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Abstract: Understanding and optimising the mechanisms of generation and
extraction of hot carriers in plasmonic heterostructures is important for applica-
tions in new types of photodetectors, photochemistry and photocatalysis, as well
nonlinear optics. Here, we show using transient dynamic measurements that the
relaxation of the excited hot-carriers in Au/Pt hetero-nanostructures is accel-
erated through the transfer pathway from Au, where they are generated, to Pt
nanoparticles, which act as a hot-electron sink. The influence of the environment
on the dynamics was also demonstrated. The time-resolved photoluminescence
measurements confirm the modified hot-electron dynamics, revealing quenching
of the photoluminescence signal from Au nanoparticles in the presence of Pt and
an increased photoluminescence lifetime. These observations are signatures of
the improved extraction efficiency of hot-carriers by the Au/Pt heterostructures.
The results give insight into the time-dependent behaviour of excited compound
nanoscale systems and provide a way of controlling the relaxation mechanisms
involved, with important consequences for engineering nonlinear optical response
and hot-carrier-assisted photochemistry.
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1 Introduction
Optical properties of plasmonic nanoparticles have been extensively studied from
both fundamental and application points of view. Strong local electromagnetic
field enhancement and hot-carrier generation, both derived from localized surface
plasmons (LSPs), are extremely beneficial for a variety of applications, such as
enhancement of nonlinear optical effects [1, 2], chemical and biological sensing
[3, 4], and optoelectronics [5]. Dynamics of the optically excited carriers in homo-
geneous plasmonic nanoparticles are reasonably well understood and explained
through the sequence of radiative and non-radiative processes, governed by
electron-electron, electron-phonon and electron-defect (or surface) scattering
[6–9]. The relative contributions of these processes depends on the material of
the nanoparticle, its size and shape.

Recently, with the development of photochemical and photocatalytic ap-
plications of plasmonic nanostructures, the focus has shifted from the study of
pure plasmonic gold, silver, aluminium or copper nanoparticles to composite
structures incorporating active catalytic metals, such as platinum or palladium
[10–19]. Through photocatalytic transformations stimulated by hot electrons, it
was inferred that in such hetero-structured nanoparticles, the light absorption
in a plasmonic nanoparticle due to the LSP excitation efficiently creates hot
electrons, which are then transferred to a catalytic nanoparticle [10]. The role of
the latter is to facilitate the adsorption of molecular species and the hot-electron
transfer from metal to the adsorbed molecule [20]. Such composite nanostructures
have been shown to greatly promote the efficiency of liquid phase heterogeneous
photocatalytic reactions, including CO2 reduction [18], oxygen reduction [17]
and organic pollutants decomposition, as studied in one of our previous work
[19]. While reaction rates are generally improved with these plasmonic-based
approaches, they are highly dependent on the design of the systems and the
efficiency of the hot-carriers extraction process.

The time-resolved studies of the complex inter-veined carrier dynamic pro-
cesses in bimetallic nanoparticles, including hot-carrier relaxation, transfer and
extraction, are important to understand the beneficial design rules for heterostruc-
tured plasmonic nanoparticle photocatalysts. In this work, we investigate the
hot-carrier dynamics in chemically-derived Au/Pt composite nanoparticles sup-
ported on silica (SiO2) spheres, using time-resolved optical pump-probe and
time-resolved photoluminescence spectroscopy, accessing both early stages of
the dynamics before hot-electron thermalisation takes place, as well as the re-
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laxation of thermalised electron gas in plasmonic hetero-nanoparticles. These
nanoparticles exhibit an increased photocatalytic performance in photodegrada-
tion experiments of organic dyes via the generation of reactive oxygen species in
water-based solvents [20]. The mechanism involves the interaction of hot-electrons
excited in Au and transferred to Pt with oxygen molecules adsorbed on the Pt
surface. The time-resolved optical pump-probe measurements show the enhanced
rate of the hot-electron transfer from Au to Pt with the increase of the Pt
concentration, as well as the role of scavenger molecules dissolved in the solvent
on the hot-carrier dynamics. Additionally, the time-resolved photoluminescence
measurements reveal a quenching of the photoluminescence signal from the Au
nanoparticles in the presence of Pt and an increase in the photoluminescence
lifetime, linked to charge separation in these nanoparticles. These results confirm
the influence of the composition and surroundings on the hot-electron relaxation
processes in bimetallic photocatalytic nanoparticles, important for rational de-
sign of plasmonic photocatalysts and composites with designed nonlinear optical
response.

2 Results and discussion

Nanoparticle fabrication and properties

The nanoparticles studied in this work were fabricated by decorating large silica
particles (150 nm in diameter) with gold nanoparticles (approximately 12 nm in
diameter) produced by liquid phase chemical synthesis. The fabrication procedure
of the SiO2-Au-Pt hetero-nanoparticles is described in detail in Refs. [19, 20].
Large SiO2 spheres were used as an inert support for the Au nanoparticles, both
preventing aggregation of the Au nanoparticles in solution and also maximising
the surface area available for the further deposition of Pt seeds, compared
to Au films. The concentration of the SiO2 nanoparticles solutions is ∼ 0.15
nM. The amount of Au per SiO2 nanoparticle is estimated to be 1.19×10−17

M. The Au nanoparticles are then coated with Pt seed nanoparticles of about
1-2 nm in diameter, forming a structure depicted in Figure 1b. During this
process, Pt seeds selectively deposit onto the Au nanoparticles, not attaching
elsewhere, therefore, forming a direct contact between Au and Pt. The in-depth
study of the morphology of the hetero-nanoparticles, including transmission
electron microscope (TEM) images, energy-dispersive X-ray spectroscopy (EDS)
measurements, and elemental maps of their composition can be found in our
previous papers [19, 20].
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Nanoparticles with a varying concentration of Pt per SiO2 nanoparticle
were fabricated: SiO2-Au-Pt (3.60×10−19 M of Pt/SiO2 particle), SiO2-Au-Pt+
(7.22×10−19 M of Pt/SiO2 particle), SiO2-Au-Pt++ (1.44×10−18 M of Pt/SiO2
particle), SiO2-Au-Pt+++ (2.16×10−18 M of Pt/SiO2 particle). These nanopar-
ticles, initially fabricated in water, were also suspended in glycerol with much
lower oxygen solubility than water.

The geometry of the hetero-nanoparticles, combining both a plasmonic
metal and a metal more active catalytically, provides the advantage of a strong
light absorption by the Au nanoparticles, together with an efficient electron
extraction from the Au to the Pt, where the adsorbates taking part in chemical
transformations are located. The presence of the nm-sized clusters of catalytic
metal directly in contact with Au, with sharp curvature, provides a rough interface
between Au and the surrounding environment. The numerical simulations show
that these material and geometric properties lead to an additional electromagnetic
field enhancement near the Au-Pt nanoparticle junctions [20] and, therefore, a
high density of hot-spots, where hot-carriers are generated more efficiently. The
strong electric field in these areas leads to the highest density of excited hot
electrons and mark the locations where the photochemical reaction rates are
increased [20]. The small size of the Pt nanoparticles also ensures the electron
momentum relaxation, facilitating the electron transfer across the metal surface
due to electron scattering to overcome momentum conservation.

Compared to metal/semiconductor hetero-structures relying on the design
of an optimal charge barrier preventing fast electron-hole recombination [21, 22],
the bimetallic hetero-nanoparticles do not exhibit any interfacial Schottky barrier
through which the hot carriers have to tunnel, resulting in the availability of
more hot carriers for catalytic processes with molecules adsorbed on the Pt
surface [19, 20]. Time-resolved experiments on plasmonic-metal/semiconductor
hybrids revealed various mechanisms for charged transfer dynamics across the
metal/semiconductor interface, including hot electron injection, resonance en-
ergy transfer, plasmon-exciton coupling [23–26]. The role of trap states at the
metal/semiconductor interface [27] and the plasmon energy renormalization due
to charge transfer from semiconductor to a metal particle have also been demon-
strated [28]. The bimetallic hetero-nanoparticles investigated here, in comparison,
represent a simpler experimental system, while also exhibiting high photocatalytic
performances. In addition, compared to their pure plasmonic counterparts, prop-
erly designed bimetallic hetero-nanoparticles generally demonstrate enhanced
photocatalytic activity in various chemical reactions [11, 13, 14, 17]. In particular,
the SiO2-Au-Pt+++ hetero-nanoparticles studied in this work have been shown
to perform better in the degradation of methylene blue organic dye than SiO2-Au
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nanoparticles [20], as well as other metal/semiconductor composite structures
and bimetallic photocatalysts [29–32]. This degradation reaction is facilitated
by the presence of reactive oxygen species, such as hydroxyl radical (·𝑂𝐻) and
superoxide anion radical (·𝑂2

−), which are generated by the interaction of hot
carriers with the surrounding aqueous medium. Photocatalytic experiments using
different solvents and electron/hole scavengers demonstrated the dominant role
of superoxide anion species in the degradation reaction [20].
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Fig. 1: (a) Normalized extinction spectra of the aqueous solution of SiO2-Au and SiO2-Au-
Pt nanoparticles with varying concentration of Pt (see Nanoparticle fabrication section for
the nanoparticle nomenclature). (b) TEM image of SiO2-Au-Pt nanoparticles. Inset shows
an artistic representation of the structure of a composite nanoparticle.

The extinction spectra of the SiO2-Au nanoparticles suspended in water
exhibit a LSP resonance in the 500–700 nm spectral range, with a maximum
around 550 nm (Figure 1a). The broad nature of the extinction peak of the
SiO2-Au nanoparticles is mostly attributed to the increase of the Au particle size
distribution during the growth of the Au nanoparticles onto the SiO2 particles
[20]. While pure Pt nanoparticles do not exhibit LSP in the visible spectral range,
the addition of Pt to the SiO2-Au nanoparticles leads to additional broadening of
the LSP resonance, which can be related to the LSP dephasing arising from the
presence of Pt nanoparticles in contact with Au nanoparticles. The width of the
resonance increases with the concentration of Pt nanoparticles. This observed
behaviour is in agreement with the numerical modelling of the optical response
of the fabricated hetero-nanoparticles, which can be found in Refs. [19, 20].
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Carrier dynamics for different catalytic metal loading

The two-colour time-resolved pump-probe measurements were performed in a
collinear configuration with a 640-nm-wavelength pump and a 514-nm-wavelength
probe. The pump wavelength was chosen to be in the vicinity of the LSP reso-
nance (Figure 1a), while the choice of a probe wavelength allowed to clearly see
the dynamics of the photoexcited hot-electron gas in Au, since photons at this
wavelength have the energy close to the transition from the occupied d-band
to the vicinity of the Fermi level [33]. As a probe, light from an Yb:KGW laser
(Light Conversion Pharos, 230 fs pulses at 200 kHz) was used by converting
the 1028 nm fundamental light to its second harmonic with a BBO crystal.
The pump comes from a tuneable OPA (Light Conversion Orpheus) which is
pumped by the same laser. The relative path length of pump and probe is
adjusted by the use of a delay line, which is scanned from before to well after
pulse coincidence for each measurement. The beams are made collinear by a
mirror arrangement, and the probe is divided in a signal beam, passed through
the sample, and a reference, which is routed around it. Pump and probe beams
are focused inside a cuvette with the nanoparticle solution with a 25x reflective
objective (Thorlabs LMM-25x-UVV). Signal and reference are aligned on the
two photodiodes of a balanced detector. The detector is monitored with a lock-in
amplifier (Stanford Research SR865A), which uses as its reference the frequency
of an optical chopper positioned in the pump path.

Pump-probe traces for the nanoparticles with varying concentration of
Pt in aqueous solution show the photo-induced transparency shortly after the
interaction with the pump pulse (Figure 2a). This is consistent with the decreased
absorption due to the conduction band states filling above the Fermi level in
Au, that suppresses the optical transitions from the d-band to the conduction
band at the probe wavelength. The transient absorption dependences were fitted
with the combination of a single exponential decay, representing the cooling
of the photoexcited hot-electron population, and a single exponential growth,
representing the heating of the phonon bath. Such an assumption is valid in
this case because the nanoparticles are smaller than the skin depth at the
pump and probe wavelengths and, therefore, heating induced by the pump pulse
can be considered uniform. We also do not take into consideration the initial
nonequilibrium stage in the relaxation of the electron gas since it happens on
the timescale shorter (∼ 100 fs) than the (relatively long ∼ 150-200 fs) optical
pulses used in this experiment [34]. The obtained two-exponential dependence is
then convoluted with the Gaussian pulse cross-correlation function (Figure 2a).
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Fig. 2: (a) Pump-probe traces for SiO2-Au-Pt with varying concentration of Pt in water
and glycerol. (b) Dependence of the hot-electron decay time on the concentration of Pt
for SiO2-Au-Pt nanoparticles in (blue circles) water and (orange circles) glycerol. The lines
correspond to an hyperbolic fit Eq. 2. (c) Normalized pump-probe traces for 15 nm Au
films coated with Pt "seed” particles with two concentrations. See Nanoparticle fabrication
section for details of nanoparticle concentrations in (a,b).

A prominent feature observed in the experiment is the substantial decrease
in the temporal response of the nanoparticles with the increase of the Pt
concentration. Due to much stronger electron-phonon coupling in Pt compared
to Au, the hot electrons in bare Pt are expected to reach equilibrium with the
lattice much faster than hot electrons in gold. However, when the metals are in
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contact with each other, faster relaxation in Pt accelerates the energy relaxation
in Au because of the increased hot-electron transfer across the interface in
the attempt to achieve the thermodynamic equilibrium. Essentially, the Pt
nanoparticles in contact with Au act as a sink for the hot-electron population,
because electron-phonon coupling is much greater and the density of states at
the Fermi level is higher in Pt. Similar behaviour has been observed before in
Au/Pt core-shell particles [35] and multilayer gratings [36].

Microscopically, one can describe this behaviour by solving the nonlocal
two-temperature model (TTM) with nonzero electron thermal conductivity [36].
However, for nanoscale metallic systems with length scales less than the free-
electron mean-free path, the electron transfer happens much faster than the
electron-phonon relaxation [37]. Therefore, without the loss of generality, one may
obtain the final decay time, neglecting the non-thermalised electron extraction
effects, by weighting the local responses of bulk gold and platinum with respect
to their densities of states around the Fermi level as [35]

1
𝜏𝑒𝑓𝑓

[𝑁𝑃 𝑡𝜌 (𝜖𝐹 )𝑃 𝑡 + 𝑁𝐴𝑢𝜌 (𝜖𝐹 )𝐴𝑢] =

1
𝜏𝑃 𝑡

𝑁𝑃 𝑡𝜌 (𝜖𝐹 )𝑃 𝑡 + 1
𝜏𝐴𝑢

𝑁𝐴𝑢𝜌 (𝜖𝐹 )𝐴𝑢 (1)

where N𝑃 𝑡/𝐴𝑢 is the number of atoms of Au and Pt in the bimetallic particle,
respectively, and 𝜌𝑃 𝑡/𝐴𝑢 is the density of states near the Fermi level of Pt
and Au, respectively. It has been shown that for the complete Pt shells, the
resulting relaxation time is mainly governed by the energy relaxation in Pt almost
independently of the thickness of the shell [35]. However, in our case, the ability
to control the Pt loading provides the means of tuning the temporal response
of the composite structures. Following similar phenomenological reasoning that
led to Eq. 1, we weight the decay time with respect to the total surface area of
contact between Au and Pt through which the hot-electron transfer takes place.
This surface area is assumed to be a linear function of the concentration. The
corresponding fit

𝜏−1
𝑒𝑓𝑓 (𝑁) = 𝜏−1

𝐴𝑢(1 + 𝛼𝑁) + 𝜏−1
𝑃 𝑡 𝛼𝑁 (2)

is presented in Figure 2b, showing qualitative agreement with the experimental
data.

In order to additionally confirm the role of the Pt contact to Au in the
electron dynamics, we performed a series of pump-probe measurements using
evaporated Au thin films in air coated with the similar Pt seed particles of two
different concentrations (Au film - Pt and Au film - Pt+, higher concentration).
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Similar shortening of the decay time was indeed observed, albeit not so prominent
due to much smaller contact surface area (Figure 2c).

Influence of the environment on carrier dynamics

Having established the mechanism of the photoexcited carrier dynamics in
the particles, we now study a link between the hot electron dynamics and the
photocatalytic response of the solutions. Identical solutions of SiO2-Au and
SiO2-Au-Pt nanoparticles in water and glycerol were prepared. In contrast to
water with significant concentration of dissolved oxygen, glycerol is known to
have a much lower oxygen solubility [38]. The low concentration of oxygen in
the glycerol solution limits the opportunity for hot-electron transfer from Pt
to O2 molecules adsorbed from water on a Pt surface, and has been shown to
suppress the catalytic properties of the studied hetero-nanoparticles [20]. Here,
we investigate how the oxygen solubility may influence the hot-electron dynamics
in the hetero-nanoparticles. Optical transients obtained for nanoparticles in
glycerol are plotted along the transients obtained for aqueous solutions (Figure
2a). The direct comparison shows a weaker amplitude of the pump-probe signals,
as well as slightly reduced decay time in water, where additional hot-electron ex-
traction channel exists (Figure 2b). The different electron-phonon thermalisation
rates maybe related to the greater overall absorption of the pump radiation by
nanoparticles in glycerol. This can be both due to stronger scattering of pump
radiation in aqueous solution before the focus, where pump and probe beams
overlap (due to higher refractive index contrast for water than glycerol) and
higher absorption of nanoparticles in glycerol in the focus due to higher refractive
index of surroundings. Therefore, under identical illumination condition, more
energy of the pump beam is absorbed in the nanoparticles in glycerol leading to
higher hot-electron temperatures. The hotter electron population then decays
slower (Figure 2b) due to inherent nonlinearity of the two-temperature model (the
decay time is proportional to 𝛾Δ𝑇𝑒/𝐺, where 𝛾 is the hot-electron heat capacity
in a free-electron model, Δ𝑇𝑒 is the increase in the electron temperature and
G is the phenomenological electron-phonon coupling constant). It is important
to note that the observed change cannot be explained by the heat dissipation
from the particles to the solvent, since the thermal conductivity of both sol-
vents are small enough for this process to be much slower than the observed effect.

The carriers, which induce photodynamic transformations in adsorbates or
surroundings, are likely to be nonthermalised carriers with high energies in the
conduction band, produced by the light absorption. The lifetime of these hot
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electrons far from the Fermi level, in addition to conventional thermalisation
processes in metal, may also be determined by their transfer to the adjacent adsor-
bates before thermalisation. The modifications of the electron-phonon scattering
dynamics in different solvents due to the electron transfer may not be sensitive
enough on the background of the electron temperature variations discussed
above, but the initial thermalisation rate is important. The initial thermalisation
process, governed by the electron-electron scattering and the electron extraction,
influences the initial rise time of the transient signal and its amplitude. The
pulses used in this work have too long duration to resolve the rise-time variations
(and the shorter pulses, such as those used for determining electron-electron
scatting time in plasmonic CuS nanocrystals [39] are difficult to use with the
solvent). The decreasing amplitude of the transient process with the increasing Pt
loading (Figure 2a), for which the efficient hot-electron extraction increases and
leads to the increased photocatalytic transformation [20], is observed in aqueous
solution where oxygen is present but absent in glycerol solution. The amplitude
is smallest for the nanoparticles for which hot-electron extraction is most effective.

Liquid phase photocatalytic system dynamics can be influenced by addition
of electron or hole scavengers [20, 40, 41]. In this case, we can study the electron
dynamics in the nanoparticles in the same aqueous solution to maintain the
same absorbed energy, and monitor the influence of scavengers on the electron
dynamics. Methanol (CH3OH) was used as a hole scavenger (1.2 𝜇L of 1M
scavenger solution per 1 mL of nanoparticle solution) while AgNO3 with the
same concentration was used as an electron scavenger. This combination of
scavengers have been used recently to assess the photocatalytic performance of
the same nanoparticle system in the methylene blue (MB) photodegradation
experiments [20]. It was demonstrated that the presence of methanol decreased
the photodegradation of MB to a minor extent, while the addition of silver
nitrate completely stopped the reaction, thus emphasizing the role of hot-electron
pathway in the nanoparticle-driven visible light photocatalysis. The time-resolved
optical measurements in an aqueous solution confirms the change of the carrier
dynamics in the presence of scavengers (Figure 3).

While direct hot-electron transfer is not resolved in this experiment (as
discussed above) as it is expected to happen on the femtosecond timescale and
requires access to the initial non-equilibrium stage of the dynamics, we observe
the aftermath of this process in the pump-probe traces. Indeed, the dissociated
Ag+ cations in water are acting as electron acceptors and are reduced into Ag0,
which is is deposited on the surface of the particles. This process then modifies
the hot-carrier decay in the system in the same way as was observed above with
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the addition of Pt. Since the electron-phonon coupling in Ag is much weaker
than in Pt and in fact is close to the values of Au [42], this leads to the partial
recovery of initial decay times of the pure Au nanoparticle composite (Figure
3a). The deposition of Ag on the nanoparticles is also observed in the linear
optical properties of the hetero-nanoparticles (Figure 3b). At the same time,
neither effect was observed when methanol was used as a hole scavenger since
the hot-holes are weakly extracted and oxidation of methanol produces diluted
chemical species that are not expected to interact with the hot carrier ensemble
in the metallic system on picosecond timescales.
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Fig. 3: (a) Pump-probe traces for SiO2-Au-Pt+++ aqueous solution with electron (AgNO3)
or hole (CH3OH) scavengers. (b) Optical transmission spectra of the SiO2-Au-Pt+++ -
AgNO3 solution before and after pump-probe measurements.

Hot-carrier photoluminescence

The mechanism of photoluminescence from gold nanoparticles has for long been
debated but it is now generally assigned to the recombination of photoexcited
electrons with the d-band holes [43–45] and emission of the localised surface
plasmons [46, 47]. This decay mechanism of the hot-electron population directly
competes with thermalisation and nonradiative hot-electron transfer, but due
to its low efficiency, its influence on the other relaxation channels is minimal,
providing access to the non-equilibrium carrier distribution. It has been shown
in various studies with bimetallic photocatalysts reporting photoluminescence
measurements that the PL signal of plasmonic nanoparticles, such as gold, is
quenched when a catalytic metal is added to the surface of the nanoparticles
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[11–13]. This is a signature of the increase in the hot-carrier extraction efficiency
from the plasmonic nanoparticle due to the presence of the catalytic metal.
While time-resolved PL studies of bimetallic nanoparticles are quite sparse,
time-resolved PL of plasmonic nanoparticles, such as gold, has been reasonably
investigated. Results of these studies, however, performed with different types
of experimental setups including time-correlated single photon counting, streak
cameras and femtosecond up-conversion techniques, are relatively divergent and
report very different decay times ranging from tens of femtoseconds to nanosec-
onds [46–50], depending also on the nanoparticle fabrication process. Some results
also appear to be limited by the instrumental response of the systems used [46–48].

We used both PL spectroscopy and time-resolved PL based on a time-
correlated single photon counting technique [38, 51] in order to get insight in the
hot-carrier extraction process from the Au/Pt nanoparticles. The light emission
from hot-carrier recombination can take place at different stages of the carrier
relaxation, for which the corresponding dipolar transitions and local density of
photonic states provide favorable conditions. Since the rate of the PL transitions
is several orders of magnitude lower that electron-electron scattering rate, this
decay channel has little influence on the other relaxation channels and can serve
as a probe for the hot carrier properties.

Photoluminescence measurements from SiO2-Au and SiO2-Au-Pt+++
nanoparticles suspended in both water and glycerol were performed. The
concentration of SiO2 nanoparticles solutions in these PL experiments is ∼
0.45 nM. Light from a supercontinuum laser (20 MHz repetition rate, 400 fs
pulse, 1 mW average power, Fianium), filtered with a 10 nm bandpass filter
centered at 488 nm (ZET488/10x, Chroma), was focused through a cuvette
using a microscope objective (50x, NA = 0.5, Olympus) and the PL signal was
collected via the same objective. A 20 nm bandpass filter centered on 642 nm
(ZET642/20x, Chroma) and a 600 nm longpass (FELH600, Thorlabs) filter were
used in order to record the PL emission decay dynamics of the nanoparticles.
Photoluminescence spectra were recorded using a QE Pro 65000 spectrometer
(Ocean Optics), with a 500 nm longpass filter (FELH500, Thorlabs) to remove
any contribution from the laser to the photoluminescence signal.

The decay dynamics of the various nanoparticles (Figure 4(b,e)) were then
analysed using an inverse Laplace transform method [51], allowing the determi-
nation of the lifetime distributions of the PL from SiO2-Au and SiO2-Au-Pt+++
nanoparticles in different environments. This method does not require any pre-
liminary estimation of the lifetime distribution and is based on the solution of
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Fig. 4: (a,d) Photoluminescence (top) and extinction (bottom) spectra. (b,e) Normalised
decay dynamics deconvoluted from the experimental instrumental response function of the
system. (c,f) Laplace transform amplitude of SiO2-Au (blue lines) and SiO2-Au-Pt+++

(orange lines) nanoparticles in (a,b,c) water and (d,e,f) glycerol. The excitation wavelength
is 488 nm.

the equation

𝐼(𝑡) =
∞∫︁

0

𝐹 (𝜏)𝑒
−𝑡
𝜏 𝑑𝜏 (3)

where 𝐼(𝑡) is the measured decay deconvoluted from the experimental instru-
mental response function of the system and 𝐹 (𝜏) is the relative weight of the
exponential decay components. In order to account for the noise in the experi-
mental PL decays and, therefore, the ill-defined character of inverse methods, an
iterative fitting was performed to obtain stable results.

The PL spectra, extinction spectra and lifetime distributions for several
combination of nanoparticle types and solvents are presented in Figure 4. The
PL spectra show a peak centered around 550 nm, consistent with the gold
luminescence peak arising from the electron-hole recombination near the L-
symmetry point in the Brillouin zone [43, 44]. At the same time the position
and shape of the PL spectra follow the position and shape of the extinction
spectra (Figure 4a,d), being determined by the local density of state profile
associated with the LSPs. The decay times observed in these experiments are in
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the tens of picoseconds range, consistent with those reported in Refs. [49, 52].
Following the literature, we attribute the difference between the relaxation
timescales observed in the pump-probe and PL studies to the recombination
of electrons near the Fermi level. Faster, picosecond decay processes are not
resolved in the PL experiments due to the instrumental response function.
While the extinction of the nanoparticles in glycerol and water are similar, the
PL intensity is higher in glycerol, where there is no hot-electron extraction
channel to dissolved oxygen molecules; the difference is especially pronounced
for Pt-containing hetero-nanoparticles with the PL intensity about 50% lower
in water (Figure 4a,d). The influence of the solvent is also evident from the
extracted lifetime components (Figure 4c,f). The dominant component of the PL
lifetime of the pure Au nanoparticles practically does not depend on the solvent.
At the same time, for the Au-Pt hetero-nanoparticles, the dominant PL time is
longer than for the pure Au nanoparticles in glycerol, but almost the same in
water. This confirms the role of the additional hot-electron extraction channels
in the electron dynamics of the hetero-nanoparticles.

It should be noted that the energy distributions of hot-carriers generated
through LSPs and by direct light absorption can be significantly different. Addi-
tionally, non-instantaneous excitation pulse, compared to the carrier relaxation
time, may lead to the electron-hole pair accumulation during the excitation, influ-
encing the PL dynamics. For pump-probe measurements, the LSP-enhanced free-
carrier absorption only generates the hot-carrier distribution around the Fermi
level in the conduction band. In the PL measurements, the shorter-wavelength
excitation photon (488 nm) may be absorbed through both the interband tran-
sitions in Au and the LSP excitation. The excited hot carriers may be either
extracted from Au (and a hetero-nanoparticle) or thermalise through multiple
scattering (effectively increasing the electron population at lower energy states).
In the absence of the hot-electron receptor in a glycerol solvent, the PL time is
longer as the electron-hole pair is spatially separated after the electron transfer
to Pt. However, when oxygen molecules are present in water, the hot-electron
can be transferred to them leading to the drop in the PL intensity and removal
of the long component from the PL lifetime.

3 Conclusion
The relaxation of excited hot-carriers in Au/Pt hetero-nanostructures was in-
vestigated using transient dynamic measurements and time-resolved photolumi-
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nescence. Our results show that, on the picosecond timescales, the relaxation of
the photoexcited hot-electron gas is accelerated in the presence of Pt, due to
an increase in the hot-electron transfer across the gold-platinum interface and
stronger electron-phonon interaction in platinum. Variable concentration of Pt
in the hetero-nanoparticles allows controlling this process quantitatively. It was
shown that the environment only weakly affects the hot-electron dynamics on
the time scales of the electron-phonon interaction, however signatures of electron
transfer to the surroundings can be observed in the amplitude of the pump-probe
traces and the modifications of the electron-phonon coupling after photocatalytic
decomposition observed in the experiment with hot-electron scavengers. The
time-resolved photoluminescence measurements revealed that the presence of Pt
lead to a decrease of the photoluminescence intensity of the Au nanoparticles,
particularly prominent in an aqueous solution, where the pathway for the electron
extraction to oxygen molecules from the non-equilibrium distribution is present.

This combination of pump-probe and time-resolved PL measurements
shed light on the hot-carriers relaxation mechanisms of bimetallic hetero-
nanostructures and the influence of the environment on the electron dynamics,
which is of significant interest in the development of efficient hot-carrier-assisted
photocatalysts as well as plasmon-semiconductor based devices.
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