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Correlating structure, morphology and properties of
metal nanoparticles by combining single-particle optical
spectroscopy and electron microscopy

Mees Dieperink,‡a Francesca Scalerandi,‡a and Wiebke Albrechta∗

The nanoscale morphology of metal nanostructures directly defines their optical, catalytic and elec-
tronic properties and even small morphological changes can cause significant property variations.
On the one hand, this dependence allows for precisely tuning and exploring properties by shape en-
gineering; Next to advanced synthesis protocols, post-synthesis modification through tailored laser
modification has become an emerging tool to do so. On the other hand, with this interconnection
also comes the quest for detailed structure-property correlation and understanding of laser-induced
reshaping processes on the individual nanostructure level beyond ensemble averages. With the de-
velopment of single-particle (ultrafast) optical spectroscopy techniques and advanced electron mi-
croscopy such understanding can in principle be gained at the femtosecond temporal and atomic
spatial scale, respectively. However, accessing both on the same individual nanostructure is far from
straightforward as it requires the combination of optical spectroscopy and electron microscopy. In this
Minireview, we highlight key studies from recent years that performed such correlative measurements
on the same individual metal nanostructure either in a consecutive ex situ manner or in situ inside
the electron microscope. We demonstrate that such a detailed correlation is critical for revealing the
full picture of the structure-property relationship and the physics behind light-induced nanostructure
modifications. We put emphasis on the advantages and disadvantages of each methodology as well
as on the unique information that one can gain only by correlative studies performed on the same
individual nanostructure and end with an outlook on possible further development of this field in the
near future.

1 Introduction
In the nanoworld morphology and structure dictate properties.
This is particularly true for metal nanostructures (NSs), where
changes in shape,1–4 size,1,5,6 elemental composition,7,8 sur-
face and atomic structure9 significantly influence plasmonic, op-
tical,10 electronic and catalytic properties11 as well as NS sta-
bility.12–14 With the emergence of a wide variety of complex,
highly anisotropic and asymmetric NS shapes as well as multi-
metallic compositions,15–22 detailed structure-property correla-
tions are necessary more than ever. This correlation is in most
cases done on an ensemble level, where properties and structure
are averaged over many thousands of NSs. However, ensemble
averages mask important features and limit detailed understand-
ing of the material system.23–25 In the nanomaterials’ commu-
nity, it has therefore long been realized that localizing the analysis
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on single metal NSs gives a richer insight into underlying chem-
istry, biology and physics, making it an important research tool
in these fields.26–36 Hereby, a major research direction of the last
decade has been devoted to developing methods for performing
the structure-property correlation on the exact same individual
NS, the topic of this Minireview.

Performing a detailed correlation of morphology and proper-
ties on the same individual NS is not straightforward. In some
cases, the optical properties of metal NSs arising from localized
surface plasmon resonances can be analyzed using electron-based
spectroscopies, like electron energy loss spectroscopy (EELS) and
cathodoluminescence (CL) performed inside the electron micro-
scope itself, which provide direct correlation between structure
and optoelectronic properties. Due to the ability to image the
electromagnetic near-field distribution, EELS and CL have been
extensively used to study the spatial location and extent of plas-
monic modes in NSs with complex geometries9,37,38 or sub-nm
gaps,39 and to study energy transfer in plasmonic systems.40,41

Electron-based spectroscopies are discussed in detail in litera-
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ture and we would like to guide the interested reader to recent
overviews42–47 as they are not part of this review. Despite many
advantages, electron-based spectroscopies generally suffer from
lower energy and temporal resolution compared to optical tech-
niques, possible sample damage due to the relatively long elec-
tron beam exposure times, difficulties to perform them under am-
bient conditions, and can only provide broadband excitation with
severe restrictions in changing its polarization and phase.

More commonly, plasmonic properties are therefore mainly
studied by optical spectroscopy techniques34,35,48–54 based on
scattering, extinction and emission properties such as (dark-field)
scattering (DFS), photoluminescence (PL), integrating sphere
spectroscopy, circular dichroism, photothermal microscopy and
surface enhanced Raman spectroscopy (SERS). Although this re-
stricts the direct correlation to nanoscale morphology variations
due to the diffraction limit of light, the resolution of structural
features can be enhanced when using electron microscopy (EM)
as a complementary tool, essentially combining optical spec-
troscopy and EM in a correlative manner on the same single NS.
This type of correlation is an alternative approach to electron-
based spectroscopies and is not only relevant for unraveling
structure-property details but also for tracking light-induced mor-
phological changes,55–58 which in turn can alter the properties of
NSs, making them unstable in certain application conditions. In
the same manner, the correlation of EM and optical spectroscopy
is a crucial research tool in applications where light-induced mor-
phological changes can be used to create new structures that are
not easily achievable by synthetic approaches. Examples of the
latter include welding of metal NSs,56 fragmentation into smaller
NSs,59–62 controlled cavity creation63 and tuning of local ele-
mental distributions.64

This review focuses on the advantages of such a correlative ap-
proach where EM is used for structural characterization and op-
tical spectroscopy to analyze the catalytic and (opto)electronic
properties of the same single NS. This approach provides struc-
tural resolution down to the atomic scale with the ability to use a
plethora of optical techniques and tools to probe nanostructures
in real world operating conditions, with higher temporal and en-
ergy resolution compared to electron-based spectroscopies. Al-
though this topic was discussed about a decade ago27, the in-
creased efforts in the last few years deserve an updated review.
Taking metal NSs as a showcase, we demonstrate the importance
of coupling light and EM to correlate structure and property as
well as to monitor light-induced morphological changes on the
same single NS level. Our review therefore differs from previ-
ous reviews on either electron-based spectroscopies42,44–47,65 or
single-particle optical spectroscopies.26–35,48–52 We do not aim at
giving a complete survey over all the ongoing material science
that is making use of single particle structure-property correla-
tion, but we want to highlight the importance of this methodol-
ogy using example works from the last few years. We start by
reviewing ex situ approaches, where the correlation is performed
consecutively, followed by novel in situ techniques that make use
of light-incoupling inside the electron microscope. For each cor-
relative approach, we discuss advantages and disadvantages and
end with an outlook on possible further development of this field

in the near future.

2 Ex situ single metal NS correlations by combining
optical spectroscopy and electron microscopy

A relatively straightforward way to combine optical spectroscopy
and EM on the same individual NS is to do the correlation in
a static, consecutive manner. Optical, catalytic and electronic
processes can be measured by a plethora of developed optical
techniques, with high spectral and possibly temporal resolution
through pump-probe techniques. The correlation to structural,
morphological and compositional information can be performed
on the same objects after the optical experiments by EM.

In the following paragraphs we will mention some pioneering
studies, while focusing on recent examples of correlative studies
performed in this manner on the same individual NSs. We di-
vided the section into three parts. First, we discuss morphology-
dependent properties that could only be unravelled by single-
particle correlation using either scanning electron microscopy
(SEM) or (scanning) transmission electron microscopy ((S)TEM)
for structural characterization. Then, the importance of coupling
light excitation and EM techniques to investigate light induced
morphological changes in single metal NSs will be highlighted by
recent examples.

2.1 Combination of single-particle optical spectroscopy and
2D morphological characterization by SEM on the same
metal NS

For many cases correlating optical properties to the morphology
obtained by means of SEM is sufficient, e.g. when only the shape
or size of the NS needs to be known without the need for atomic
resolution. SEM is likely to be found in most institutions and does
enable one to easily perform such correlation studies. Optically
transparent patterned glass or conductive oxides are suitable SEM
substrates, which can be used to locate the same NSs between
optical and SEM measurements.

In this manner, significant progress has been made in linking
detailed morphological dependencies to optical properties. In one
of the earlier pioneering work of single-particle SEM-DFS corre-
lations, Rodríguez-Fernández and co-workers showed that small
changes in tip truncation and orientation on the substrate of Au
decahedra resulted in significant changes in the DFS spectrum.66

Such studies made researchers aware that even subtle morpholog-
ical changes in metal NSs can significantly influence their prop-
erties and pioneered the field of detailed single NS correlations
with follow-up studies revealing more insights. For example, in
the work by Slaughter et al. the volume of single Au nanorods was
coupled to their DFS spectra by SEM,67 and the authors demon-
strated that plasmon excitations were prone to phase retardation
for large volumes, resulting in energy shifts and linewidth broad-
ening compared to the quasi-static regime. More recently, the
combination of DFS and SEM on the same single NSs was used
to establish structure-property connections of more exotic Al68

and Mg plasmonic NSs.69 Furthermore, the high energy resolu-
tion of DFS coupled to SEM was used to study chemical interface
damping of organic molecules surrounding metal NSs. Moon and
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Fig. 1 A Orientation and symmetry characterization by differential interference contrast (DIC) and SEM. (a) Correlated SEM and DIC images of 3D
Au nanostars showing lobed DIC image patterns. (b) Simulated DIC images and 3D model of a Au nanostar. This figure has been adapted from Ref.
78 with permission from the American Chemical Society, copyright 2018. B Correlated SEM and photothermal CD measurements on nanogammadia.
(a) SEM image of a 9 × 9 nanogammadia array with its corresponding photothermal image (b) and photothermal circular dichroism image (c). This
figure has been adapted from Ref. 82 with permission from the American Chemical Society, copyright 2019. C Ultrafast pump-probe studies on
single Al NSs correlated to SEM. (a) Representative transient extinction image of colloidal Al nanostructures used to locate individual particles. (b)
Pump-probe ultrafast acoustic vibrations for single colloidal Al nanostructures with diameters of 125 (red), 161 (blue), and 181 nm (green). Data are
offset for better comparison. This figure has been adapted from Ref. 86 with permission from the American Chemical Society, copyright 2020.

Ha studied chemical interface damping of different thiol groups
for biological sensing,70 whereas Collins et al. fabricated light-
harvesting antennas by covering Au nanorods with conductive
polymer shells.71 It was found that both the electron affinity and
increasing size of organic shells caused a red-shift and significant
damping of plasmon resonances.

The correlation to metal NS shape and size has also brought
detailed insights into the mechanism of PL in plasmonic metal
NSs.72–78 For example, by determining the PL quantum yield
of Au nanorods as a function of their size, Ostovar and co-
workers observed that the emission efficiency of small nanorods
was significantly enhanced compared to larger nanorods.76 The

authors attributed that to an increased PL intraband contribution,
momentum-forbidden in bulk Au but possible through stronger
electric field confinement in smaller nanorods. Furthermore,
single-particle correlations made it possible to gain insights into
the PL of highly asymmetric NSs as well. Zhang et al. uncovered
that the PL of highly branched Au nanoflowers was more complex
than for simpler shapes.77 Tip-like features of the nanoflowers
were observed to be strongly wavelength and polarization depen-
dent. In a more recent study, Culver et al. demonstrated that
the polarization-dependent properties of Au nanostars can in fact
be used to track the symmetry and orientation of the NSs fully
optically by differential phase contrast, which they proved by cor-
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relating the optical data to SEM images on the same Au nanostar
(see Figure 1.A).78

The exact knowledge of morphology is as important when deal-
ing with NSs with complex geometries such as NS dimers. Hu et
al. were among the first to study polarization dependent DFS and
PL on single Au nanodisk dimers.72 The orientation and exact
gap size of the dimers obtained by means of SEM allowed for a
detailed interpretation of the observed optical features in terms of
plasmonic coupling. However, the morphological correlation for
such dimers through SEM might be limited by its spatial resolu-
tion. Su et al., for instance, showed the limits of the unambiguous
interpretation of charge transfer plasmons in terms of their mor-
phology of sub-nm spaced Au nanoblock dimers due to the lack
of spatial resolution.79

Next to NS dimers, detailed single metal NS structure-property
correlation is also important for chiral structures, which cause
circular dichroism (CD), the differential absorption between left
and right handed circularly polarized light.80,81 The polarization
of light can be manipulated in various manners, which allows for
measuring CD optically, nowadays even on a single NS level. For
example, Spaeth et al. developed CD pump-probe photothermal
microscopy with unprecedented sensitivity.82,83 To test the valid-
ity of the technique, the measured CD signals of chiral nanogam-
madia were correlated to their SEM morphology, demonstrating
that through photothermal CD the strength and handedness of
chiral nano-objects could be unambiguously determined (Figure
1.B).82 However, Karst et al. showed that morphology is insuffi-
cient to fully explain plasmonic chirality of solution-synthesized
chiral NSs.84 From correlating SEM information and chiral scat-
terometry on a single NS level, the authors could not unambigu-
ously identify geometric chiral features that led to specific spec-
tral CD responses. These examples show that our understanding
of nanoscale plasmonic chirality is not complete and that more
detailed correlations of structural and optical features are needed
at the individual NS level to explain these discrepancies.

One strength of using optics for accessing the metal NS proper-
ties is the possibility to simultaneously use different techniques in
a multimodal way. In recent work, a combination of diverse tech-
niques was used to simultaneously measure electromagnetic, cat-
alytic and electronic processes by combining single-particle SERS
with extinction measurements on nanocubes-on-a-mirror. In this
manner, Oksenberg and co-workers mapped the plasmon-driven
reactivity landscape of methylene blue.85 The correlation to SEM
was crucial to ensure that only single nanoreactors were mea-
sured optically. In addition, by using optical techniques, the com-
bination of ultrafast measurements with structural correlations
becomes feasible as well on an individual NS level. For exam-
ple, the recent correlation of single-particle femtosecond time-
resolved pump–probe spectroscopy with SEM revealed the depen-
dence of acoustic vibrations in Al nanostructures on size, shape
and crystallinity (see Figure 1.C).86

2.2 Combination of single-particle optical spectroscopy and
2D/3D morphological characterization by (S)TEM on
the same metal NS

The spatial resolution of SEM is insufficient when (sub-)nm or
even atomic features need to be resolved. In cases where higher
spatial resolution is needed or the 3D morphology needs to be
known, the correlation to (S)TEM instead of SEM gives the nec-
essary insight. Typical TEM grids are made of polymers and car-
bon and are therefore not always suitable as optical substrates.
However, silicon nitride and silicon dioxide TEM grids are also
commercially available, which facilitates such advanced correla-
tion studies. The actual correlation can be done by pattern recog-
nition87 or careful patterning of the substrates.88

A detailed correlation between optical properties and sub-nm
features of metal NSs,89,90 such as sub-nm gap size and NS mor-
phology,91–97 can be achieved in this manner. This is particularly
important for understanding charge transfer in metal NSs, either
through direct contact or electron tunneling. For example, Zheng
et al. combined single-particle PL and DFS with TEM to investi-
gate the electron transfer at the interface between plasmonic Au
nanorods and Pt cocatalysts.98 As revealed by TEM on the same
individual NS, the location and distribution of Pt was hereby an
important factor. Yang et al. correlated the gap distance down
to sub-nm scales with plasmonic properties measured by DFS of
gold NS dimers to investigate electron tunneling in the quantum
regime, as shown in Figure 2.A.95 In their case, the resolution
limit of their TEM complicated the unambiguous determination
whether some dimers were in contact. In principle, however,
state-of-the-art (S)TEMs can routinely reach atomic resolution,
which makes the correlation with atomic-scale features and opti-
cal properties possible. More recently, in the work by Lerch and
Reinhard,99 the charge transfer enhancement driven by the pres-
ence of interstitial palladium in Au NS dimers was investigated
(see Figure 2.B). The influence of gap distance, density and lo-
cation of Pd particles on the plasmon-driven charge transfer was
explored by correlating TEM images of single dimers with their
respective dark-field spectra. By doing this individual dimer cor-
relation, the authors surprisingly found that even for dimer sepa-
rations of more than 4 nm efficient electron transport could take
place.

In addition to high resolution capabilities, using TEM for struc-
tural correlation opens up a whole range of advanced TEM tech-
niques. In particular, the combination with electron tomography
has proven to be very powerful. Electron tomography allows
one to reconstruct the 3D structure from a series of 2D images
along different projection directions.100,101 By correlative mea-
surements, Chuntonov and co-workers showed that the full 3D
morphological information was actually needed to accurately re-
produce the measured plasmon spectra of single Au core-Ag shell
near-spherical NSs by simulations, see Figure 2.C.102 Perassi et al.
also found an excellent agreement between the measured far-field
optical properties and electromagnetic simulations when using
the input knowledge from electron tomography (Figure 2.D).103

Furthermore, they showed that the orientation and location of
contact points of the NS on the substrate need to be taken into
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Fig. 2 A Correlated DFS-TEM measurements on Au NS dimers. (a) TEM images of Au NS dimers with an average diameter of 80±2 nm. (b)
Corresponding unpolarised dark-field scattering spectra of the same dimers. Black squares: transverse dipole mode, blue triangles: quadrupole plasmons
mode, red circles: longitudinal bonding dipole, and hollow triangles: charge transfer mode. Scale bars are 100 nm.This figure has been adapted from
Ref. 95 with permission from the American Chemical Society, copyright 2016. B Correlated scattering spectroscopy and TEM analysis of Au NS
dimers with DNA (a) and also Pd (b) in the gap with spectra corresponding to experimental (blue), finite-difference time-domain method (FDTD)
simulated (black) and corrected FDTD (orange) spectra. Scale bars are 10 nm. This figure has been adapted from Ref. 99 with permission from
Springer Nature, copyright 2018. C Correlation of electron tomography and DFS on single bimetallic NSs. (a) 2D TEM image of the Au core-Ag shell
NS, (b) its core and shell assignment based on the 2D projection and (c) its electron tomography reconstruction corresponding (d) measured and (e,f)
simulated spectra. This figure has been adapted from Ref. 102 with permission from the American Chemical Society, copyright 2012. D Correlated
electron tomography and DFS measurements on a Au nanostar. Measured and simulated Rayleigh scattering spectra for two incident polarizations
of a complex-shaped gold nanostar and the corresponding electron tomography reconstruction. This figure has been adapted from Ref. 103 with
permission from the American Chemical Society, copyright 2014. E Chirality measurements of single Au NS-protein complexes correlated to TEM.
(a) STEM tilt images and their electron tomography reconstruction of a Au nanorod dimer–BSA complex and its experimental single-particle circular
differential scattering spectrum (b). (c) The corresponding simulated scattering spectra for incident left- and right-circularly polarized light. (d)
Cross-sectional view of calculated near-field enhancement. This figure has been adapted from Ref. 104 with permission from the American Association
for the Advancement of Science, copyright 2019.

account for the best match. The correlation to electron tomogra-
phy has also been used to link structural chirality and plasmon-
coupled CD. In the work by Zhang et al., single-particle circular
differential scattering spectroscopy, STEM imaging at different tilt
angles, and simulations were integrated to investigate the mech-
anisms behind CD enhancement of Au nanorods–bovine serum
albumin complexes, as shown in Figure 2.E.104 Performing this
correlation experiment at a single-particle level was necessary
to distinguish between structural chirality and plasmon-coupled

CD. Furthermore, it allowed to demonstrate the possibility of ap-
proaching single-molecule chirality sensing and hence the great
potential of exploiting plasmon-coupled CD for biomolecules and
biomarkers identification.81,105

Despite all the advantages of TEM, some bottlenecks need to
be considered for using TEM in correlative studies. First of all,
the samples need to be sufficiently thin to allow the electron
beam to pass through, which makes the substrates fragile and
difficult to handle. Furthermore, when the optical measurements
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are performed by immersing the grid in objective-matching liq-
uids, these liquids need to be carefully removed to avoid subse-
quent contamination in the TEM. Secondly, electron beam dam-
age is normally a larger problem in TEM compared to SEM due
to the high energetic electrons.106–108 Especially in situ exper-
iments are affected by electron-beam induced changes and one
should be careful when comparing experimental results with the-
oretical calculations.107,109 For example, the interaction of the
electron beam with the ligands on the metal NSs was proven to
irreversibly modify their plasmon resonances as they get gener-
ally transformed into amorphous carbonaceous material.106,107

The consequent modest red-shift and broadening of the resonance
peaks observed for individual metal NSs upon carbon contamina-
tion becomes dramatic for coupled asymmetric NS dimers, which
consequently exhibited Fano resonances.106 Using a lower energy
electron beam and reducing the presence of contaminants, by for
instance plasma cleaning,109 can be explored as ways to reduce
this effect. However, it was shown that the current methods used
to remove the surface ligands are still not fully satisfactory.109

Where possible we therefore recommend to do any optical prop-
erty characterization before exposing the sample to the electron
beam. In this regard, atomic force microscopy (beyond the scope
of this Minireview) is an alternative to EM to investigate morphol-
ogy of electron-beam sensitive samples when there are no strong
constraints on spatial resolution. In addition, optical near-field
techniques, which can surpass the traditional diffraction limit of
light, are an attractive alternative as well and we would like to
guide the reader to specialized reviews.35,110–113

2.3 Single metal NS light-induced structural modifications
monitored by EM

The combination of EM and light is not only relevant for
structure-property correlation purposes, as shown so far, but also
to investigate light-induced changes of individual metal NSs by
directly comparing the morphology before and after laser excita-
tion. Performing such studies on an individual NS level gives us
more insight in the underlying physics of below melting thresh-
old reshaping and possibly allows for dynamical tracking of the
process. In this manner, it becomes feasible to control the reshap-
ing process and create tailored out-of-equilibrium nanostructures.
Moreover, light-induced changes can also be used as a tool to it-
eratively connect minute morphology changes to property modifi-
cations on the same NS.114 Zijlstra et al. reported one of the first
studies that elucidated the underlying physics of photothermal
reshaping of Au nanorods.55 By correlating white light scattering
spectroscopy and SEM before and after laser-induced reshaping,
the authors quantified the melting energy of a single Au nanorod
and observed that nanorods with longer aspect ratios were ther-
modynamically less stable than shorter ones. Another remark-
able reshaping study was conducted by Wang and Ding, in which
they combined the photothermal effect and optical forces of the
laser beam to stretch and eventually break spherical Au NSs into
dimers (Figure 3.A).115 Next to visualizing the reshaped NSs, the
authors also determined their scattering properties and used that
to follow the reshaping dynamics.

With the correlation to TEM, the understanding of the under-
lying mechanism could be additionally enhanced. Taylor and co-
workers correlated the aspect ratio and orientation of the same
individual Au nanorods before and after femtosecond laser ir-
radiation by TEM, which allowed them to extract a quantita-
tive surface-driven diffusion model of the underlying reshaping
mechanism.57 A few years later, Albrecht et al. demonstrated
by single-particle correlation that a mesoporous surface coating
around Au nanorods enhanced their photothermal stability and
that intermediate reshaping morphologies differed from uncoated
nanorods.58 The authors recently extended their work to the
atomic scale by performing atomically-resolved electron tomogra-
phy before and after laser-induced reshaping on the same NS,116

as shown in Figure 3.B. The 3D atomic-scale information served
as an input for molecular dynamics simulations, which allowed to
unravel the complicated atomistic processes underlying the ultra-
fast reshaping and demonstrated that atomic imperfections sig-
nificantly influenced these processes. This detailed knowledge
will potentially make it possible to tune the morphology as well
as atomic structure of metal NSs, an important prerequisite for
enhanced catalytic applications.

3 In situ light-driven single metal NS property cor-
relation and morphology modification inside the
TEM

The single metal NS light-electron microscopy correlation studies
highlighted so far were performed ex situ, meaning that the op-
tical and structural characterizations were carried out completely
independently. However, it should be kept in mind that metal NSs
can restructure in different environments117, resulting in possi-
ble discrepancies between the optical measurements performed
in ambient conditions and morphology measured by EM in vac-
uum. To simultaneously assess physical (optical, electronic and
catalytic) and sub-nm morphological properties of the same plas-
monic NSs, in situ experiments under light excitation inside the
electron microscope are needed. The community has particularly
focused on such in situ studies inside the TEM owing to the high
spatial resolution. However, the limited space between the objec-
tive lens pole pieces, where the sample is located, as well as the
high vacuum of the TEM column adds to the challenges of intro-
ducing light excitation inside the TEM. There are essentially two
ways. On the one hand, light can be introduced via a holder, ei-
ther the sample holder itself or a retractable additional holder.118

In both cases, the holder needs to fit in the narrow space be-
tween the pole pieces. A smart light-incoupling holder design can
even enable ultrafast optical studies in situ in a TEM with atomic
resolution.119 On the other hand, light can be introduced into
the TEM column and directed towards the specimen via a mirror
above the pole pieces. In the latter case, the column needs to be
modified but the space between the pole pieces stays available
for additional in situ holders (e.g. heating, gas, liquid or electric
biasing) or electron tomography.120–123

In this manner, first in situ and in operando studies of metal
NSs under light excitation were demonstrated. Such studies are
not only critical to perform detailed in situ structure-property
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Fig. 3 A Morphological changes upon photothermal reshaping of Au NSs tracked by SEM. (a-e) SEM images of a Au NS irradiated (2 mW) for
different periods of time: (a) 0 s (b) 3 s, (c) 5 s, (d) 8 s, (e) 20 s. Insets are dark-field scattering images of the Au NS after irradiation. (f) Scattering
spectra evolution during the deformation process. (g) Scheme of the proposed photothermal deformation mechanism. This figure has been reproduced
from Ref. 115 with permission from the American Chemical Society, copyright 2019. B Crystal modifications of the same mesoporous silica-coated Au
nanorod after femtosecond laser reshaping. (a) 3D reconstruction of the same Au nanorod before (left) and after (right) femtosecond laser excitation.
Whereas the nanorod was defect-free before irradiation, clear atomic lattice defects occurred after irradiation (insets). (b) Redistributed volume upon
laser excitation. The left and right side indicate local volume increases and decreases (gold), respectively, overlaid on the overall nanorod morphology
(purple). (c) Quantitative facet distribution before and after laser excitation. This figure has been adapted from Ref. 116 with permission from Wiley,
copyright 2021.

characterization, but also to follow light-mediated catalytic pro-
cesses118,124,125 and morphological changes induced by laser ex-
citation.62,120,126 For example, Dionne and co-workers directly
coupled optical sources and detectors into an environmental
TEM.118,124,125 This optically coupled-electron microscope was
used by Vadai et al. to monitor single-particle photocatalysis (Fig-
ure 4.A).124 Dynamic phase transformations of plasmon-induced
photocatalytic reactions with sub-2 nm spatial resolution were
measured through STEM contrast imaging. Performing this ex-
periment on a single-particle level allowed to statistically show
that the active sites, where the catalytic reactions took place pref-
erentially, corresponded to the plasmonic hotspots. Matsumura
and co-workers introduced light from a pulsed laser directly into a
high-voltage TEM.126 This set-up allowed to reveal the evolution
of the atomic reorganization of Au nanorods one laser pulse at a
time (Figure 4.B). Voss et al. unravelled that Coulomb fission was
behind the laser-induced reshaping of spherical plasmonic NSs

and captured its complex dynamics, as shown in Figure 4.C.120

In recent years, light incoupling has also been combined with
ultrafast temporal resolution by either newly developed ultra-
fast electron beam blankers or by generating ultrashort electron
pulses through laser illumination of the electron gun.121,127–131

Together with the development of novel electron detectors, this
approach opened up a number of impressive time-resolved pio-
neering studies.122 For example, in recent work by Olshin et al.
high spatial resolution imaging with single-shot microsecond tem-
poral resolution was obtained by using an electrostatic deflector
to chop the electron beam from a continuous source into short
packets.129 The combination with light excitation of the sample
inside the TEM allowed the authors to investigate the mechanisms
behind light-induced crystallization and amorphization of indi-
vidual metal NSs. Such experiments are extremely promising as
they bring the ultimate combination of structural, morphological,
chemical and optical characterization on single NSs with ultrafast

Journal Name, [year], [vol.],1–12 | 7



A
a

C

B

(d)

b

c d

(b)

(c)

Fig. 4 A Plasmon-controlled photocatalytic reaction measured inside the TEM. (a) TEM and (b) High-resolution TEM images of an antenna
(Au)–reactor (Pd) system. (c) Calculated near-field enhancement for the antenna (Au)–reactor (Pd) system under illumination. (d) Extracted
percentage of hydrogen desorption from corner and edge sites with (red) and without (blue) illumination. Data were obtained through in situ STEM
movies of the phase transformation reaction in a single antenna-reactor. Scale bars are 50 nm (a and c) and 10 and 2 nm, respectively (b). This figure
has been adapted from Ref. 124 with permission from Springer Nature, copyright 2018. B High-resolution TEM images of a nanorod under pulsed
laser irradiation: before irradiation (a), after irradiation with one pulse (c) and after irradiation with two pulses (d). (b) Magnified image of inset in
(d) with schematic lattice drawing. This figure has been adapted from Ref. 126 with permission from Oxford University Press, copyright 2019. C In
situ observation of Coulombic fission of gold NSs encapsulated in a silica shell under intense femtosecond laser irradiation. Scale bar is 20 nm. This
figure has been adapted from Ref. 120 with permission from the American Chemical Society, copyright 2019.

temporal resolution into the realm of what is achievable. It needs
to be kept in mind, however, that the electron beam effects are
more significant in the discussed in situ approach, which might
therefore not be suitable for samples prone to electron beam dam-
age.

4 Conclusion and outlook

In this Minireview we presented example studies from recent
years in which the direct structure-property correlation or light in-
duced morphological changes were investigated by coupling light
and EM on the same single metal NS, either in a consecutive ex
situ manner or in situ inside the electron microscope. Taking in-
dividual metal NSs as a case study, we demonstrated that these

detailed correlations brought new insights into physics and ma-
terials science of plasmonic nanosystems. Gaining access to the
full dynamic and structural changes with simultaneous ultrafast
temporal resolution and atomic scale spatial resolution is the ul-
timate dream.132 As touched upon in the previous section, in the
last few years EM groups have worked hard to overcome the poor
temporal resolution in EM and several advances in ultrafast EM
have been demonstrated with either novel fast electron detectors
or modified electron sources.121,127–131 Ultimately, it might even
become possible to integrate additional analytic tools into UTEMs
(e.g. Raman spectroscopy, mass spectrometry, and ultrasensitive
gas-phase molecular spectroscopy) to truly follow dynamic pro-
cesses such as plasmonic-enhanced chemical reactions with very
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high spatial resolution. The development of faster EM techniques
becomes even more important for electron tomography, where
the acquisition can take up to 1 hour. Recent approaches to fast
electron tomography101 open the pathway to combine 3D infor-
mation with in operando studies.

Next to the limited time resolution in EM, another bottleneck
of the discussed single metal NS correlative approaches is the
rather low characterization throughput due to the involvement
of EM. This limitation is for example evident in the previously
cited work by Oksenberg et al.,85 where statistics over a thou-
sand individual nanoreactors was needed to extract meaningful
results. This drawback can be addressed by automating correla-
tive workflows or at least the EM experiments, possibly through
the help of machine learning.133 Such automation would dramat-
ically improve the speed of acquisitions and therefore the statis-
tics, allowing for imaging of more particles and larger sample vol-
umes in shorter time. In life sciences, such automated workflow
systems are already state-of-the-art,134 whereas they have not yet
found a widespread adoption in material science. Finally, infer-
ring structural information directly from the optical spectra can
be investigated as another strategy to overcome the limitations of
electron beam damage, temporal resolution and statistics arising
from the need of EM to correlate morphology to optical properties
of NSs.78,135–138 For example, Payne et al. used high throughput
quantitative extinction microscopy in combination with electro-
magnetic simulations to measure the size and shape of metal NSs
fully optically.135 Dawson and co-workers demonstrated that it is
also possible to detect the shape of anisotropic gold NSs in disper-
sion by optical means.138 Shiratori et al. used machine learning
to determine the size and aspect ratio of Au nanorods from scat-
tering spectra.136 Although the possibility to extend the proposed
approaches to more complex structures still needs to be further in-
vestigated, theoretically this idea seems very promising. Ideally,
this could be extended to a quantified classification in which par-
ticles with different geometries and sizes can be compared based
on their nanoscale-shape, which has also been deemed essential
in their interaction with living matter.139,140

Ultimately, the choice of the correlative approach depends on
the experiment and the research question that needs to be an-
swered. Here, we highlighted the importance of combining op-
tical characterization and/or light interaction with information
on sub-nm morphological properties at the single metal NS level.
This single-particle correlation performed on the exact same in-
dividual metal NS is not only critical at a fundamental level, but
also to optimize performances of metal NSs in practical applica-
tions, such as light management, sensing, biomedicine and catal-
ysis. As laid out above, we believe that further developments in
in situ integration of EM and optical characterization, limiting the
damage of the electron beam, improving spatial and temporal res-
olution, developing automated workflows and manipulating NSs
using light will provide more detailed insights on the structure-
property relationship in promising nanomaterials, leading to the
growth of this field in the near future.
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