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Abstract: 

Light-absorbing plasmonic nanostructures are being used in a variety of applications, 

including photocatalysis and sensing. Because structure is intricately linked to function and 

performance, it is essential to understand how the structures of these materials might evolve under 

light excitation and what are the types and atomic natures of these structural transformations. Using 

a transmission electron microscope equipped with the capability of laser excitation of the 

specimen, we monitored the structures of Au–Cu alloy nanoparticles under plasmonic excitation. 

Plasmonic excitation was found to induce Ostwald ripening of nanoparticles. This process occurs 

in a switch-like manner distinct from electron-beam-induced coalescence that we also observe. 

This structural transformation is not induced by heating and is an example of a nonthermal 

structural transformation induced by plasmonically excited carriers. These results inform us about 

potential transformations of plasmonic nanostructures that can occur under operating conditions 

of plasmonic photocatalysis or plasmon-assisted electrocatalysis where a high areal density of 

plasmonic nanoparticles supported on a substrate is subjected to continuous light excitation.  
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Introduction 

 Plasmonic nanostructures are characterized by their strong interaction with light, which 

arises from collective charge carrier oscillations known as a localized surface plasmon resonance 

(LSPR).1,2 Plasmonic properties and resulting applications of these materials in solar energy 

harvesting catalysis,3–6 sensing,7–9 biomedicine,7,10,11 and optoelectronics devices,12–14 are innately 

linked to the structures of these materials. This is particularly true for catalytic properties, which 

are often determined by size, shape, surface faceting, and surface composition of the 

nanostructure.15–21 However, nanostructures are unlikely to be invariant under reactive 

environments and energetic stimuli used in catalytic processes. Their structures can evolve, which 

in turn can promote or mar catalytic activity. 

 The structural evolution of nanomaterials under perturbative conditions has been studied 

by optical spectroscopy,22–26 X-ray techniques,27–29 and in situ transmission electron microscopy 

(TEM).30–36 In particular, TEM enables studies of such dynamics at the single-nanoparticle level 

with atomic spatial resolution and millisecond temporal resolution36–38 or faster using a pump–

probe method.36,39,40 However, TEM has rarely been used to probe structural transformations 

induced by light excitation.41 The few in-situ TEM studies of nanomaterials under light have 

uncovered unexpected photocatalytic pathways42,43 and photocatalyst activation dynamics,44 

among a host of interesting fast and ultrafast dynamics.36,40,45–53 However, real-time TEM imaging 

of the plasmon-induced structural evolution of plasmonic nanostructures remains an unmet 

opportunity. 

 Herein, we describe an in situ TEM study of plasmonic Au–Cu alloy nanoparticles, a 

material of interest for light-to-chemical energy conversion applications including plasmon-

assisted CO2 reduction,54,55 under light irradiation.53 We observe plasmon-induced transformations 

of these nanoparticles akin to Ostwald ripening. The process is switch-like involving a rapid 

reshaping to spherical morphologies following a relatively long waiting time for initiation. Unlike 

the ripening process induced by plasmonic excitation, electron-beam effects induce coalescence 

into irregular anisotropic nanostructures. We also observe few-atom-wide interparticle neck 

formation and grain boundary formation in these processes. These results inform on potential 

transformations that can occur in substrate-supported plasmonic nanostructures used for plasmonic 

catalysis and electrocatalysis. 
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Methods: 

Au–Cu alloy nanoparticles were chosen on account of their plasmonic and catalytic 

properties, which are expected to be leveraged in plasmon-assisted catalytic processes.54,55 Au–Cu 

alloy nanoparticles were synthesized by a seed-based method, as further detailed in the SI. First, 

Au seed nanoparticles were synthesized using a method described by Peng et al.56 Briefly, a Au 

precursor salt, HAuCl4, was reduced by tert-butylamine borane in oleylamine and tetralin. These 

Au nanoparticles were then alloyed with Cu using a method described by Chen et. al..57 A 

dispersion of the Au nanoparticles in hexane was mixed with a Cu precursor salt, Cu(CH3COO)2, 

in oleic acid and tri-n-octylamine. The synthesized Au–Cu alloy nanoparticles were then isolated 

by centrifugation and redispersed in hexane. Characterization by TEM, X-ray diffraction (XRD), 

and ultraviolet–visible (UV–vis) extinction spectrophotometry was performed, as further detailed 

in the SI. Nanoparticles had an average diameter of 2.3 nm with a standard deviation of 0.9 nm 

(Figure S1). XRD analysis suggests a face-centered-cubic (FCC) lattice and an alloy of ~70% Au 

and ~30% Cu (Figure S1). UV–vis extinction spectroscopy shows an LSPR band centered around 

550 nm (Figure S1). 

TEM experiments were performed using a Hitachi H-9500 dynamic environmental 

transmission electron microscope (DETEM)53 operated at an accelerating voltage of 300 kV. A 1–

2 μL dispersion of Au–Cu nanoparticles in hexane was dropcast on an ultrathin carbon film on 

lacey carbon supported on a 400-mesh Cu TEM grid (Ted Pella). The sample was then cleaned 

using a Tergeo EM plasma cleaner with an Ar+O2 plasma for 2 min at 10 mW power, a 64/255 

duty cycle, and a “remote mode” setting. For probing structural transformations under plasmon-

excitation conditions, the sample was irradiated with a Bright Solutions 532 nm laser (<1 ns pulse 

width, 80 kHz repetition rate, ~700 µm2 spot area) introduced into the sample chamber of the 

DETEM. In one subset of experiments under plasmonic excitation, a group of nanoparticles was 

imaged before and after several minutes of irradiation by the laser at 4–5 mW power, i.e., 7–9 

mJ/cm2 per pulse fluence. In the interim period, the electron beam was blanked by turning off the 

gun valve. In another subset of experiments under plasmonic excitation, in-situ imaging was 

performed with a widely spread electron beam, maintaining a relatively low electron dose rate (< 

400 electrons/Å2/s) while irradiating with the laser at ~4–5 mW. To counteract the reduced signal-

to-noise that results from the lower electron dose rate and sample vibrations induced by laser 
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irradiation, the electron beam was defocused to improve imaging contrast. For in-situ experiments 

without plasmonic excitation, imaging was performed with a more condensed electron beam 

maintaining higher electron dose rates on the order of 1000–2000 electrons/Å2/s.  

TEM images and in-situ movies were acquired with an UltraScan 1000 electron detector 

except for several atomic-resolution movies of electron-beam-induced coalescence (Figs. 4 and 

5b–d), which were acquired using a Gatan K2 direct electron detector. Pre- and post- mortem 

images were saved as DM4 format files, and in-situ movies were saved as AVI files. Videos were 

binned (2 × 2) to keep file sizes manageable. Processing and analysis of data were performed in 

ImageJ and OriginPro, as further detailed in the SI. 

Results and Discussion: 

Several plasmon-induced structural transformations are identified by comparing TEM 

images before and after 5 min of plasmonic excitation (5 mW, ~9 mJ/cm2 per pulse) of a group of 

nanoparticles with electron-beam irradiation turned off during the 5 min period (Figures 1a, b and 

S2). Several nanoparticles, encircled in red in Figure 1a, increased in size, as determined from 

their projected areas (see SI section for details of data analysis). Additionally, several nanoparticles 

disappeared, indicated by the light blue circles in the post-mortem image after irradiation (Figure 

1b). The growth of some nanoparticles with concomitant disappearance of adjacent nanoparticles 

suggests that plasmonic excitation induces an Ostwald ripening-like process of nanoparticles.58,59 

In Ostwald ripening, smaller particles dispersed  in a liquid or solid medium undergo dissolution, 

while the solute generated by dissolution gets concurrently deposited on larger nanoparticles.60,61 

Although there is no solvent in our experiments, which are performed under vacuum conditions, 

the substrate surface may be involved in mediating mass transfer between the nanoparticles. While 

ablation or evaporation may instead be responsible, these processes are expected to be manifested 

in an overall loss of volume from the nanoparticles. A systematic loss of volume is not observed 

in our analysis (Table S1). There are some nonextreme cases of coalescence: for instance, the 

nanoparticle encircled by the yellow dotted line in Figure 1 did not fully disappear but decreased 

in size (see SI) while neighboring nanoparticles grew.  
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Figure 1. TEM imaging of plasmon-induced Ostwald ripening and electron-beam-induced coalescence. TEM 
image acquired (a) before and (b) after laser irradiation (5 mW or ~9 mJ/cm2 per pulse for 5 min) of a group of 
nanoparticles while the electron beam was kept off during laser irradiation. Several nanoparticles (encircled by dotted 
red line), increased in size as determined from their projected areas; while nearby nanoparticles (encircled by dotted 
blue line) disappeared. One nanoparticle (encircled by a dotted yellow line) decreased in size while neighboring 
nanoparticles grew. TEM image acquired (c) before and (d) after laser irradiation (5 mW or ~9 mJ/cm2 per pulse for 
10 min) of a group of nanoparticles at a low electron dose rate of the order of 200–300 electrons/Å2/s. In this case as 
well, some nanoparticles (encircled by red dotted lines) grow, and nanoparticles (encircled by blue dotted lines) 
disappear. TEM image acquired (e) before and (f) after a period of 11 min electron-beam exposure at higher electron 
dose rates of the order of 1000 electrons/Å2/s without laser irradiation. In this case, irregular morphologies appeared 
to form by coalescence; however, no nanoparticles disappeared. All scale bars are 5 nm in length. 

To investigate this further, we conducted in situ TEM to follow the structural 

transformations of the nanoparticles in real time. Similar structural transformations were observed 

for groups of nanoparticles imaged in real time under plasmonic excitation with low electron dose 

rates (Figure 1c,d and Supporting Movie). Specifically, nanoparticle disappearance was seen under 

plasmonic excitation both without electron-beam irradiation (Figure 1a,b) and with electron-beam 
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irradiation (Figure 1c,d), which confirms that the process is induced by plasmon excitation. 

Conversely, in the absence of plasmonic excitation, continuous electron-beam exposure at higher 

electron-beam dose rates (~1000 electrons/Å2/s) induced the fusing or coalescence of closely 

spaced nanoparticles into irregular, anisotropic nanostructures with no nanoparticle disappearance 

evident (Figure 1e,f).  

 Plasmon-induced Ostwald ripening exhibits interesting kinetics as seen from movies 

(snapshots from one example presented in Figure 2) and time trajectories (Figure 3). Typically, 

there is a long waiting or initiation period following which there is rapid, almost switch-like 

absorption of one nanoparticle by another.22,62 In one such instance, a nanoparticle (encircled by 

the dotted red line in Figure 2a) persisted for 224 s of plasmonic excitation but it then disappeared, 

i.e., it was fully absorbed by the neighboring nanoparticle, by 226 s. In other words, Ostwald 

ripening required <2 s, two orders of magnitude shorter than the waiting time of ~225 s. In contrast, 

electron-beam-induced coalescence did not proceed in a switch-like manner but rather involved 

gradual reshaping of a pair of nanoparticles into an irregularly shaped, anisotropic nanostructure 

(snapshots from an example movie presented in Figure 2b).  

 

Figure 2. Switch-like nature of plasmon-induced Ostwald ripening contrasted with gradual electron-beam-
induced coalescence. (a) Snapshots from a movie of a group of nanoparticles imaged under plasmonic excitation (4 
mW, ~7 mJ/cm2 per pulse) at a low electron dose rate of the order of 100 electrons/Å2/s. One nanoparticle (indicated 
by the red box) persisted for 224 s under plasmonic excitation but it fully disappeared between 224 s and 226 s. Each 
snapshot is labeled by the time duration under plasmonic excitation. (b) Snapshots from a movie of a group of 
nanoparticles imaged under high-dose-rate electron-beam exposure of the order of 2000 electrons/Å2/s and no 
plasmonic excitation showing nanoparticle coalescence by a gradual reshaping process. Each snapshot is labeled by 
the time duration under electron-beam exposure. Scale bars are 5 nm in length. 

 The switch-like kinetics of plasmon-induced Ostwald ripening is quantitatively 

characterized by analyzing trajectories of projected nanoparticle areas as a function of time under 
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laser irradiation (Figure 3) produced from in-situ movies, as described in the SI. Each trajectory 

was fit to a sigmoidal function of the form: 

𝐼𝐼(𝑡𝑡) =
𝐼𝐼1 − 𝐼𝐼2

1 + 𝑒𝑒
𝑡𝑡−𝑡𝑡0
𝑑𝑑𝑑𝑑

+ 𝐼𝐼2           (1) 

where I denotes the integrated counts of a frame at time t, t0 is the waiting time, and dt represents 

a time constant for the rapid ripening event. I1 and I2 are fit parameters that reflect the 

asymptomatic values of the counts respectively at early and late times in a trajectory. We examined 

the statistics of the kinetic parameters, t0 and dt across seven trajectories of Ostwald ripening 

events. Waiting times were at least 1 order of magnitude longer than the ripening time constants, 

with mean ± standard deviation of 180 ± 120 s for the former and 5 ± 4 s for the latter. This 

quantitatively confirms the switch-like nature of the ripening process. 
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Figure 3. Plasmon-induced Ostwald ripening kinetics. Seven time trajectories (black points) of the Ostwald 
ripening process under plasmonic excitation. Each trajectory is a plot of the integrated counts as a function of the time 
duration under plasmonic excitation and is fit (red line) to eq 1. Vertical line marks the mean waiting time across all 
seven trajectories and the shaded area denotes the mean ± standard deviation of the waiting time. 

Next, we examined the role of plasmonic excitations. Plasmon excitation is known to decay 

on the 1 ps time scale by the generation of excited carriers with eventual dissipation of energy by 

electron–phonon cooling which leads to photothermal heating of the nanoparticle surface. We 

examined whether the temperature elevation caused by such photothermal heating could be 

responsible for inducing Ostwald ripening. Heating the nanoparticles to temperatures up to 500 ºC 

in the absence of plasmon excitation did not induce any Ostwald ripening (Figure S3). This alludes 

to a nonthermal effect involving excited carriers generated by plasmonic exciation. Hot carriers 

generated by photoexcitation of Au nanoparticles undergo ultrafast relaxation by electron–phonon 
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scattering. Particularly, in small nanoparticles of the size studied here, the relaxation can occur 

primarily through the excitation of surface phonon modes,63 which can mobilize surface atoms64 

and even induce nonthermal melting at the surface,65 dynamics that could be directly imaged with 

sufficient advances in ultrafast electron microscopy.36,51,66 This surface mobilization of atoms may 

be the initiator of ripening or coalescence, as we observed by atomic-resolution imaging. In the 

course of electron-beam-induced coalescence, a few-atom-wide neck forms on the surface of a 

nanoparticle and extends to the surface of a neighboring nanoparticle (Figure 4). Although such 

atomic-resolution imaging was not possible under plasmonic excitation conditions due to laser-

induced vibrations, we reason that the findings may apply to the plasmon-induced process because 

the final morphology for nanoparticle pairs undergoing coalescence is similarly spherical for 

electron-beam-induced and plasmon-induced pathways (Figure S4). However, as described earlier, 

the kinetics of the plasmon-induced process are markedly different from those of electron-beam 

induced coalescence: the switch-like nature of the former may be attributed to the low probability 

of electron–surface phonon scattering due to the preponderance of hot electron–bulk phonon 

scattering,63 which renders the initiation of ripening stochastic. 

 

Figure 4. Neck formation between nanoparticles during coalescence. Selected high-magnification TEM images 
showing few-atom-wide necks formed between nanoparticles. Scale bars are 1 nm in length. The length and width of 
each neck are labeled in yellow and red font, respectively. From measurements of 39 such instances, the neck width 
ranged from ~0.2 nm to >2 nm with an average value of 1.14 nm and a standard error of 0.08 nm; neck lengths ranged 
from ~0.2 nm to ~0.9 nm with an average of 0.55 nm and a standard error of 0.02 nm. Nanoparticle edges in the 
middle panel are highlighted by blue dotted lines. 

 Following its formation, a neck grows laterally across the interface between nanoparticles 

producing a grain boundary. The structures of these grain boundaries are expected to impact the 

properties of the nanoparticle formed by coalescence67–72 and are therefore worthy of study. We 

observed a variety of grain boundary structures (Figure 5). Out of 75 instances, twin boundaries 
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(example in Figure 5a) were observed in at least 14 instances, and single-crystal structures 

(example in Figure 5b), for which lattice fringes were equivalent on either side of the boundary, 

were observed in 2 instances. Other structures were also observed. There were 11 crystalline grain 

boundaries (example shown in Figure 5c) for which lattice fringes on either side of the grain 

boundary intersect at the boundary with an angle, Δθ < 15 ˚. There were 24 amorphous or partially 

crystalline grain boundaries (example in Figure 5d) for which lattice fringes on either side of the 

boundary cross at an angle Δθ > 15º. In 26 of 75 instances, there was insufficient lattice information 

for assigning crystallinity. Details of the analysis are provided in SI. In several cases, the structures 

of grain boundaries were not static: grain growth73 was observed wherein polycrystalline 

nanostructures formed right after coalescence evolved into single crystalline final structure (Figure 

S5).  

 

Figure 5. Grain boundaries formed in the course of electron-beam-induced coalescence. Examples of different 
types of grain boundaries: (a) twin boundary, (b) a single-crystal structure, (c) crystalline grain boundary with Δθ = 
15º, and (d) amorphous or partially crystalline grain boundary with Δθ = 82º. Scale bars are 2 nm in length. Blue 
dashed lines indicate where the boundary is in each structure. Insets are magnified views in the grain boundary region 
and have scale bars of 1 nm length.  

While these results introduce an interesting photoinduced phenomenon, there are many 

open questions and avenues to pursue in the future. For instance, which carriers, are involved in 

the process: excited sp-band electrons, sp-band holes, and/or d-band holes? This question could be 

answered by studying the Ostwald ripening kinetics as a function of the excitation wavelength 

from the red tail of the LSPR (where both intraband sp → sp transitions dominate) across the LSPR 

peak (where both intraband sp → sp and interband d → sp transitions are excited) to the blue 

region of the spectrum (where the highest-energy interband d → sp transitions are excited). Such 

a study will also reveal if LSPR excitations are indispensable for inducing the dynamics observed 

here. On another front, is the observed phenomenon specific to Au–Cu alloy nanoparticles? 

Perhaps, the high diffusivity of Cu is a critical factor. We can test this hypothesis by studying 

similarly sized monometallic Au nanoparticles and Cu nanoparticles as well as nanoparticles of 
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other plasmonic metals. Finally, we can verify the proposed involvement of surface phonon 

excitations by studying the kinetics of plasmon-induced Ostwald ripening as a function of the 

nanoparticle size: in smaller nanoparticles, due to the higher surface-to-volume ratios, electron–

surface phonon scattering is more efficient as it can effectively compete with electron–bulk phonon 

scattering.63  

Conclusions: 

Using a DETEM equipped with the capability of laser excitation of the specimen, we 

monitored in real time with nanoscale spatial resolution a host of structural processes induced in 

Au–Cu alloy nanoparticles under plasmonic excitation. Plasmon excitation was found to induce 

the Ostwald ripening of closely spaced nanoparticles in a switch-like kinetic manner. These results 

inform us about potential transformations of plasmonic nanostructures that can occur under 

operating conditions of plasmonic photocatalysis or plasmon-assisted electrocatalysis where a high 

areal density of plasmonic nanoparticles supported on a substrate is subjected to continuous light 

excitation. The sizes, shapes, and defect profiles of the nanostructures formed by plasmon-induced 

Ostwald ripening will impact their catalytic properties under operating conditions.18,20  

Supporting Information:  

The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04035. 

Further details of synthesis, characterization, in situ 308 TEM experiments, and data analysis; 

additional example of plasmon-induced Ostwald ripening; results from control study of the effect 

of elevated temperatures in the absence of plasmonic excitation; information about outcome 

morphologies in electron-beam-induced coalescence and single-crystalline nanostructures formed 

by healing of grain boundaries; and captions for supporting movie (PDF) Supporting Movie 1 of 

a nanoparticle undergoing Ostwald ripening under plasmonic excitation (AVI) 
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