam irradiation (see section “Estimated electron dose rates” in the 

Supporting Information). Voids were found to nucleate faster under plasmon excitation than in the 

absence of it (Fig. 4). The waiting time to nucleate a void was shorter for 4 of 5 nanoparticles that 

hollowed under plasmonic excitation than for nanoparticles that hollowed without plasmonic 

excitation (Fig. 4b&c). The fifth nanoparticle behaved in a different manner and was excluded as 



9 

 

an outlier (Fig. S6). Although the small sample size (N = 5) reduces confidence, statistical testing 

of these two populations by a Welch’s unpaired two-tailed test indicate a statistically significant 

effect (p < 0.05) thereby implying that plasmonic excitation enhances the probability of void 

nucleation. Since void nucleation is the limiting event for hollowing,24,25 this results in an overall 

enhanced rate of hollowing under plasmonic excitation. The rate of void propagation (defined as 

the change in the void area divided by the total time required for hollowing (Tables 1 and S2)) also 

increases under plasmonic excitation; however, the effect may not be statistically significant as 

determined by a t-test (p > 0.05). Higher throughput experimentation, a common limitation of 

single-nanoparticle-level in-situ TEM studies, would enable higher confidence in the observed 

kinetic trends attributed to plasmonic excitation. 

Table 1 | Kinetics of Hollowing, i.e., Waiting Time for Void Nucleation and Void Propagation Rate, with 

Plasmon Excitation (1.1 mW, ~150 W/cm2, ~1.9 mJ/cm2 per Pulse) and with No Plasmonic Excitationa 

conditions waiting time for void nucleation 

(s) 

void propagation rate 

(nm2/s) 

no plasmonic excitation (N = 5) 2500 ± 200 0.058 ± 0.008 

plasmonic excitation (N = 4b) 1490 ± 90 0.109 ± 0.032 

aTabulated values represent average ± standard error across N nanoparticles.  

bOne nanoparticle was deemed an outlier on the basis of its markedly different progression of hollowing and was 

therefore excluded from this statistical analysis. See discussion in the Supporting Information and Fig. S6. 
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Figure 4 | Kinetics of hollowing with and without plasmon excitation. (a) Time trajectory of the void area 

(normalized to maximum value) for four individual nanoparticles undergoing hollowing under plasmon excitation 

(blue curves) and five nanoparticles undergoing hollowing without plasmonic excitation (red curves). The x-axis 

quantity corresponds to the time in the recorded movie; the start of the movie, i.e., 0 s, was within several (<10) 

seconds of the onset of electron beam/laser irradiation. The waiting time for a void to nucleate was determined for 

each case. Histograms of these waiting times for nanoparticles undergoing hollowing (b) under plasmonic excitation 

and (c) without plasmonic excitation. For one nanoparticle studied under plasmonic excitation (gray bar), the 

progression of hollowing was atypical, consequently its waiting time was deemed to be an outlier (see discussion in 

the Supporting Information and Fig. S6). The Supporting Information describes how the time trajectories were 

generated and waiting times were determined. The waiting times are tabulated in Table S2. For the histograms in 

panels b and c, a range of 1000–3500 s and a bin of 500 s were used. 

  

Next, we investigated the mechanism of plasmon-enhanced void nucleation. One 

consequence of plasmonic excitation is the photothermal heating of the nanoparticle by the 

dissipation of photoexcited carriers via electron–phonon scattering in the Cu core. The 

photodeposited heat is transported away from the nanoparticle, primarily by conduction through 

the substrate. Due to the effect of photothermal heating, the temperature of the nanoparticle and 

the medium around it will be higher under plasmonic excitation than in the absence of plasmonic 

excitation. To investigate the impact of an elevated temperature, we studied the temperature 

dependence of the kinetics of hollowing of nanoparticles in the absence of plasmonic excitation 

for a qualitative comparison with the effect of plasmonic excitation. Using a 
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microelectromechanical systems (MEMS)-based heating holder, we heated the substrate to steady-

state temperatures of 64 °C and 90 °C. We compared the kinetics of hollowing at these conditions 

with those with no heating by the holder (Table 2 and Table S3). The electron dose rates were 

maintained to be similar across these experiments performed at different temperatures. The method 

and parameters are discussed in the “Temperature-dependence study conducted with the heating 

holder” section in the Supporting Information. 

Table 2 | Kinetics of Hollowing, i.e., Waiting Time for Void Nucleation and Void Propagation Rate, at Different 

Steady-State Temperatures in the Absence of Plasmonic Excitationa 

Substrate heating condition Waiting time for void nucleation  

(s) 

Void propagation rate 

(nm2/s) 

No external heating (N =3) 1100 ± 600 0.07 ± 0.04 

64 oC (N = 7) 600 ± 200 0.44 ± 0.05 

90 oC (N = 3) 700 ± 100 0.49 ± 0.07 

aTabulated values represent average ± standard error across N trials. Note that one nanoparticle imaged at 90 oC was 

not included in this analysis because no void nucleation was detected. Furthermore, in hollowing activated by substrate 

heating, voids preferentially nucleate at the nanoparticle–substrate interface (Figure 5d) interface; therefore, voids 

may have been detected in the 2D projection well after they were formed. This may have introduced systematic errors 

in the waiting times.  

 

 

 

 

 

 

 

 

Figure 5 | Comparison of hollowing triggered by plasmonic excitation with that triggered by substrate heating. 

Selected frames from a movie of the hollowing of (a) a nanoparticle under plasmonic excitation and (b) another that 

was heated to a steady-state temperature of 90 oC in the absence of plasmonic excitation. Scheme illustrating the 

progression of heat: (c) under plasmonic excitation, the nanoparticle is heated isotropically from the core, whereas (d) 

under heating by the holder, the nanoparticle is heated from the bottom via the substrate. Scale bars in the images are 

5 nm in length. 
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The waiting time for nucleation is shorter, on average, at elevated temperatures than at 

room temperature; however, the large variance in the waiting times prevents us from assigning 

statistical significance to this trend, as confirmed by a t-test (p > 0.05). The rate of void propagation 

was significantly higher at elevated temperatures (64 °C and 90 °C) than for the case with no 

heating by the holder (t-test, p < 0.05); however, the void propagation rates at elevated temperature 

were similar. Thus, there are qualitative similarities between the effect of an elevated temperature 

and that of plasmonic excitation on the kinetics of hollowing. Therefore, plasmon-induced heating 

is a likely source of the enhanced kinetics. However, without knowing the precise temperature of 

the nanoparticles under irradiation and performing a control experiment in the absence of 

plasmonic excitation at this temperature, we cannot quantify how much of the kinetic enhancement 

is due to photothermal heating nor can we fully rule out the contribution of nonthermal effects 

involving photoexcited carriers or electric fields. 

Out of 11 instances of hollowing under substrate heating (64 °C or 90 °C), void nucleation 

was detected prior to the onset of hollowing in only a minority of instances. In a majority of 

instances (7 of 11), the image contrast of the core decreased (a sign of hollowing) prior to the 

visible formation of a void. For instance, in the example presented in Fig. 5b, no void nucleus is 

detected whereas significant hollowing is evident by 940 s. It is likely that in these cases the void 

nucleated at a significant depth within the nanoparticle, i.e., near the nanoparticle–substrate 

interface (Fig. 5d), such that it is not visualized in the 2D projection. Such an occurrence would 

be consistent with the transfer of heat from the heated substrate to the nanoparticle. Hollowing 

then occurs by this nucleated void growing in the direction perpendicular to the plane of the 

substrate and the propagation of the void is not visualized.  In plasmon-assisted hollowing (Fig. 

5a), a void is instead detected in the 2D projection and is subsequently observed to grow. This is 

because plasmonic heating is centered within the light-absorbing Cu core (Fig. 5c). Consequently, 

in plasmon-assisted hollowing, there is no preferred location in the core for the void to nucleate or 

a preferred direction for the growth of the void.  

In summary, using a TEM equipped with optical excitation of the specimen, we studied 

Cu–Cu2O core–shell nanoparticles under simultaneous light excitation and electron-beam 

irradiation. The nanoparticles underwent hollowing concomitant with the growth of a thin film of 

Cu2O on the substrate around the nanoparticle. Hollowing was induced by electron-beam 
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irradiation, but kinetically enhanced by plasmonic excitation primarily through the effect of 

photothermal heating. By monitoring the progress of hollowing with subnanoparticle spatial 

resolution in real time, we captured the nucleation and propagation of voids within the core. This 

study establishes the power of optical-excitation-equipped TEM for real-time, atomic-resolution 

studies of processes in materials under light irradiation.  

Supporting information: The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01474. 

Details of methods and analysis, tabulated overview of spatiotemporal behavior of 

plasmon-assisted nanoparticle hollowing observed in a large set of movies acquired, additional 

examples of snapshots from movies capturing plasmon-assisted hollowing, thin film 

characterization, results from control experiment to determine the role of electron-beam 

irradiation, table of parameters determined from the kinetic analysis of movies of hollowing 

studied in the presence and absence of plasmonic excitation, results of the outlier nanoparticle in 

the plasmon-assisted hollowing, tabulated parameters from kinetic analysis of movies of 

nanoparticles undergoing hollowing in the temperature-dependence study without any plasmonic 

excitation, and captions for the Supporting Movie 1. Document is available at 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01474/suppl_file/nl3c01474_si_001.pdf. 

Supporting Movie 1 of a nanoparticle undergoing hollowing under plasmonic excitation at 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01474/suppl_file/nl3c01474_si_002.avi. 
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