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Plasmon-driven synthesis of individual
metal@semiconductor core@shell nanoparticles
Rifat Kamarudheen1,2, Gayatri Kumari 1,2 & Andrea Baldi1,2,3✉

Most syntheses of advanced materials require accurate control of the operating temperature.

Plasmon resonances in metal nanoparticles generate nanoscale temperature gradients at

their surface that can be exploited to control the growth of functional nanomaterials,

including bimetallic and core@shell particles. However, in typical ensemble plasmonic

experiments these local gradients vanish due to collective heating effects. Here, we

demonstrate how localized plasmonic photothermal effects can generate spatially confined

nanoreactors by activating, controlling, and spectroscopically following the growth of indi-

vidual metal@semiconductor core@shell nanoparticles. By tailoring the illumination geometry

and the surrounding chemical environment, we demonstrate the conformal growth of

semiconducting shells of CeO2, ZnO, and ZnS, around plasmonic nanoparticles of different

morphologies. The shell growth rate scales with the nanoparticle temperature and the pro-

cess is followed in situ via the inelastic light scattering of the growing nanoparticle. Plasmonic

control of chemical reactions can lead to the synthesis of functional nanomaterials otherwise

inaccessible with classical colloidal methods, with potential applications in nanolithography,

catalysis, energy conversion, and photonic devices.
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Accurate control over the operating temperature, pressure,
and reactant concentration is quintessential for the
synthesis of advanced materials with tailored functional-

ities1–3. Especially in nanoparticle syntheses, the temperature of
the reaction mixture often dictates their structural features such
as crystallinity, size, shape, porosity, and surface area4. Rigorous
control over the nanoparticle morphology is fundamental in
engineering their optical, electronic, and catalytic properties. For
example, different morphologies of ceria nanoparticles such as
rods, cubes, and spheres can be synthesized by tuning the reaction
temperature, where each shape exhibits a different catalytic
activity to CO oxidation5. Along with conventional heating,
temperature gradients can also be used to manipulate the self-
assembly of nanoparticles, such as for the formation of nematic
liquid crystalline orders6. Another strategy to control the mor-
phology of nanostructures is by driving their synthesis in spatially
confined volumes, typically known as nanoreactors7. Plasmonic
heating in metal nanostructures can generate such nanoreactors,
by activating local temperature gradients at their surface to drive
the synthesis of advanced functional materials.

Localized surface plasmon resonances (LSPRs) are collective
oscillations of free electrons in metal nanostructures8,9, leading to
strong light absorption and scattering10. Under continuous wave
(cw) excitation of a spherical particle, these resonances generate
localized temperature increases, ΔT, at the surface according to11:

ΔT ¼ σabsI
4πκR

ð1Þ

where σabs is the absorption cross-section of the nanoparticle, I is
the irradiance (optical power per unit area), κ is the thermal
conductivity of the surrounding medium, and R is the nano-
particle radius. For example, for a gold nanosphere of 50 nm in
radius immersed in water (κH2O

(20 °C)= 0.6W/m/K) and illu-
minated with a 532-nm cw laser (σabs(532 nm)= 2.08 × 10−14 m2)
with an intensity of 1 mW/µm2, the temperature at the surface of
the nanoparticle will be 55 K higher than in the surrounding
medium. Such a large temperature increase, which decays as the
inverse of the distance from the nanoparticle surface12, can sig-
nificantly accelerate temperature-dependent reactions according
to the Arrhenius equation13. The use of these localized tempera-
ture gradients can circumvent spatial anisotropies encountered in
classical colloidal nanomaterial syntheses, for instance due to the
different reactivity of crystalline facets or due to the presence of
multiple nucleation sites. However, in ensemble photochemical
experiments, where the illumination area is typically much
larger than the average interparticle distance, collective photo-
thermal effects often dominate over the localized temperature
gradients14–17. For this reason, the synthesis of well-defined
nanomaterials using plasmonic nanoreactors requires the resonant
excitation of individual nanoparticles.

Previously, localized-photothermal heating has been used to
synthesize a range of nanomaterials, such as carbon nanotubes18,
germanium nanowires19, and gold nanoellipsoids20. In these
studies, collective photothermal heating, electric and magnetic
dipole resonances, and hot-charge carriers additionally con-
tributed to nanoparticle growth, leading to non-trivial morphol-
ogies of the final products. More recently, a combination of
localized and collective photothermal effects have been employed
to drive the growth of inorganic crystals on plasmonic structures
of a few hundreds of nanometers in size21. However, so far it has
been difficult to use nanoscale temperature gradients selectively in
plasmonic nanoparticles to drive the synthesis of isotropic
semiconducting shells with tunable chemical compositions and
controlled thicknesses down to a few nanometers.

In this work, we present a versatile technique to synth-
esize, optically control, and in situ track the growth of

metal@semiconductor core@shell nanostructures using loca-
lized plasmonic heating. We achieve this goal by exciting the
plasmon resonance of individual colloidal Au nanoparticles in a
tailored reactive chemical environment, and by simultaneously
following the reaction in situ and in real time by measuring the
photoluminescence (PL) of the growing core@shell nano-
particle. In a typical experiment, a 532-nm cw laser is focused
on a single Au nanoparticle to drive the growth of a semi-
conducting shell using local temperature gradients, without
activating any macroscopic collective photothermal effects.
Polarization-dependent scattering spectra of the photo-
thermally grown core@shell nanoparticles confirm the isotropic
nature of the shell. In addition, we demonstrate that we can
control the shell thickness at the nanometer level by optically
tuning the nanoparticle surface temperature. The growth of
these core@shell nanoparticles can be monitored in situ by
tracking the spectral evolution of their PL, which closely
resembles their plasmon resonance. We demonstrate the ver-
satility of plasmonic heating as a chemical activation mechan-
ism by synthesizing Au nanoparticles coated with CeO2, ZnO,
and ZnS. Strikingly, localized heating effects in individual
plasmonic nanoreactors can drive the synthesis of isotropic
core@shell nanospheres that are inaccessible under identical
chemical conditions in an ensemble reaction. Such unique
characteristics of localized-photothermal growth are also used
to demonstrate patterning of a two-dimensional substrate with
semiconductors of different chemical compositions.

Results
Photothermal synthesis: proof of concept. A purely temperature-
driven synthesis is selected to demonstrate the photothermal
activation of chemical reactions on Au nanoparticles. For this
purpose, we choose a synthesis of Au@CeO2 core@shell nano-
particles that leads to a CeO2 shell thickness of ~10 nm over 1 h
heating at 90 °C, but is too slow at room temperature to lead to
any significant shell growth22. In a typical synthesis, a Ce3+ salt
and ethylenediaminetetraacetic acid (EDTA) are added to gold
nanoparticles stabilized by cetyltrimethylammonium bromide
(CTAB) in water. At higher temperatures, Ce3+-EDTA complexes
are more easily hydrolyzed and Ce3+ ions are oxidized by the
dissolved O2 at the surface of gold nanoparticles, which act as
nucleation sites for the formation of CeO2. The shell growth is
confirmed spectroscopically by a red shift of the plasmon reso-
nance of the nanoparticles, attributed to the larger refractive index
of the shell surrounding the Au spheres (see Methods and Sup-
plementary Note 1).

The reaction protocol used in the ensemble synthesis is then
adapted to grow individual Au@CeO2 core@shell nanoparticles
using a plasmonic nanoreactor approach (see Methods). Colloid-
ally synthesized Au nanospheres with a diameter of 66 ± 3 nm are
used to photothermally grow core@shell nanostructures under cw
illumination with a 532-nm laser (Supplementary Note 2)16. This
nanoparticle size leads to large localized heating effects according
to Eq. (1), as it combines a high absorption cross-section at the
irradiation wavelength with a small radius (see also Supplemen-
tary Note 3). A quartz substrate covered with optically isolated
Au nanoparticles is used as the bottom window of a flow cell
placed on an inverted microscope. Dark-field scattering spectro-
scopy is used to characterize the plasmon resonance of individual
nanoparticles before and after the photothermal growth of a ceria
shell (Fig. 1a)23. Single Au nanoparticles are discriminated from
nanoparticle clusters by comparing the measured scattering
spectra of individual bright spots in dark-field mode with the one
expected from a single 66-nm Au nanoparticle. A single Au
nanoparticle is then irradiated for 15 min with a 532-nm cw laser,
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while flowing a solution of Ce3+ ions and EDTA (see Fig. 1b and
details in Methods). The irradiation intensity is tuned between 0
and 19 mW/µm2 to generate an estimated increase in the
nanoparticle surface temperature of up to 500 K (Supplementary
Note 4). During laser irradiation, we continuously measure the
PL spectra of the growing core@shell particle. After laser
irradiation, we switch back to white light illumination and
measure the dark-field scattering spectrum of the final Au@CeO2

nanoparticle.
In Fig. 1c, we plot the dark-field scattering spectra of a gold

nanoparticle before and after laser irradiation with a power
density of 11 mW/μm2 for 15 minutes. The CeO2 shell growth is
visible as a color change in the dark-field image of the
nanoparticle from green to orange (Supplementary Note 5). A
red shift of ~70 nm is observed in the plasmon resonance of
the irradiated nanoparticle, along with an increase in the
scattering intensity and a narrowing of its full width at half
maximum (FWHM) by ~50 meV (Fig. 1c, teal curve). These
spectral changes are consistent with the growth of a ceria shell
of ~15 nm in thickness around the irradiated Au nanosphere
(Supplementary Note 6). With our experimental procedure we
can determine the plasmon resonance position of our
nanoparticles with a typical accuracy of ±0.01 eV, which
corresponds to a ceria shell thickness uncertainty of less than
1 nm (Supplementary Note 6).

To confirm the photothermal growth of CeO2 upon laser
irradiation, we performed an additional experiment using Au
nanoparticles deposited on a silicon nitride transmission electron
microscope (TEM) membrane (see details in the “Methods”
section). Figure 1d shows a bright-field scanning transmission
electron microscopy (BF-STEM) image and the corresponding
energy dispersive X-ray (EDX) maps for one of the photo-
thermally grown Au@CeO2 nanoparticles. No CeO2 shell growth
is observed for nanoparticles that are on the same TEM
membrane but are not irradiated, in agreement with our optical
scattering studies (Supplementary Note 7).

In principle, correlated optical-electron microscopy could be
used to determine the final shell thickness of our plasmonically

grown Au@CeO2 nanoparticles. However, the use of ultrathin,
fragile TEM membranes in liquid flow cells is experimentally
challenging and cannot be relied upon to obtain significant
statistics. We therefore base our shell thickness derivation upon
the measured spectral shifts in the irradiated nanoparticles using
dark-field scattering spectroscopy.

As an additional control experiment, we also measured the
dark-field spectra of Au nanoparticles before and after laser
irradiation in the absence of Ce3+ ions. The spectra perfectly
overlap, indicating that the nanoparticles are stable under our
laser irradiation intensities (Supplementary Note 7).

The CeO2 shell growth is an oxidation reaction and could
therefore in principle be assisted by photo-generated plasmonic
or interband hot holes in the gold nanoparticles24. However, hot
holes generated in gold under 532 nm illumination are not
energetic enough to be injected in the growing CeO2 shell
(Supplementary Note 8)22, suggesting that photothermal effects
are the sole contributors to the reaction mechanism.

Tunable and isotropic shell growth. In a typical experiment, we
focus a Gaussian laser beam of ~2 µm in diameter to excite a
single gold nanoparticle. To estimate the increase in the
nanoparticle surface temperature, we adopt the following pro-
tocol. We first determine the relative position of the nano-
particle with respect to the laser spot in the sample plane by
fitting the dark-field scattering image of the nanoparticle
(Fig. 2a) and the 532-nm irradiation laser spot (Fig. 2b) using
two-dimensional Gaussian functions25. These fitting routines
give us the relative position of the particle with respect to the
center of the laser with a typical in-plane accuracy of ±100 nm.
From the measured LSPR of the Au nanoparticle, we extract its
radius R, and its absorption cross-section σabs, using finite-
difference time-domain (FDTD) calculations (see Methods)
and assuming a perfect spherical shape of the nanoparticle
supported on quartz. Using the measured laser power at the
sample P, the effective thermal conductivity of the surrounding
medium κ (Supplementary Note 9), the nanoparticle in-plane
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Fig. 1 Photothermal growth of core@shell nanostructures. Schematic illustration of the inverted dark-field microscope configuration (a) when used to
probe the scattering spectra of individual plasmonic nanoparticles under white light illumination and (b) when used for 532 nm continuous wave laser
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coordinates (xp, yp), and the laser in-plane coordinates and
standard deviation (x, y, σl), we estimate the initial increase in
nanoparticle surface temperature (Fig. 2c) according to26:

ΔTðx; yÞ ¼ σabsP
8π2κRσ2l

exp � x�xpð Þ2þ y�ypð Þ2
2σ2l

� �
ð2Þ

By varying the laser intensity, we can modulate the
nanoparticle surface temperature and therefore the final
thickness of the grown ceria shell. In Fig. 2d, we plot the
measured red shift of the plasmon resonance upon ceria shell
growth after laser irradiation as a function of the estimated
surface temperature increase for 35 different single-particle
experiments. The measured spectral shifts after ceria shell
growth roughly scale with the calculated surface temperature.
The scatter in the data in Fig. 2d mainly originates from the
error in the estimated temperature, due to the small drift in
the nanoparticle position during the 15 min of laser irradia-
tion. Interestingly, when the estimated temperature increase is
above ~200 K, the photothermal red shift of the plasmon
resonance reaches a plateau, indicating that heating above this
threshold does not further enhance ceria shell growth. We
attribute such an effect to the photothermal formation of

water vapor bubbles around the gold nanoparticles, which has
previously been observed at similarly high temperatures27.
The nanoscale radius of curvature of the Au nanoparticles, in
fact, allows superheating of water above its standard boiling
point, as large Laplace pressures are required to sustain
nanoscopic bubble formation28. Our nanoscale plasmonic
reactors therefore effectively act as optically driven analogues
to hydrothermal bombs, which are often used for the synthesis
of high quality, single-crystalline materials. Note that the
temperature distribution around the irradiated plasmonic
nanoparticle is not distorted by the presence of photothermal
convective flows, thanks to the low Rayleigh number of
water28.

We further find that the photothermally grown ceria shells
are isotropic in nature, as confirmed by polarization-dependent
scattering spectra on several individual nanoparticles (Fig. 2e,
f). In our measurements, both Au and Au@CeO2 nanoparticles
exhibit similar LSPRs at perpendicular polarizations, confirm-
ing their isotropic morphology before and after irradiation.
Chemical reactions driven by plasmonic hot-charge carriers
and near-field enhancements usually display a spatial distribu-
tion that depends on the laser polarization20,29,30. The isotropic
nature of the core@shell nanoparticles observed in Fig. 2f is
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core@shell nanoparticles after the laser-driven shell growth, plotted as a function of the calculated initial nanoparticle temperature increase. To ensure
reproducibility, the data points have been collected over five different sets of experiments using newly prepared flow cell assemblies and reactant solutions.
The dashed line at 210 K represents the bubble formation temperature typically observed under nanoparticle photothermal heating28. e Scattering spectra
recorded through a polarizer filter aligned both parallel (top) and perpendicular (bottom) to the laser polarization for a typical Au nanoparticle before
(gray) and after (teal) photothermal CeO2 shell formation. The red-shift measured over the two orthogonal polarizations is identical, indicating an isotropic
shell growth. f Red-shift measured after ceria shell growth for several nanoparticles at orthogonal polarizations. The black line corresponds to a 1:1
correlation.
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therefore a further confirmation that the shell growth is guided
by the uniform nanoparticle surface temperature13.

In situ tracking of core@shell nanoparticle growth. Under 532-
nm irradiation, the growth of a dielectric shell around Au
nanoparticles results in a red shift of their plasmon resonance
and in a decrease of their absorption cross-section at the illu-
mination wavelength (Supplementary Note 10). These spectral
shifts lead to a lower nanoparticle surface temperature and a
subsequent slowing down of the shell growth over the course of
the light-driven synthesis. To track the photothermal growth
kinetics in situ, we follow the inelastic Stokes emission, or PL,
of the nanoparticles during laser irradiation (Fig. 1b). While the
origin of PL emission in metals is still under debate31,32, it is
commonly accepted that the PL spectral shape for small Au
nanoparticles closely follows their LSPR33. By tracking the PL
emission, a wealth of information about the photothermally
growing nanoparticle can be extracted, such as the evolution of
its plasmon resonance, the shell thickness, and the nanoparticle
surface temperature. In Fig. 3a, we plot a representative time
evolution of the inelastic emission (IE) signal recorded during
the photothermal growth of a CeO2 shell on a single Au
nanoparticle (see Supplementary Note 11 for the complete
dataset). The measured inelastic scattering spectrum is a
superposition of different contributions, including the PL from
the growing core@shell nanoparticle, the luminescence of the
underlying quartz substrate, and the surface-enhanced Raman
scattering (SERS) of reactants on the nanoparticle surface. In
our experiments we don’t see evidence of any SERS contribu-
tion, most likely due to the weak near-field enhancement of our
gold nanoparticles. Assuming negligible SERS signal, we isolate
the nanoparticle PL from the other contributions by subtracting

all the IE spectra recorded over the course of 15 min of illu-
mination with the first measured IE spectrum, according to (see
also discussion in Supplementary Note 11):

ΔPL tð Þ ¼ IE tð Þ � IE t ¼ 0ð Þ
¼ PLAu@CeO2

tð Þ þ PLquartz þ SERS
h i

� PLAu þ PLquartz þ SERS
h i

¼ PLAu@CeO2
tð Þ � PLAu

ð3Þ

Since the PL of gold nanoparticles, in first approximation, is
proportional to their scattering cross-section, σsca32–34, we can
therefore write:

ΔPL tð Þ / σsca;Au@CeO2
tð Þ � σsca;Au

h i
ð4Þ

For sufficiently large shell thicknesses, for which only a small
spectral overlap is expected between the scattering cross-sections
of the initial and final particles, the maximum of the subtracted
spectrum ΔPL(t), henceforth referred as max[ΔPL(t)], roughly
corresponds to the LSPR of the growing Au@CeO2 nanoparticle
(Fig. 3b and also Supplementary Note 11 for the complete
dataset):

max ΔPL tð Þ½ � � max σsca;Au@CeO2
tð Þ

h i
ð5Þ

An excellent correlation between the max[ΔPL] at t= 15 min
and the LSPR is in fact observed for several photothermally
synthesized Au@CeO2 core@shell nanoparticles, as shown in
Fig. 3c. An average blue-shift of 19 meV is measured for the max
[ΔPL] at t= 15 min with respect to the corresponding plasmon
resonance of the final Au@CeO2 nanoparticles. This discrepancy
can be explained by the high surface temperature of nanoparticles
during irradiation, which decreases the refractive index of the
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surrounding water and blue-shifts their plasmon resonance35.
The measured blue-shift of the PL compared to the LSPR of
plasmonic nanoparticles may also be due to multiple photon
absorptions, which has also been previously reported at laser
intensities similar to the ones used in the present study
(Supplementary Note 11)36.

In Fig. 3d, we plot the max[ΔPL] and the corresponding
extrapolated ceria shell thickness as a function of time, for the
data extracted from Fig. 3b. We observe a 90% shell growth
completion in ~10 min for an initial estimated surface tempera-
ture increase of ~200 K (Supplementary Note 12). As the
thickness of the ceria shell increases, the plasmon resonance of
the nanoparticle shifts away from the wavelength of the excitation
laser, until no more resonant excitations can occur. This shift
leads to a decrease of the shell growth rate with time, showing
how, under properly tuned optical illumination conditions, the
photothermal growth of metal@semiconductor nanostructures
can be conducted as a self-limited process.

Versatility of photothermal shell growth. So far, we have limited
our discussion to the photothermal growth of ceria shells over
plasmonic Au nanospheres. Here, we demonstrate the versatility
of our plasmonic nanoreactor approach by photothermally
growing different semiconducting shells over plasmonic nano-
spheres and nanorods. We first demonstrate the photothermal
activation and the corresponding in situ PL tracking of a ceria
shell growth over an individual Au nanorod. We then photo-
thermally grow various semiconductors on Au nanospheres by
varying the cation from Ce3+ to Zn2+ to grow ZnO, and then by
varying the anion from O2− to S2− to form ZnS shells.

Using a 532-nm cw laser, we excite the transverse resonance
corresponding to the short axis of an individual Au nanorod (Au
NR) deposited on a quartz substrate, to drive the photothermal
growth of a CeO2 shell (Fig. 4a and Methods). In Fig. 4b, we plot

the longitudinal LSPR of the Au NR measured before and after
irradiation. Due to the narrow width of the nanorod (~25 nm),
the transverse plasmon resonance, which is expected at ~500 nm,
is not visible in our measured scattering spectra (see Supplemen-
tary Note 13). The longitudinal plasmon resonance correspond-
ing to the long axis of the nanorod red-shifts by ~12 nm,
indicating the growth of a thin CeO2 shell of ~1 nm in thickness
(Supplementary Note 13). This ceria shell is thinner than the one
grown on Au nanospheres, because of the lower absorption cross-
section of the nanorod at the excitation wavelength and therefore
its lower photothermal heating (Supplementary Note 14). Under
532-nm irradiation, the longitudinal plasmon resonance of the
Au NR spectrally overlaps with the strong Raman signal from
water (Fig. 4c). Nevertheless, the differential photoluminescence
signal, ΔPL, is capable of revealing the plasmon resonance of the
growing particle (Fig. 4d). Our experiments on nanorods
demonstrate that, regardless of their shape, plasmonic nanopar-
ticles can be used to synthesize and in situ track the photothermal
growth of core@shell nanoparticles.

In Fig. 5, we show a comparison between the photothermal
growth of CeO2, ZnO, and ZnS semiconducting shells over
individual Au nanospheres. The synthesis of ZnO shells is driven
by the photothermal decomposition of hexamethylenetetramine
(HMT) molecules, which leads to a local increase in the pH near
the nanoparticle surface to catalyze the hydrolysis of zinc nitrate
to zinc oxide (see also details in Methods)37. Contrary to the case
of Au@CeO2 (Fig. 5d), the scattering spectrum of the photo-
thermally grown Au@ZnO nanosphere (Fig. 5e) exhibits multiple
peaks due to geometrical Mie resonances originating from a shell
thickness of hundreds of nanometers (Supplementary Note 15).
Such a large shell thickness of ZnO compared to the one of CeO2

grown under similar laser intensities can be attributed to the
faster reaction kinetics of ZnO formation under our experimental
conditions. Indeed, ensemble nanoparticle syntheses performed at
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90 °C using conventional heating generates micron-sized ZnO
crystals after 1 h (Supplementary Note 16), while under similar
conditions the ceria synthesis exhibits a slow shell growth of ~10
nm. In striking contrast to the needle-like ZnO morphologies
grown in ensemble, photothermally grown ZnO shells are
isotropic, similar to the case of CeO2 (Fig. 5g), as revealed by
polarization-dependent scattering measurements (Fig. 5h). These
results suggest that light-induced nanoscale temperature gradi-
ents can circumvent spatial anisotropies driven by different facet

reactivities37, and can therefore be used to grow shape-controlled
nanostructures, unattainable by conventional hydrothermal
methods.

To further broaden the scope of our photothermal approach
beyond the synthesis of metal oxides, we finally synthesize ZnS
shells over individual Au nanospheres. The reaction is driven by
the thermal decomposition of Zn-thioacetamide complexes to
precipitate zinc sulfide38 (see Methods). Upon photothermal ZnS
shell growth during 15 min of laser irradiation, we observe an
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LSPR red shift of 82 nm corresponding to a shell thickness of ~15
nm (Fig. 5f). Similar to the case of CeO2 and ZnO, the ZnS shell
growth is also isotropic (Fig. 5i).

Interestingly, both ZnO and ZnS exhibit intrinsic PL unlike
CeO2, thereby making it challenging to track the photothermal
growth of these semiconductors. In the case of ZnO and ZnS shell
growth, we observe a decreasing IE signal from the core@shell
nanoparticle during the period of illumination (Supplementary
Note 17). We hypothesize that the IE from the plasmonic
nanoparticle is non-radiatively quenched by the transitions giving
rise to the luminescence in these semiconductors.

Our localized-photothermal technique allows us to perform
controlled growth of core@shell nanoparticles with different
chemical compositions over a two-dimensional substrate. We
demonstrate this capability by photothermally growing CeO2,
ZnO, and ZnS shells over three different individual Au
nanoparticles deposited on the same substrate and separated by
distances of a few microns. In this experiment, we focus the laser
spot over three individual particles, while flowing the appropriate
growth solutions one at a time. Between each growth step, the
flow cell is flushed with ultrapure water to remove any remnant
precursors. In Fig. 5j we show the dark-field scattering images of
these nanoparticles before and after photothermal growth.

Given the spatial confinement of our synthetic method, one
can envisage the use of nanoscale plasmonic reactors to pattern
substrates with various complex hierarchical structures, such as
core@shell@shell and bimetallic nanoparticles. For example,
using our diffraction-limited technique on an array of metal
nanoparticles, site-selective chemical reactions could be per-
formed even for interparticle spacings of the order of 1 µm. In
Fig. 5k, we show calculated temperature distributions for square
arrays of Au nanoparticles with a diameter of 66 nm and an
interparticle spacing of 1 µm illuminated using a 532-nm laser
with an optical power of 4 mW. For a FWHM of the laser spot of
1 µm, the nanoparticle located at the center of the Gaussian beam
heats up ~100 K more than its adjacent neighbors. Considering a
chemical reaction with a typical activation energy of 50 kJ/mol39,
the nanoparticle at the centre of the beam can therefore
photothermally drive chemical reactions with a rate that is two
orders of magnitude faster compared to its nearest neighboring
particles (see Supplementary Note 18).

In conclusion, we have shown how localized temperature
gradients produced by plasmonic heating can be exploited to
drive spatially confined chemical reactions. Such fine control over
temperature spatial profiles are attained by focused illumination
over individual nanoparticles, thereby preventing thermal homo-
genization due to collective heating effects. Even though we
exploit photothermal effects to grow metal oxide and sulfide
shells over individual Au nanoparticles, our method can be
extended to the activation of any temperature-sensitive chemical
reaction. In our work, we intentionally slow down the shell
growth process by tuning both the chemical and optical
parameters. This strategy allows us to follow the photothermal
growth evolution in real time, while preventing any reaction in
the dark. Photothermal temperature gradients, however, are
typically activated over timescales of nanoseconds and faster
growth kinetics can therefore easily be attained by tuning the laser
irradiance, the concentration of the reactants, and the thermal
conductivity of the environment. A faster shell growth would also
allow to minimize thermal drifts during laser irradiation and
therefore obtain a more straightforward relationship between the
laser power and the final shell thickness than the one shown in
Fig. 2d. Combining our technique with automated particle
centering algorithms40, one can envisage the development of fast
printing of hierarchical plasmonic nanoparticles with new
morphologies and advanced functionalities over large areas. Such

two-dimensional substrates with functional nanomaterials can
have potential applications in the fields of photon upconver-
sion41, light-emitting diodes42, and antenna-reactor catalytic
complexes43.

Methods
Synthesis of Au nanospheres. Au nanospheres with a diameter of 66 nm are
synthesized by a two-step seed mediated technique, using a previously reported
method44. In brief, 5 mL of 0.5-mM HAuCl4 and 5 mL of 200 mM CTAB aqueous
solutions are mixed in a 25-mL round bottom flask, to which a 0.6 mL of 10-mM
NaBH4 is added in one-shot and stirred rapidly for 2 min. The solution is kept
undisturbed at 27 °C for 3 h, to synthesize 10-nm Au nanoclusters. In another 100-
mL round bottom flask, 40 mL of 100 mM cetyltrimethylammonium chloride
(CTAC), 2.6 mL of 10 mM ascorbic acid and 0.1 mL of 10-nm Au nanoclusters are
added in sequence and mixed well at 27 °C. To the above mixture, 40 mL of 0.5-
mM HAuCl4 is added using a syringe pump at a rate of 40 mL/h, under constant
stirring. The final product is centrifuged thrice (7200 × g, 10 min) and redispersed
each time in 20-mM CTAB.

Synthesis of Au nanorods. 76 × 25-nm Au nanorods are synthesized by a two-
step seed mediated technique, using a previously reported method45. In brief, 5 mL
of 0.5-mM HAuCl4 and 5 mL of 200-mM CTAB aqueous solutions are mixed in a
25-mL round bottom flask, to which a 1 mL of 6-mM NaBH4 is added in one-shot
and stirred rapidly for 2 min. The seed solution is aged at 27 °C for 30 min. To
synthesize the nanorods, 1.8 g of CTAB and 0.7 g of KBr are mixed in a 100-mL
round bottom flask by heating it to ~70 °C. The flask is then cooled to 30 °C for 15
min, Subsequently, 2.4 mL of 4-mM AgNO3, 50 mL of 1-mM HAuCl4 and 0.9 mL
of 64-mM ascorbic acid are added in sequence, at intervals of 15 min. The above
solution is vigorously stirred for 30 s. 0.16 mL of Au seeds is added to the above
growth solution under stirring for 30 s, and then kept undisturbed overnight. The
final product is centrifuged thrice (16,000 × g, 10 min) and redispersed in 20-
mM CTAB.

Synthesis of Au@CeO2 core@shell nanoparticles using conventional heating.
Au@CeO2 core@shell nanoparticles are synthesized by adapting a previous
report22. 5.45 mL of 25-mM CTAB and 50 µL of 66-nm Au nanospheres are mixed
together in a 15 mL vial. 0.75 mL of EDTA-NH3 solution and 0.075 mL of 100-mM
Ce(NO3)3 solution is added to the above mixture, sequentially and mixed using a
vortex-mixer. The above solution is then heated to 90 °C in an oven for 1 h. The
EDTA-NH3 solution is prepared by adding 0.1169 g of EDTA to 40 mL of water,
followed by the addition of 0.38 mL of 30% NH4OH solution.

Synthesis of Au@ZnO core@shell nanoparticles using conventional heating.
Au@ZnO core@shell nanoparticles are synthesized by adapting a previous report37.
1.2 mL of 25-mM CTAB and 50 µL of 66-nm Au nanospheres are mixed together
in a 15 mL vial. 2.8 mL of deionized MilliQ water is added to the above while,
followed by the addition of 0.3 mL of 0.1 M Zn(NO3)2 aqueous solution and 3 mL
of 0.1 M HMT. The above mixture is vortex-mixed between each precursor
addition. The above solution is then heated to 90 °C in an oven for 1 h.

Synthesis of Au@ZnS core@shell nanoparticles using conventional heating.
Au@ZnS core@shell nanoparticles are synthesized by adapting a previous report38.
1.2 mL of 25-mM CTAB and 50 µL of 66-nm Au nanospheres are mixed together
in a 15 mL vial. 2.8 mL of deionized MilliQ water is added to the above, followed by
the addition of 0.3 mL of 0.1 M Zn(NO3)2 aqueous solution and 3 mL of 0.1 M
thioacetamide (TAA). The above mixture is vortex-mixed between each precursor
addition. The above solution is then heated to 90 °C in an oven for 1 h.

Photothermal growth of core@shell nanostructures on a quartz substrate.
Photothermal growth of core@shell nanoparticles are performed inside a quartz
flow cell. To fabricate the flow cell, a few microliters of a very diluted solution
(optical density < 0.01) of Au nanoparticles is drop casted on to a quartz cover slip
and allowed to dry. The coverslip is precleaned prior to nanoparticle drop casting,
by treating it with 2M KOH at 80 °C for 20 min, followed by multiple rinsing and
sonication in water. Another quartz slide is drilled with 1 mm holes, for inserting
plastic tubes (which act as the inlet and outlet for flowing the reaction mixture) into
these holes and fixed with epoxy. The quartz slide and cover slip are then glued
together with epoxy, to construct the flow cell. The liquid channel thickness is ~1
mm. The semiconductor growth solution is injected to the flow cell with a syringe
pump at a rate of 20 µL/min during irradiation and spectroscopy. The solution
used for the photothermal growth of CeO2, ZnO, and ZnS shells around individual
Au nanoparticles is identical to the corresponding solutions used in their ensemble
synthesis in dark, except for the substitution of the suspension of Au nanoparticles
with an equal volume of MilliQ water. Single Au nanoparticles are identified using
their scattering spectra and irradiated with a focused 532-nm cw laser of varying
optical power for 15 min to photothermally synthesize the core@shell nanoparticle.
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Photothermal growth of core@shell nanostructures on a TEM membrane. To
image the photothermally grown core@shell nanoparticles, a few microliters of a
dilute suspension of Au NPs (optical density < 0.01) are dispersed on a plasma
cleaned SiN membrane (0.25 × 0.25 µm2, 150-nm thick) bought from SPI supplies.
The SiN membrane is glued on to the removable tip of a JEOL TEM sample holder
using a two-part epoxy adhesive. A quartz slide drilled with 1 mm holes, for
inserting plastic tubes, is attached to the TEM holder containing the SiN membrane
using melted paraffin film, to assemble the flow cell. A syringe pump is used to flow
the ceria growth solution at a rate of 20 µL/min. The in-plane position of gold
nanoparticles close to the centre of the SiN membrane are recorded using the x,y
coordinates of the corners of the membrane as our reference system. Selected
nanoparticles at the centre are then irradiated using a focused 532 nm laser for 15
min. After irradiation, the flow cell is dismantled by gently pushing a scalpel
between the quartz-paraffin film interface. Once the TEM sample holder con-
taining the membrane is isolated, it is rinsed with MilliQ water, let to dry, and
inserted in to the TEM. The coordinates of the SiN membrane corner are again
used to identify the irradiated nanoparticles and their TEM images are taken.

Instrumentation. Single-particle dark-field imaging and scattering spectroscopy
are performed on a Zeiss Axio Observer microscope equipped with a scanning x,y
piezo-stage. Scattering spectra of nanoparticles are performed by illuminating them
with an LED lamp focused through an EC epiplan 50× objective (N.A.= 0.75) via a
dark-field reflector. The back scattered light from the nanoparticles are collected
with the same objective and guided to the Andor Newton EMCCD coupled to the
Shamrock 500i spectrometer. For 532-nm cw laser irradiation experiments, the
laser is focused on to the gold nanoparticles using the same objective but using the
bright-field reflector cube. The laser beam (CNI laser, MGL-FN-532) power is
varied between 0 and 470 mW, to obtain various nanoparticle surface tempera-
tures. To collect the IE, a 532 nm notch filter (Semrock, NF01-532U-25) is placed
in the emission path, to avoid any laser damage of the spectrometer. The laser
power at the sample is measured by removing the microscope objective lens, and
directing the collimated light on to a Newport thermopile sensor connected to an
optical power meter. The integration time of the PL spectra ranges between 5 and
30 s, depending on the laser illumination intensity. The transmission of the
objective lens is corrected in the measured power at the sample, for estimating the
nanoparticle surface temperatures. For ensemble optical measurements, we use a
PerkinElmer Lambda 1050 UV−vis−NIR spectrophotometer. BF-STEM images
and EDX maps are measured on an FEI Verios 460 scanning electron microscope
equipped with a scanning transmission electron microscopy retractable detector.

Mie calculations and FDTD simulations. Mie calculations of spherical Au
nanoparticles and Au@semiconductor core@shell nanoparticles in a homogeneous
environment are performed using a MATLAB script46. The calculations are per-
formed using the formalism given by Bohren and Huffman10.

Lumerical FDTD simulations are performed to study the optical properties of
Au and Au@semiconductor core@shell spheres/rods on a quartz substrate. In our
simulations, the Au nanosphere/rod is placed on top of a quartz substrate, and the
entire system is suspended in a background refractive index of 1.333 corresponding
to water. For Au, we use the dielectric function measured by Johnson and
Christy47. The refractive index of quartz is obtained from the supplier website,
while a constant refractive index of 2.3 is used for the ceria shell. A total-field
scattered-field source is used to illuminate the Au particles from beneath the
quartz-nanoparticle interface at a distance of 600 nm from the nanoparticle.
Absorption and scattering monitors kept at distances of 300 and 900 nm
respectively, are used to record the nanoparticle cross-sections. The mesh region
covers the entire nanoparticle and the mesh size of all simulations is kept at 0.5 nm.
Perfectly matched layer (PML) absorbing boundaries are used to border the
simulation region.

Data availability
The data that support the findings of this study are available from the authors on
reasonable request.

Received: 15 January 2020; Accepted: 10 July 2020;

References
1. Jing, L. et al. Aqueous based semiconductor nanocrystals. Chem. Rev. 116,

10623–10730 (2016).
2. Lee, J., Yang, J., Kwon, S. G. & Hyeon, T. Nonclassical nucleation and growth

of inorganic nanoparticles. Nat. Rev. Mater. 1, 16034 (2016).
3. Darr, J. A., Zhang, J., Makwana, N. M. & Weng, X. Continuous hydrothermal

synthesis of inorganic nanoparticles: applications and future directions. Chem.
Rev. 117, 11125–11238 (2017).

4. Wu, Z., Yang, S. & Wu, W. Shape control of inorganic nanoparticles from
solution. Nanoscale 8, 1237–1259 (2016).

5. Trovarelli, A. & Llorca, J. Ceria catalysts at nanoscale: how do crystal shapes
shape catalysis? ACS Catal. 7, 4716–4735 (2017).

6. Shinde, A. et al. Growth of colloidal nanoplate liquid crystals using
temperature gradients. ACS Nano 13, 12461–12469 (2019).

7. Kumar, A., Jeon, K.-W., Kumari, N. & Lee, I. S. Spatially confined formation
and transformation of nanocrystals within nanometer-sized reaction media.
Acc. Chem. Res. 51, 2867–2879 (2018).

8. Brongersma, M. L., Halas, N. J. & Nordlander, P. Plasmon-induced hot carrier
science and technology. Nat. Nanotechnol. 10, 25–34 (2015).

9. Linic, S., Aslam, U., Boerigter, C. & Morabito, M. Photochemical transformations
on plasmonic metal nanoparticles. Nat. Mater. 14, 567–576 (2015).

10. Bohren, C. F. & Huffman, D. R. (eds) Absorption and Scattering of Light by
Small Particles 57–81 (Wiley, US, 1998).

11. Baffou, G. & Quidant, R. Nanoplasmonics for chemistry. Chem. Soc. Rev. 43,
3898–3907 (2014).

12. Baffou, G. & Quidant, R. Thermo-plasmonics: using metallic nanostructures
as nano-sources of heat. Laser Photonics Rev. 7, 171–187 (2013).

13. Baffou, G. & Rigneault, H. Femtosecond-pulsed optical heating of gold
nanoparticles. Phys. Rev. B 84, 35415 (2011).

14. Govorov, A. O. & Richardson, H. H. Generating heat with metal
nanoparticles. Nano Today 2, 30–38 (2007).

15. Richardson, H. H., Carlson, M. T., Tandler, P. J., Hernandez, P. & Govorov, A.
O. Experimental and theoretical studies of light-to-heat conversion and
collective heating effects in metal nanoparticle solution. Nano Lett. 9,
1139–1146 (2009).

16. Kamarudheen, R., Castellanos, G. W., Kamp, L. P. J., Clercx, H. J. H. & Baldi,
A. Quantifying photothermal and hot charge carrier effects in plasmon-driven
nanoparticle syntheses. ACS Nano 12, 8447–8455 (2018).

17. Hogan, N. J. et al. Nanoparticles heat through light localization. Nano Lett. 14,
4640–4645 (2014).

18. Boyd, D. A., Greengard, L., Brongersma, M., El-Naggar, M. Y. & Goodwin, D.
G. Plasmon-assisted chemical vapor deposition. Nano Lett. 6, 2592–2597
(2006).

19. Martino Dl, G., Michaelis, F. B., Salmon, A. R., Hofmann, S. & Baumberg, J. J.
Controlling nanowire growth by light. Nano Lett. 15, 7452–7457 (2015).

20. Violi, I. L., Gargiulo, J., von Bilderling, C., Cortés, E. & Stefani, F. D. Light-
induced polarization-directed growth of optically printed gold nanoparticles.
Nano Lett. 16, 6529–6533 (2016).

21. Robert, H. M. L. et al. Light-assisted solvothermal chemistry using plasmonic
nanoparticles. ACS Omega 1, 2–8 (2016).

22. Li, B. et al. (Gold Core)@(Ceria Shell) nanostructures for plasmon-enhanced
catalytic reactions under visible light. ACS Nano 8, 8152–8162 (2014).

23. Olson, J. et al. Optical characterization of single plasmonic nanoparticles.
Chem. Soc. Rev. 44, 40–57 (2015).

24. Sundararaman, R., Narang, P., Jermyn, A. S., Goddard, W. A. III & Atwater,
H. A. Theoretical predictions for hot-carrier generation from surface plasmon
decay. Nat. Commun. 5, 5788 (2014).

25. Ovesný, M., Křížek, P., Borkovec, J., Švindrych, Z. & Hagen, G. M.
ThunderSTORM: a comprehensive ImageJ plug-in for PALM and STORM
data analysis and super-resolution imaging. Bioinformatics 30, 2389–2390
(2014).

26. Baffou, G. et al. Photoinduced heating of nanoparticle arrays. ACS Nano 7,
6478–6488 (2013).

27. Baffou, G., Polleux, J., Rigneault, H. & Monneret, S. Super-heating and micro-
bubble generation around plasmonic nanoparticles under cw illumination. J.
Phys. Chem. C 118, 4890–4898 (2014).

28. Baffou, G. Thermoplasmonics: Heating Metal Nanoparticles Using
Light (Cambridge University Press, UK, 2017).

29. Cortés, E. et al. Plasmonic hot electron transport drives nano-localized
chemistry. Nat. Commun. 8, 14880 (2017).

30. Ueno, K. et al. Nanoparticle plasmon-assisted two-photon polymerization
induced by incoherent excitation source. J. Am. Chem. Soc. 130, 6928–6929
(2008).

31. Hugall, J. T. & Baumberg, J. J. Demonstrating photoluminescence from Au is
electronic inelastic light scattering of a plasmonic metal: the origin of SERS
backgrounds. Nano Lett. 15, 2600–2604 (2015).

32. Cai, Y.-Y. et al. Photoluminescence of gold nanorods: purcell effect enhanced
emission from hot carriers. ACS Nano 12, 976–985 (2018).

33. Yorulmaz, M., Khatua, S., Zijlstra, P., Gaiduk, A. & Orrit, M. Luminescence
quantum yield of single gold nanorods. Nano Lett. 12, 4385–4391 (2012).

34. Hu, H., Duan, H., Yang, J. K. W. & Shen, Z. X. Plasmon-modulated
photoluminescence of individual gold nanostructures. ACS Nano 6,
10147–10155 (2012).

35. Setoura, K., Okada, Y., Werner, D. & Hashimoto, S. Observation of nanoscale
cooling effects by substrates and the surrounding media for single gold
nanoparticles under CW-laser illumination. ACS Nano 7, 7874–7885 (2013).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17789-y ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:3957 | https://doi.org/10.1038/s41467-020-17789-y | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


36. Cai, Y.-Y. et al. Anti-stokes emission from hot carriers in gold nanorods. Nano
Lett. 19, 1067–1073 (2019).

37. Gao, X., Li, X. & Yu, W. Flowerlike ZnO nanostructures via
hexamethylenetetramine-assisted thermolysis of zinc−ethylenediamine
complex. J. Phys. Chem. B 109, 1155–1161 (2005).

38. Yamaguchi, K., Yoshida, T., Lincot, D. & Minoura, H. Mechanistic study of
chemical deposition of ZnS thin films from aqueous solutions containing zinc
acetate and thioacetamide by comparison with homogeneous precipitation. J.
Phys. Chem. B 107, 387–397 (2003).

39. Bilecka, I., Elser, P. & Niederberger, M. Kinetic and thermodynamic aspects in
the microwave-assisted synthesis of ZnO nanoparticles in benzyl alcohol. ACS
Nano 3, 467–477 (2009).

40. Gargiulo, J., Cerrota, S., Cortés, E., Violi, I. L. & Stefani, F. D. Connecting
metallic nanoparticles by optical printing. Nano Lett. 16, 1224–1229 (2016).

41. Naik, G. V., Welch, A. J., Briggs, J. A., Solomon, M. L. & Dionne, J. A. Hot-
carrier-mediated photon upconversion in metal-decorated quantum wells.
Nano Lett. 17, 4583–4587 (2017).

42. Choi, M. K. et al. Wearable red–green–blue quantum dot light-emitting diode
array using high-resolution intaglio transfer printing. Nat. Commun. 6, 7149
(2015).

43. Swearer, D. F. et al. Heterometallic antenna−reactor complexes for
photocatalysis. Proc. Natl Acad. Sci. USA 113, 8916–8920 (2016).

44. Zheng, Y., Zhong, X., Li, Z. & Xia, Y. Successive, seed-mediated growth for the
synthesis of single-crystal gold nanospheres with uniform diameters controlled
in the range of 5–150 nm. Part. Part. Syst. Charact. 31, 266–273 (2014).

45. Ye, X. et al. Improved size-tunable synthesis of monodisperse gold nanorods
through the use of aromatic additives. ACS Nano 6, 2804–2817 (2012).

46. Mie, G. Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen.
Ann. Phys. 330, 377–445 (1908).

47. Johnson, P. B. & Christy, R. W. Optical constants of the noble metals. Phys.
Rev. B 6, 4370–4379 (1972).

Acknowledgements
This work was supported by the Dutch Research Council (Nederlandse Organisatie voor
Wetenschappelijk Onderzoek) via the NWO Vidi award 680-47-550. We gratefully
acknowledge Dr. Guillaume Baffou for his invaluable comments and suggestions. We are
also grateful for insightful feedback received from Prof. Romain Quidant and from the
members of the Nanomaterials for Energy Applications group at DIFFER.

Author contributions
R.K. and A.B. conceived the idea for this project. R.K. performed all the experiments and
the FDTD simulations. R.K. and G.K. performed the data analysis and wrote the first
draft of the manuscript. All authors edited the manuscript. A.B. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-17789-y.

Correspondence and requests for materials should be addressed to A.B.

Peer review information Nature Communications thanks Giulia Tagliabue and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17789-y

10 NATURE COMMUNICATIONS |         (2020) 11:3957 | https://doi.org/10.1038/s41467-020-17789-y | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-17789-y
https://doi.org/10.1038/s41467-020-17789-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Plasmon-driven synthesis of individual metal@semiconductor core@shell nanoparticles
	Results
	Photothermal synthesis: proof of concept
	Tunable and isotropic shell growth
	In situ tracking of core@shell nanoparticle growth
	Versatility of photothermal shell growth

	Methods
	Synthesis of Au nanospheres
	Synthesis of Au nanorods
	Synthesis of Au@CeO2 core@shell nanoparticles using conventional heating
	Synthesis of Au@ZnO core@shell nanoparticles using conventional heating
	Synthesis of Au@ZnS core@shell nanoparticles using conventional heating
	Photothermal growth of core@shell nanostructures on a quartz substrate
	Photothermal growth of core@shell nanostructures on a TEM membrane
	Instrumentation
	Mie calculations and FDTD simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




