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ABSTRACT: Noble metal nanoparticles support localized surface plasmon resonances (LSPRs), which are light-driven oscillations of free 
electrons. Thanks to their strong dependence on the metal’s electron density, these resonances can be used to optically probe the equilibra-
tion of photogenerated charge carriers at metal/semiconductor interfaces, a process of paramount importance in energy conversion and 
sensing applications. In practice, however, it is often difficult to obtain quantitative insight from the observed plasmonic effects, as the spectral 
position, intensity, and linewidth of LSPRs can be influenced by different competing contributions, such as particle size distribution, surface 
oxidation, and changes in the dielectric environment. Here, we develop a nearly monodisperse synthesis of Ag@TiO2 and Au@TiO2 
core@shell nanoparticles and measure their plasmon resonance shifts during UV irradiation and charge equilibration in the dark. We show 
that the observed optical response can be fully accounted for by an accumulation of photogenerated electrons in the TiO2 shells and that 
charge transfer to the metal cores is negligible. Our results challenge the established understanding of charge equilibration in hybrid met-
al@semiconductor nanostructures. 

INTRODUCTION 

Noble metal nanoparticles strongly absorb and scatter light, thanks 
to so-called localized surface plasmon resonances (LSPRs)1,2. The-
se resonances are very sensitive to variations in the particle’s sur-
rounding medium and in their charge density, making them ideally 
suited as optical probes of chemical reactions and energy conver-
sion processes3,4,5,6. For example, plasmon resonances have been 
used to detect CO and H2 oxidation on Pt7, adsorption of pure 
gases on Ag8, and H2 intercalation in Pd9. In biochemistry, LSPRs 
have been used to detect the hybridization of DNA strands10, con-
formational changes in proteins11, and the presence of unlabelled 
proteins in solution12. Furthermore, reactions involving charge 
transfer to and from metal nanoparticles can be optically followed 
thanks to the spectral dependence of the LSPR on the charge densi-
ty of the metal13,14. For example, scattering spectroscopy has been 
used to follow the oxidation of ascorbic acid on single gold nano-
particles15. Recently, metal nanoparticles have been shown to en-
hance exciton separation in metal/semiconductor 
heterostructures16–18. Such charge separation has been followed 
spectroscopically as a blue shift in the plasmon resonance of Ag- 
and Au-decorated TiO2 nanostructures19–22. However, several 
questions remain on the interpretation of the observed resonance 
shifts during charge equilibration in these nanoscale heterostruc-
tures. First, the observed resonance shifts often lead to the predic-
tion of large increases in the charge density of the metal nanoparti-
cle (of the order of several percentages)21,23,24 which, in the absence 
of any electrical double layer screening from counterions in solu-
tion15,25, would result in extremely high electric fields. Second, the 

magnitude of the plasmon resonance shift is strongly dependent on 
the size of the nanoparticles3,14, leading to large uncertainties in 
samples with a wide size distribution21,26. Third, the spectral shifts 
in the plasmon resonance wavelength are typically accompanied by 
variations in the peak’s full width at half maximum (FWHM) and in 
its intensity, which are often difficult to attribute to a single 
effect25,27,28. 

Here, we tackle these questions by studying the equilibration of 
photogenerated charge carriers in colloidal suspensions of nearly 
monodisperse Ag@TiO2 and Au@TiO2 core@shell nanoparticles. 
The narrow size distribution of our nanoparticles afforded by our 
two-step synthetic procedure, allows us to derive quantitative 
conclusions on the mechanism of plasmon resonance shift. In 
particular, we find that electron storage in the metallic cores is 
negligible and that the observed LSPR shifts can be fully accounted 
for by the irreversible reduction of surface oxide at the metal/TiO2 
interface and by the reversible accumulation of electrons in the 
TiO2 shell.  

 

EXPERIMENTAL SECTION 

All the chemicals have been used as received, without any further 
purification. AgNO3 (99.9999%), HAuCl4 trihydrate (≥99.9%), 
sodium citrate dihydrate (≥99%), tannic acid (ACS grade reagent), 
TTIP (99.999%), and HPC (Mw ~80000, Mn ~10000) were pur-
chased from Sigma Aldrich. TTIP was stored and handled in a 



 

glovebox to prevent any hydrolysis due to air moisture. Dehydrated 
Na2SO4 (>99%) was purchased from Fluka. Ethanol (Seccosolv 
dried, max 0.01% H2O) was purchased from Merck Millipore. 
Ultrapure water 18.2 MΩ cm was obtained from mQ Integral 
Water Purification System by Merck Millipore. 

UV-Vis extinction spectra are acquired with a Perkin Elmer Lamb-
da 1050 spectrophotometer equipped with 3D WB detector mod-
ule. Scanning electron microscopy images are obtained using a 
Zeiss Sigma field emission SEM operating at 10 kV. Scanning 
transmission electron microscopy (STEM) images are measured 
on an FEI Verios 460 SEM equipped with a STEM retractable 
detector. 

Synthesis of Ag nanoparticles. Nearly monodisperse Ag nanopar-
ticles were prepared by adapting a literature protocol29. In a typical 
synthesis, a 20 mL aqueous solution made of 6.8 mM of sodium 
citrate dihydrate and 100 μM tannic acid is heated to 65 °C. An 80 
mL acqueous solution of 0.74 mM AgNO3 is also heated to 65 °C. 
The two hot solutions are mixed together under vigorous stirring 
and the temperature is raised till boiling. The mixture is kept boil-
ing without reflux for 30 minutes then cooled down to room tem-
perature. The Ag nanoparticles are purified by centrifuging 25 mL 
of the final solution at 7900 xg for 30 minutes. The supernatant is 
removed and the nanoparticles are redispersed in 25 mL of ul-
trapure water. The solution is centrifuged again at 7900 xg for 30 
minutes, the supernatant is removed and the nanoparticles are 
redispersed in 2 mL of ultrapure water. Finally, the solution is 
filtered through 0.45 μm and 0.2 μm filters (Acrodisk) and the 
nanoparticles are immediately used for the TiO2 shell synthesis. 
The final solution of cleaned Ag nanoparticles has an optical densi-
ty of >100 at the silver plasmon resonance and it is stable in the 
dark at 4 °C for about 1 week. The average size of the Ag nanoparti-
cles is 35.6±7.2 nm in diameter, with a LSPR peak centered around 
407 nm in water. 

Synthesis of Au nanoparticles. Nearly monodisperse Au nanopar-
ticles were prepared by following a procedure reported in the litera-
ture30. Gold nanoparticles are purified using the same procedure 
developed for the silver ones. In this case, the final optical density 
of the solution is ~5 at the gold LSPR. The average diameter of the 
Au nanoparticles is 34.7±4.5 nm, with an LSPR peak centered at 
~527 nm. 

Synthesis of Ag@TiO2 nanoparticles. The TiO2 shell is formed in 
a sol-gel reaction in which titanium isopropoxide (TTIP) is hydro-
lysed on the surface of the purified Ag nanoparticles in the presence 
of water and hydroxypropyl cellulose (HPC) as a stabilizing 
agent31. In a typical synthesis, a 2 mL solution of HPC-stabilized Ag 
nanoparticles with an optical density OD = 20 at the plasmon 
resonance wavelength (λLSPR = 407 nm) is obtained by dispersing 
the proper amount of purified Ag nanoparticles into an aqueous 
solution of 1 μM HPC. A 10 mL 3.4 mM ethanolic solution of 
TTIP is added to the HPC-stabilized Ag nanoparticles with a sy-
ringe pump, at a rate of 0.5 mL/min at room temperature, under 
vigorous stirring. The final product consists of a mixture of 
Ag@TiO2 and TiO2 nanoparticles. This final solution is boiled for 
100 minutes under reflux and then let cool down to room tempera-
ture. 15 mL are transferred into ten 1.5-mL centrifuge vials and 
centrifuged at 600 xg for 90 minutes. The precipitate is redispersed 
to an optical density of 0.3 using 0.17 μM ethanolic solution of 

HPC. An excess of anhydrous Na2SO4 is added to the Ag@TiO2 
NPs to minimize water content and the solution is then stored at 4 
°C in the dark. The average thickness of the TiO2 shell is ~8 nm, 
and the LSPR peak of the Ag@TiO2 nanoparticles is centered 
around 446 nm. 

Synthesis of Au@TiO2 nanoparticles. Synthesis of Au@TiO2 
nanoparticles has been carried out by adapting the one developed 
for Ag@TiO2 for a lower starting OD. In a typical synthesis, a 2 mL 
solution of HPC-stabilized Au nanoparticles with an optical density 
OD = 5 at the plasmon resonance wavelength (λLSPR = 527 nm) is 
obtained by dispersing the proper amount of purified Au nanopar-
ticles into an aqueous solution of 1 μM HPC. A 10 mL 0.85 mM 
ethanolic solution of TTIP is added to the HPC-stabilized Au 
nanoparticles with a syringe pump at a rate of 0.5 mL/min at room 
temperature under vigorous stirring. The solution is then boiled for 
100 minutes under reflux. The final product consists of a mixture of 
Au@TiO2 NPs and TiO2 nanoparticles. The Au@TiO2 nanoparti-
cles are purified with the same procedure used for Ag@TiO2. The 
average thickness of the TiO2 shell is ~12 nm, and the LSPR peak 
of the Au@TiO2 nanoparticles is centered around 550 nm. 

Charge equilibration measurements. In each experiment, we use 
4 mL of Ag@TiO2 or Au@TiO2 suspensions in a 0.17 μM ethanolic 
solution of HPC with an optical density of 0.3 at the respective 
LSPRs. The solution is initially purged for 20 minutes with N2, to 
minimize the presence of oxygen, and the N2 purging is continued 
throughout the whole experiment. The solution undergoes five 
cycles of UV light exposure for 10 minutes, followed by 30 minutes 
of charge equilibration in the dark. We use 254 nm UV light from 
an Oriel-Newport calibration lamp (model 6034) driven by 18 mA 
A/C current and filtered with a 350 nm short-pass filter. Extinction 
spectra are continuously acquired every 5 seconds using a low 
power white light source and an OceanOptics HR4000 CG-UV-
NIR spectrophotometer (see Figure S1 for the experimental set-
up). 

 

RESULTS AND DISCUSSION 

We first developed two-step syntheses of Ag@TiO2 and Au@TiO2 
core@shell nanoparticles that allow to accurately control the size of 
the metal cores as well as the thickness of the shell. Silver nanopar-
ticles were synthesized by adapting a previously published 
method29 based on the reduction of silver nitrate by sodium citrate, 
in the presence of tannic acid (TA). The role of tannic acid is to 
chelate Ag+ ions, with high Ag+/TA ratios leading to fast nucleation 
of metallic silver clusters and smaller final sizes of the nanoparticles. 
The final nanoparticle suspension is stabilized by the citrate anion, 
which acts as both reducing and capping agent. Citrate-stabilized 
gold nanoparticles were synthesized following a literature meth-
od30. As-synthesized Ag and Au nanoparticles are purified by cen-
trifugation to remove excess citrate, which can hinder the TiO2 
shell formation. The purified nanoparticles are then coated with a 
TiO2 shell by the sol-gel hydrolysis of an ethanolic solution of 
titanium tetraisopropoxide (TTIP) in presence of water (final 
ethanol:water ratio of 5:1) and hydroxypropyl cellulose (HPC) as a 
surfactant31,32. The thickness of the TiO2 shell can be modulated by 
the rate of dropwise addition of the TTIP solution. The Ag@TiO2 
and Au@TiO2 nanoparticles are finally centrifuged and redispersed 



 

in an ethanolic HPC solution to minimize water content and re-
move excess TiO2 nanoparticles, which are a by-product of the sol-
gel synthesis. Further details on the synthetic procedures can be 
found in the Materials and Methods section. 

Scanning electron microscope (SEM) images of the Ag and Au 
cores and scanning transmission electron microscope (STEM) 
images of the Ag@TiO2 and Au@TiO2 nanoparticles are shown in 
Figure 1a and Figure 1b, respectively. For the Ag and Au cores we 
obtain nearly monodisperse particles with an average diameter of 
~35 nm and LSPRs of aqueous suspensions centered at 407 and 
527 nm, respectively. Upon formation of a TiO2 shell, the LSPRs 
red-shift by 39 nm (Ag@TiO2) and 23 nm (Au@TiO2), due to the 
higher refractive index of TiO2 with respect to the solvent, and the 
signature of the TiO2 band-gap becomes clearly visible as a strong 
absorption in the UV part of the spectrum (Figure 1c). 

Charge equilibration in Ag@TiO2 and Au@TiO2 nanoparticle 
suspensions is studied by irradiating them with UV light under 
inert (O2 free) atmosphere. Ultraviolet irradiation causes electron-
hole pair formation in the TiO2 shell. The photogenerated holes are 
quickly scavenged away by the ethanol. In the absence of O2, which 
is an efficient electron scavenger, electrons are therefore accumu-
lated in the TiO2 shell. We study the equilibration of these photo-
generated electrons by continuously measuring the extinction 
spectra of the core@shell nanoparticle suspensions upon repeated 
cycles of UV irradiation and equilibration in the dark. In a typical 
experiment, 4 mL of solution with an optical density (OD) of 0.3 at 
the LSPR wavelength are sealed in a quartz cuvette. To remove any 
trace of oxygen in the liquid, the ethanolic solution is purged for 20 
minutes with N2 gas before UV exposure, and the solution is kept 
under continuous nitrogen purging during the entire measurement. 
The solution is then subjected to 5 consecutive cycles of UV expo-
sure for 10 minutes followed by 30 minutes in the dark. During the 
course of the entire experiment, extinction spectra are acquired 
every 5 seconds using a low-power white light source and a fiber 
optical spectrometer (further details in the Materials and Methods 
section and Figure S1). 

In Figure 2, we show the raw UV-Vis spectra for both Ag@TiO2 
and Au@TiO2 nanoparticles before the measurement, after 10 
minutes of UV exposure, and after 30 minutes of charge equilibra-
tion in the dark. Notably, for both Ag@TiO2 and Au@TiO2 nano-
particles, after 10 minutes of UV exposure the LSPR peaks are 
blueshifted, the FWHMs decrease and the peak intensities increase. 
These changes are partially reversible after 30 minutes in the dark. 

 

 Figure 1. (a) SEM images of (left) Ag and (right) Au nanoparticles on 
silicon substrates. The insets show the measured size distributions for 
Ag (35.6±7.2 nm, average of 471 particles) and Au (34.7±4.5 nm, 
average of 280 particles). (b) STEM images of HPC-stabilized (left) 
Ag@TiO2 and (right) Au@TiO2 nanoparticles dispersed on ultrathin 
carbon membranes. The measured average shell thicknesses for the 
Ag@TiO2 and Au@TiO2 nanoparticles are 8 nm and 12 nm, respec-
tively. All scale bars are 200 nm. (c) Normalized extinction spectra of 
(left) Ag and Ag@TiO2 and (right) Au and Au@TiO2 nanoparticle 
suspensions.  

 

Figure 2. Extinction spectra of (left) Ag@TiO2 and (right) Au@TiO2 
nanoparticle suspensions (black) before and (blue) after the first UV 
exposure for 10 minutes and (red) after equilibration in the dark for 30 
minutes. 

Figure 3a shows the time evolution of the LSPR peak wavelength 
for Ag@TiO2 and Au@TiO2 over 5 consecutive cycles of UV irra-
diation and dark equilibration. While Au@TiO2 nanoparticles 
show a reversible blueshift, the plasmon resonance of Ag@TiO2 
nanoparticles only partially recovers its initial spectral position 
upon cycling, with a cumulative irreversible blueshift over the 5 
cycles of ~4 nm. The observed difference between particles with 
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silver and (more noble) gold cores allows us to attribute such irre-
versible blueshift to the reduction of the native Ag2O at the 
Ag/TiO2 interface. It is in fact well known that the reduction of the 
native surface oxide in silver nanoparticles leads to a blueshift and 
an increase in the extinction intensity of their plasmon resonanc-
es33, in agreement with our experimental observation (see also 
Figure 2). To estimate the thickness of the reduced silver oxide, we 
use Mie theory to calculate the LSPR peak position of 
Ag@Ag2O@TiO2 core@shell@shell multilayered spheres with 
varying Ag2O thicknesses34. We find that an irreversible blueshift of 
~4 nm corresponds to the reduction of an interface Ag2O layer with 
a thickness of ~0.2 nm (see also SI 2), roughly corresponding to a 
monolayer of oxygen atoms at the silver surface35. Interestingly, the 
largest irreversible reduction of silver oxide occurs during the first 
cycle of UV exposure, while subsequent cycles are similar in the 
magnitude of their reversible LSPR shifts. Another experimental 
evidence supporting the claim that the irreversible LSPR shift is 
due to the reduction of an interface Ag2O layer, is the fact that the 
initial LSPR peak position can be recovered at the end of the exper-
iment upon exposure of the solution to air (see Figure S3). The 
absence of an irreversible component for Au@TiO2 nanoparticles 
suggests that their surface is not oxidized, in agreement with both 
experiments and theoretical predictions for Au nanoparticles larger 
than 4 nm in diameter36. 

 

Figure 3. (a) Measured spectral positions of the LSPR peak maxima 
for Ag@TiO2 (blue dots) and Au@TiO2 (red squares) nanoparticle 
solutions, during 5 consecutive cycles of UV exposure and dark equili-
bration under N2 purging. The pale blue regions highlight the intervals 
of UV exposure. After 5 UV irradiation cycles an irreversible blueshift 
of ~4 nm is present for Ag@TiO2 nanoparticles, as well as a reversible 
blueshift of ~5 nm. For Au@TiO2 nanoparticles, we observe only a 
reversible blueshift of ~2 nm. Steady-state values of (b) the extinction 
maximum and (c) the FWHM of the resonance peaks for Ag@TiO2 
(blue dots) and Au@TiO2 (red squares) nanoparticle solutions at the 
end of the UV irradiation (on) and after equilibration in the dark (off). 
UV irradiation is always accompanied by an increase in the extinction 
maximum and a decrease in the FWHM of the resonance peak. 

Besides the irreversible effect due to the reduction of silver oxide, 
Figure 3a also shows reversible LSPR shifts for both Ag@TiO2 
(ΔλLSPR ≈ 5 nm) and Au@TiO2 (ΔλLSPR ≈ 2 nm) nanoparticle 

solutions. A generally accepted interpretation in the literature 
explains the reversible LSPR blue-shifts upon UV irradiation of 
metal/semiconductor hybrid nanostructures with an accumulation 
of electrons in the metal, while holes are scavenged away by the 
solvent18,21,23. In the Drude approximation, the frequency of a plas-
mon resonance is in fact proportional to the square root of the 
charge density in the metal14. Here, however, we show that this 
interpretation is incorrect and that the observed resonance shifts 
are inconsistent with an accumulation of electrons in the cores. 
Using Mie theory, we can calculate the charge density increase 
necessary to induce a 5 nm blue shift in the LSPR of Ag@TiO2 
nanoparticles. In our calculations, we use a dielectric function of 
titania that we experimentally measure by ellipsometry on a sol-gel 
spin-coated TiO2 thin film (see Figure S4). For the metal cores, we 
fit a Drude model to the dielectric function of silver37 and vary the 
plasma frequency to account for an increased charge density (see 
Figure S5). Assuming that the effective number of electrons per 
silver atom contributing to its optical properties is approximately 
one38, we find that we can reproduce the observed LSPR shift with a 
charge density increase of ~2.7%, corresponding to the storage of 
~3.5×104 electrons per Ag@TiO2 nanoparticle. The accumulation 
of electrons in a coated metal nanoparticle leads to an increase of its 
Fermi energy given by39 

ΔE! =
2z − 1 e

8πε! r + d
d
ε!r

+ 1
ε!

          1  

where z is the number of excess electrons accumulated in the metal-
lic core (z = 3.5×104), e is the elementary charge (e = 1.6×10-19 C), 
r is the radius of the metal core (r = 17.5 nm), d and εd are the 
thickness and the relative static permittivity of the shell, respective-
ly (d = 8 nm, εd,TiO2 = 26)40,41, and εr is the relative static permittivity 
of the solvent (εr,EtOH = 24.3)42. The accumulation of ~3.5×104 
electrons in a single Ag@TiO2 nanoparticle would therefore lead to 
an impossible Fermi energy increase in the silver core of ~116 eV, a 
value which is much larger than the work function of the metal itself 
(ΦAg = 4.26 eV)43. A similar unphysical result is obtained if we 
hypothesize that the holes scavenged by the ethanol, instead of 
being transported away into the solvent, are localized at the 
TiO2/EtOH interface. Such charge distribution would in fact min-
imize the electrostatic energy of the system. In this scenario, we can 
treat our core@shell nanoparticles as a spherical capacitor whose 
plates are separated by a distance corresponding to the TiO2 thick-
ness (8 nm). Using the electrostatic equation for a spherical capaci-
tor and the relative static permittivity of TiO2 leads to a predicted 
electric field across the shell of ~4 V/nm, which is one to two or-
ders of magnitude higher than the reported breakdown voltage of 
TiO2

41,44. Finally, according to the Drude model and Mie theory, 
the LSPR blue-shift due to charge accumulation in metal nanopar-
ticles must always be accompanied by a widening of the FWHM 
and a lowering of the extinction cross-section25 (see Figure S5). 
This is opposite to what we observe experimentally, as shown in 
Figure 3b and Figure 3c. Upon UV irradiation of both Ag@TiO2 
and Au@TiO2 nanoparticles, in fact, we observe a narrowing of the 
FWHM (see also details in Figure S6) and an increase in the extinc-
tion cross-section at the LSPR peak. These changes are partially 
reversible upon charge equilibration in the dark. The above consid-
erations, together with the slow kinetics of the LSPR shifts (of the 
order of minutes), strongly suggest that charge accumulation in the 
metal cores can be neglected and that a different mechanism must 
be at play. 



 

To understand the physical origin of the reversible LSPR shifts, we 
first consider the observed difference in magnitude between the 
results obtained for Ag@TiO2 (ΔλLSPR ≈ 5 nm) and Au@TiO2 
(ΔλLSPR ≈ 2 nm). It is known that the LSPR of silver nanoparticles is 
more spectrally sensitive to variations in the refractive index of the 
surrounding environment than the LSPR of gold nanoparticles. 
This can be easily modeled using Mie theory (see Figure S7) and it 
is already evident by comparing the LSPR shifts observed when 
coating bare Ag and Au nanoparticles with a similar shell thickness 
of TiO2 (Figure 1c). In the absence of any significant charge accu-
mulation effects in the metal cores, the only mechanism that can 
explain the observed LSPR shifts in our nanoparticles is therefore a 
UV-induced change in the dielectric properties of their TiO2 shells. 
In the following we will show that the reversible LSPR shifts of our 
core@shell nanoparticles can be fully accounted for by the accumu-
lation and depletion of electrons in TiO2. 

The accumulation of electrons in TiO2 is typically accompanied by 
an increase in its optical absorption in the visible21,45–47, due to 
electrons trapped at Ti4+ sites21. To verify that electron storage also 
occurs in our colloidally prepared titania, we studied the photo-
response of TiO2 nanoparticles without metallic cores. The absence 
of any plasmon resonance in their extinction spectrum allows us to 
observe optical changes due to effects occurring only in TiO2. In 
Figure 4a we show optical extinction spectra of a colloidal suspen-
sion of TiO2 nanoparticles before and after 10 minutes of UV irra-
diation under inert atmosphere. We observe a large extinction 
increase across the visible part of the spectrum, consistent with an 
accumulation of electrons in the TiO2 nanoparticles21. 

The UV-induced accumulation of trapped electrons in TiO2 is 
known to strongly increase its hydrophilicity48–50. Our TiO2 is pre-
pared by a sol-gel method followed by reflux, which typically results 
in amorphous and highly porous shells51,52 (see also Figure S8). A 
larger wettability of such TiO2 shells would therefore induce an 
uptake of solvent in its pores and a consequent thickness increase49. 
The swelling of TiO2 leads to a reduction of its density and there-
fore a decrease in its refractive index according to the Lorentz-
Lorenz equation53–55 

!!""! − 1
!!""! + 2 = !!!          (2) 

where neff is the effective refractive index, ρ is the density, and A and 
B are fitted parameters specific to TiO2

56. Using this equation we 
performed Mie theory calculations of the extinction cross-section 
of both Ag@TiO2 and Au@TiO2 nanoparticles with variable shell 
thicknesses. We find that the observed reversible blueshifts for both 
Ag@TiO2 and Au@TiO2 can be quantitatively explained by a 
thickness increase in their shells of ~0.2 nm (see details in the 
Figure S9). Such a small variation is entirely reasonable for soft, 
colloidally synthesized TiO2 shells (see Figure S8) and further 
highlights the extreme spectral sensitivity of our plasmonic 
core@shell nanoparticles. Furthermore, the UV-induced increase 
in hydrophilicity for TiO2 has been shown to be reversible upon 
storage in the dark, with slow discharge kinetics50. This is in agree-
ment with our observed rates of LSPR redshift (Figure 3a), which 
we attribute to the slow scavenging of the accumulated electrons in 
TiO2 by traces of oxidized reactants, such as oxidized EtOH or 
traces of H2O and O2. 

 

Figure 4. (a) Extinction spectra of a suspension of colloidal TiO2 
nanoparticles in ethanol, (black curve) before and (blue curve) after 
exposure to UV irradiation for 10 minutes. The solution is constantly 
purged with N2 gas to minimize the content of O2. (b) Schematic 
energy diagram of the Ag/TiO2 interface (left) before, (center) during, 
and (right) after UV irradiation. 

As we have shown in Figure 3b and Figure 3c, the UV-induced 
blueshift of the LSPR is always accompanied by an increase of the 
extinction maximum and a decrease of the FWHM. These effects 
cannot be due to the presence of pure TiO2 nanoparticles as by-
products in our core@shell nanoparticle suspensions (see Figure 
S10) and clearly indicate a reduced damping of the plasmon reso-
nance as electrons are accumulated in the TiO2 shell. It is easy to 
demonstrate with Mie theory that a reduced damping in a 
core@shell metal@semiconductor nanoparticle could be explained 
by a reduction in the extinction coefficient of the semiconducting 
shell. Titanium dioxide is however almost completely transparent 
in the visible, with an extinction coefficient close to zero for ener-
gies between 1-3.5 eV (see SI 4). Furthermore, a decrease of the 
extinction coefficient of TiO2 is incompatible with the observed 
increase in extinction shown in Figure 4a. We can gain an insight 
into the physical mechanism of the observed decrease in plasmon 
damping by considering the electronic band structure at the met-
al/TiO2 interface, as schematically depicted in Figure 4b. Due to 
the amorphous and defective nature of the sol gel TiO2, there are 
empty acceptor levels below the conduction band57. Before UV 
irradiation, these empty levels can contribute to the plasmon 
broadening through chemical interface damping (CID)58,59. CID is 
sometimes also referred to as the “direct” mechanism of charge 
transfer from a metal nanoparticle to an acceptor electronic level at 
its surface60, and it is known to significantly broaden the LSPR of 
coated nanoparticles27,28,61–63. Upon UV irradiation in inert atmos-
phere, EtOH scavenges the photogenerated holes and electrons 
accumulate in the midgap states. These electrons prevent direct 
charge transfer from the metal nanoparticles to TiO2 and effectively 
quench the CID mechanism. In Figure 3c we show that, upon UV 
irradiation, the linewidth of the plasmon resonances of Ag@TiO2 
and Au@TiO2 decrease by a few tens of meV. Interestingly, a CID 
damping parameter of the order of tens of meV has also been re-
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cently reported for Au nanorods coated with thiol ligands28. Fur-
thermore, it has been suggested that a change in chemical interface 
damping could also affect the spectral position of the plasmon 
resonance, due to the dependence of the LSPR frequency on the 
damping parameter !28. Such dependence could in principle quali-
tatively explain the observed LSPR shifts (Figure 3a), without 
invoking any swelling of the TiO2 shells. However, for silver and 
gold, characterized in the Drude approximation by plasma frequen-
cies of the order of ~10 eV, a variation in the damping parameter of 
the order of tens of meV has a negligible effect on the spectral 
position of the LSPR (see Figure S11). 

CONCLUSIONS 

In summary, we have characterized the plasmonic response of 
nearly monodisperse core@shell Ag@TiO2 and Au@TiO2 nano-
particles, under UV irradiation in inert atmosphere. We find that 
the UV-induced changes in their plasmon resonance peak position, 
intensity and linewidth can be fully explained by the accumulation 
of electrons in the TiO2 shells, without invoking any charge transfer 
to the metal cores. The photogenerated electrons in TiO2 lead to a 
swelling of the shell and to the quenching of chemical interface 
damping. In the case of Ag@TiO2, some of the photogenerated 
electrons are also used to reduce the native silver oxide at the 
Ag/TiO2 interface. The use of nearly-monodisperse plasmonic 
nanoparticles allows us to detect surface chemical modifications 
down to a single atomic layer and measure sub-nm variations in 
their shell thickness. A detailed understanding of the equilibration 
of photogenerated charge carriers in metal/semiconductor hetero-
structures is of paramount importance for the development of 
efficient energy conversion materials and for the design of novel 
plasmonic sensors for chemical and physical processes. 
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