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ABSTRACT: Plasmon hot carriers are interesting for photoredox TiO,

chemical synthesis but their direct utilization is limited by their ultrafast

thermalization. Therefore, they are often transferred to suitable accepting )771 /e‘. OZNOOH
+

materials that expedite their lifetime. Solid-state photocatalysts are x NaBH, au ) % NaBH
technologically more suitable than their molecular counterparts, but \ = 4

their photophysical processes are harder to follow due to the absence of >+ he / H.N OOH
clear optical fingerprints. Herein, the journey of hot electrons in a solid- :
state multimetallic photocatalyst is revealed by a combination of ultrafast
visible and infrared spectroscopy. Dynamics showed that electrons formed
upon silver plasmonic excitation reach the gold catalytic site within 700 fs and the electron flow could also be reversed. Gold is the
preferred site until saturation of its 5d band occurs. Silver-plasmon hot electrons increased the rate of nitrophenol reduction 16-fold,
confirming the preponderant role of hot electrons in the overall catalytic activity and the importance to follow hot carriers’ journeys
in solid-state photosystems.

Na* + BHg + H*
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L ight is used in a multitude of processes, from energy and fingerprints. Charge transfer to the catalyst is often deduced by

chemical production to therapy. The development of signal quenching.”
energy efficient lighting devices and sunlight abundance have Herein, we report an ultrafast spectroscopic study of
made light a versatile and cost-effective reagent. Plasmonic plasmon-created hot electron flow in a multimetallic
materials have optical absorptions that exceed 10-fold their nanostructure consisting of Ag-TiO,—Au, where silver, TiO,,
cross-section, making them uniquely suitable light converters and gold act as a photosensitizer, electron relay, and catalyst,
into electric carriers. Optical excitation of the localized surface respectively. Dynamics showed that plasmon-formed hot
plasmon resonance (LSPR) creates hot carriers"” that can be electrons on silver take 700 fs to reach the catalytic site
. . .33 . 911 . .

used in chemical transformations® " and photovoltaics. through the electron relay. The catalyst is the favoured site
Their relaxation liberates thermal energy that can be used in until the saturation of the gold 5d band. The plasmon-
photothermal processes, such as catalysis,'*'* desalination,'*'* mediated process increases 16-fold the rate of nitrophenol
cancer therapy,16 and sensing-” reduction, confirming the presence of accumulative charge

Plasrlrflgon hot carriers with energy up to the absorbed photon separation”® necessary to fulfil the requirements on multi-
energy o mu@tiply rapidly, decreasing. their average .therme‘ll charge photoredox processes. Gold is considered the noblest of
energy.  This ultrafast charge relaxation process limits their the metals,”’” but Haruta et al.>* demonstrated that gold at sub-
direct utilization."®*° Their transference to a suitable acceptor, 10 nm is active due to depopulation of the 5d band caused by
such as semiconductor, can extend their lifetime™" *"** as well hybridization with the 6sp band.” Since then, gold has been

as proton-coupled electron transfer events.”> Semiconductors
have characteristically low surface reactivity; therefore, the hot
carriers are subsequently transferred to a catalytic site, e.g,
metallic nanoparticles (NPs)."”

Solid-state systems are stabler and better for application in
photocatalysis than their molecular counterparts. Under-
standing energy and hot carrier flow in plasmonic solid-state
nanostructures is essential to exploit their potential. Aslam et
al.**** were able to control the energy flow on a multimetallic
nanostructure composed of silver nanocubes and platinum.
However, the hot carriers’ journeys in solid-state systems
remain elusive because their photophysical processes are
noticeably harder to follow, due to the absence of clear optical

found active in several reactions, e.g., nitrogen 9 and alkane
activation,”’ carbonylations,‘?’2 acetylene hydrochlorination,33
and selective CO, reduction catalyst in aqueous media.””*
The complete multimetallic system consisted of gold NPs
sandwiched between TiO, layers. The sandwich structure was
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Figure 1. Morphology and optical properties. TEM images of the silver NPs and the size distribution as an insert (a); TEM images of the gold NPs
on TiO, and the size distribution as an insert (b); schematic overview of the full multimetallic system (c); and UV—vis absorbance spectra of the
full multimetallic system and the gold and silver absorbances as inserts (d).

immersed in an aqueous colloidal solution to attach silver NPs.
A schematic overview of the system, as well as the associated
absorption spectra of the system, can be found in Figure 1c and
1d, respectively. Further preparation and characterization can
be found in the Supporting Information (SI).

Silver NPs were prepared via a modified version of the
polyol process® that yields spherical NPs with a mean
diameter of 22 nm (TEM analysis, Figure la). DLS
measurements (Figure S3) showed larger particle size because
the hydrodynamic radius is sensitive to the PVP capping layer,
undetectable by TEM. The PVP layer avoids Fermi level
pinning upon charge injection to passivate the TiO, surface.*®
The silver NPs exhibited a single LSPR peak at 404 nm (Figure
$4). Gold NPs were formed by evaporation and subsequent
annealing of a 1 nm gold layer. The procedure yielded uniform
gold NPs with an average diameter of S nm (TEM analysis,
Figure 1b), thus within gold active range.”® Upon assembling,
the Ag NPs LSPR red-shifted by 16 nm (Figure 1d) due to the
change in the dielectric environment.”” The ratio between
silver and gold was determined by SEM EDS (Table S1), using
10 randomly selected sample spots. The average silver/gold
ratio was found to be 84 =+ 1.1, indicating a uniform
distribution of silver and gold on the prepared films and excess
of photosensitizer silver NPs.

Transient absorption spectroscopy was used to gain an
insight into the charge carrier dynamics. An excitation
wavelength of 435 nm was chosen as the best comprise
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between exciting silver near its LSPR and having a low
response resulting from gold interband transitions,” which
occur in the same spectral region (Figure S12). The studies
were performed using the same photon density (200 W and
fixed aperture), enabling a direct comparison of the samples.
The selected wavelength also avoids any signal related to the
excitation of the TiO, bandgap or trap states (see Figures S14
and S15).

The plasmonic response of silver NPs in the visible regime
was studied in the complete system (Figure 2c) and without
gold catalyst (Ag-TiO,; Figure 2b). An additional sample
comprised of silver NPs on ZrO, was used as a noninjectable
reference'’ (Figure 2a). For both silver and gold NPs, light
excitation resulted in a change in the internal electronic
structure of the NPs that broadens the plasmon resonance,
resulting in the characteristic transient signal comprised of a
bleach around the NPs LSPR surrounded by two positive
winglets. The signal decay is known to be dominated by
electron—phonon scattering (e-ph),”” the dominant cooling
pathway for hot electrons following ultrafast electron—electron
scattering.”” Figure 2e shows the kinetics at 470 nm (where the
silver transient bleach occurs) for Ag-ZrO,, Ag-TiO,, and the
full multimetallic system. Signal fitting was performed using the
instrument response function (IRF) convoluted with a
monoexponential decay and an infinite lifetime when TiO, is
present, as signals did not decay to zero. The rising-edge region
at 470 nm is assigned to electron—electron scattering
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Figure 2. Transient absorption spectra of Ag-ZrO, (a), Ag-TiO, (b), and Ag-TiO,—Au (c). Resulting transient absorption spectra after subtracting
the data of panel b from ¢ (d). Kinetic traces extracted at 470 nm from panels a, b, and ¢ (e), and traces of the gold signal at 550 nm (bleach) and

680 nm (winglet) (f).

events,'"”” but in the present case the determined time
constant was below the instrumental resolution (ca. 150 fs);
thus, one can only state that those events happen in less than
150 fs, as expected.’ Kinetic analysis of the decay part revealed
a faster decay component for Ag-ZrO,, corresponding to e-ph
scattering, of 1.1 ps, in comparison to Ag-TiO, and Ag-TiO,—
Ay, of 1.7 and 1.5 ps, respectively. The reduced e-ph scattering
time observed on ZrO, is attributed to the blue-shift of the
silver LSPR on ZrO, caused by the difference in dielectric
constant between ZrO, and TiO,,* resulting in excitation
taking place further away from the LSPR and consequently
giving rise to lower electron temperature and faster cooling.

8222

Furthermore, the kinetic traces not decaying to zero for Ag-
TiO, and Ag-TiO,—Au within the experimental delay line (ca.
S ns) indicates the presence of a residual amount of
unrecombined holes in silver, suggesting electron injection
taking place from silver into TiO,. This explanation is further
supported by the appearance of a broad signal from 620 to 740
nm for the Ag-TiO, and Ag-TiO,—Au samples (Figure 2b and
2¢), attributed to electrons in the TiO, conduction band,”" as
confirmed by measuring the transient response of bare TiO,
when pumped above the bandgap at 330 nm (Figure S13).
The injection is apparent from the responses of the
multimetallic system in the visible regime but is considerably

https://dx.doi.org/10.1021/acs.nanolett.0c03344
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overlapped with the other signals. Therefore, we opted to
perform similar experiments but probing in the mid-infrared
regime, where free charge carriers in the conduction band of
TiO, yield a characteristic, strong, featureless absorption,41
enabling us to study electron injection into TiO, without
overlaps (Figure 3a). Kinetic traces extracted at 5200 nm can
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Figure 3. Transient infrared absorption spectra of Ag-TiO,—Au (a).
Kinetic traces at 5200 nm extracted from TIRAS spectra (b).

be found in Figure 3b. A time of approximately 220 fs
associated with charge injection from silver into the TiO,
conduction band was found by the fitting of the rising edge
with a monoexponential growth function. This time was
virtually unaffected by the addition of gold NPs (ca. 240 fs),
signifying that electrons are indeed relayed via TiO,. The lower
signal magnitude for the full system suggests rapid transference
of some electrons from TiO, to gold NPs. The measured decay
of the sample with and without gold was fitted using two-
exponential decay functions and an infinite lifetime compo-
nent. Addition of gold resulted in a decrease of both time
components from 4.1 to 3.0 ps and from 600 to 550 ps,
respectively, and most importantly a significant decrease in the
AA values. In the absence of gold, the measured decay is
attributed to recombination processes across the TiO,—Ag
interface. The difference in decay kinetics and signal amplitude
upon gold addition indicates the appearance of a new channel
that competes for the hot electrons in the TiO, conduction
band, which was intuitively assigned to electrons being
transferred from TiO, to gold. This is somewhat probable
considering the energetics of the complete system, with the
Fermi level of gold located at energies below the silver Fermi
level and TiO, conduction band edge position.
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Note that the observed TIRAS signal for electrons in the
TiO, conduction band does not establish their origin, which
can come from several processes, namely, (i) enhancement by
the near-field of the silver NPs; (ii) enhancement by the near-
field of the gold NPs; (iii) plasmon-induced resonant energy
transfer (PIRET), and (iv) hot carriers generated directly in
the silver NPs. We observed experimentally (SI; section on
Reverse electron flow, pages 21—25) that the electron flow
could be reversed by exciting the system at 550 nm (gold
LSPR resonance). The signal trends were similar to what was
observed when silver was excited, suggesting that electrons
come from plasmon excitation. Additionally, and as afore-
mentioned, the residual signal associated with unrecombined
holes in the plasmonic structure that was excited is only
consistent with a plasmon-mediated electron transfer mecha-
nism.

While decreases in lifetimes of electrons on a semiconductor
relay (TiO, here) have been reported before upon addition of
a catalytic site that electrons can preferentially move to,”° the
process has remained elusive and without direct proof. The use
of gold here, however, allows for direct observations of changes
in gold’s electronic structure reflected by its transient
absorption response following silver excitation. Figure 2d
shows the difference spectrum between the full multimetallic
system and Ag-TiO, pumped at identical fluences, and the
associated kinetics extracted at the bleach and high-wavelength
winglet of this difference spectrum is presented in Figure 2f.
The corresponding transient absorption spectrum of Au-TiO,
pumped at 435 nm and kinetic analyses can be found in
Figures S16 and S17, respectively, for comparison. Three
important differences between these spectra are to be noted.
First, the signal amplitude in the difference spectrum extracted
from Ag-TiO,—Au is significantly higher than the one observed
when pumping Au-TiO, pumped at 435 nm, indicating a larger
hot carrier population. Second, the monoexponential fitting of
the signal deca;r that provides information about the e-ph
scattering time”” revealed a significantly increased e-ph cooling
time, from 1.4 to 1.6 ps on Au-TiO, pumped at 435 nm
(Figure S17) to 2.2—2.4 ps (Figure 2f) for the full system. The
changes were rationalized as that higher electron density on
gold in the full system will result in slower cooling, similar to
the electron—phonon bottleneck reported for other sys-
tems.*”*’ Third, and possibly the most important of all,
there is a clear time lag (ca. 450—500 fs) in the rising edge
component of the complete system, which is not present on
the signal of Au-TiO, when pumped at 435 nm, that shows the
expected edge rising at time zero with a time constant outside
our instrument time resolution. The time lag in the AA signal
was assigned to the travel time of hot electrons originated from
the silver-plasmon to reach the TiO,—Au interface. Once at
the TiO,—Au interface, the electrons take roughly 190 fs to
move from TiO, to gold, indicating that most hot electrons
initially created at the plasmonic silver site reach the gold
catalytic site in 650—700 fs. It is recognized here that this time
is extremely fast, and assuming a 1 ym TiO, thickness, which
roughly corresponds to the minimal thickness for screen-
printed TiO, films, an electron travelling velocity in the order
of 10° m s™! is required. Thermal velocities in the order of 10°
m s™" of electrons at room temperature in bulk semiconductors
have been reported.** The electrons having larger energies
than just thermal energy could explain the higher velocity. We
speculate, however, that the presence of silver NPs in the
mesoporous TiO, channels is more likely to cause this rapid
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Figure 4. Kinetic traces at three different pump-powers, extracted at 5200 nm for the Ag-TiO,—Au system (a), power dependence measurements,
kinetics extracted at 5200 nm (b), and proposed model to account for the observed results in the power dependence measurements (c). The gap
between silver and TiO, in (c) represents the PVP layer that prevents Fermi level pinning upon charge injection.

electron transfer, as this could significantly decrease the Ag—
Au distance, which would subsequently also result in lower
required electron velocities.

The dependence of the AA signal in the mid-infrared
regime, attributed to free charge carriers on TiO,,*"* on the
pump fluence is presented in Figure 4a. Since electrons reach
gold on ultrafast time scales (<1 ps), these measurements were
performed only up until a 10 ps pump—probe delay. Twenty
measurements at each power were performed, and the
obtained average decay was fitted with a monoexponential
function on the time scale of the measurement. The AA signal
at 0.6 ps was extracted as the transient absorption measure-
ments had shown the maximum amplitude of the gold
plasmonic response to occur at this time (Figure 2d and 2f).
As shown in Figure 4b, a clear linear increase in signal intensity
for Ag-TiO, and Au-TiO, is observed upon increasing the
pump fluence. As expected, the increase observed for Ag-TiO,
is significantly steeper than for Au-TiO,, ie., at 1.12 yW™'
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versus 0.22 W™, since the LSPR of silver is excited at 435
nm, resulting in a larger formation of hot, injectable electrons
than in case of gold, where direct interband transitions are
primarily excited at 435 nm.”® Interestingly, extrapolating the
fitted line for Au-TiO, to a theoretical zero power value yields
a nonzero AA value. We speculate that this is a result of
plasmon-induced interfacial charge transfer*® or direct
interfacial charge transfer.”” Both processes happen within
10s of fs and are beyond the time resolution we can achieve.
The fact that this is observed only when gold is present is likely
due to the direct contact between gold and TiO, and the
absence of capping ligands, which, as observed for the Ag-TiO,
sample, seem to inhibit these processes.

An evaluation of the response obtained for the full
multimetallic system shows the presence of two distinguishable
regimes, i.e., a low power regime, in which an increase of the
pump fluence results in an increase of the AA signal of 0.35
W', and a high-power regime, where a 1.16 gW™" increase in
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Figure 5. Proposed reaction scheme for the reduction of 4-nitrophenol under light irradiation of the prepared multimetallic system (a) and the
setup used to carry out the catalytic measurements (b). Observed apparent catalytic rates, determined via UV—vis spectroscopy (c), with the top
panel depicting monometallic systems with light and the bottom panel depicting the full multimetallic system.

the AA signal is observed. We attribute this sudden change in
slope around 125 uW to the saturation of the partly unfilled 5d
states of gold.”” Gold is considered the noblest of the metals
due to its largely filled 5d band,”” which reduces its ability to
adsorb molecules and accept an electrical charge.”* " The
detected saturation point does not necessarily equate to the
point at which the gold 5d band is filled; rather, it suggests that
after this point it is hard to transfer more charge to gold
nanoparticles. Further substantiation for this assignment is that
the saturation point is sensitive to the gold concentration,
shifting to higher pulse energies with an increase of gold
concentration. Once at gold, hot electrons should remain there
for a significant time since the electronic barrier between the
TiO, conduction band and gold is ca. 0.8 eV and thus not
thermally accessible to enable fast back electron transfer.”">>
After the saturation point, transference to gold is largely
suppressed, and thus, the injected electrons originated from
silver-plasmons remain in TiO,. The small increase in slope at
pump powers below the saturation point indicates that while it
is energetically favourable for electrons to move to gold (ca.
0.8 eV), not all injected electrons reach the gold NPs. The
nearly identical slopes obtained after the saturation point
illustrate that further injected electrons remain on TiO, until
recombination occurs.

The overall process is summarized in Figure 4c. Upon light
absorption by silver NPs, plasmons were created and relaxed
into hot carriers, omitted from the scheme due to space
constraints. The thermalized hot electrons were injected into
TiO, in 220—240 fs through the PVP layer,*® used to prevent
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Fermi level pinning. The PVP layer is expected to affect
electron transfer,”® but assessing its influence is outside the
scope of this work. The injected hot electrons were
subsequently transferred to the catalytic gold site within ca.
450—500 fs after their injection into TiO,. The process was
continued until saturation of the gold electronic structure
occurred.

The multimetallic system photocatalytic activity was
evaluated using the 6e” reduction reaction between 4-
nitrophenol (4-NP) and NaBH, (Figure 5a).”*>> Since silver
and gold NPs have both been reported to catalyze this reaction
in the absence of light, the reaction is ideal to assess any
changes in catalytic activity upon excitation of the silver LSPR.
Figure Sb shows the setup used in these experiments.*® Tests
were performed in dark and with light and using 100-fold
excess of NaBH,, to extract the apparent reaction rate from the
pseudo-first-order rate kinetics (SI, page 5).>* As is evident, in
the case of Au-TiO,, the apparent rate is increased by a factor
of 1.35, whereas in the case of Ag-TiO,, an increase of 4.3
times was observed upon laser excitation, which is in line with
the laser excitation being performed closer to the silver LSPR
(Figure Sc, top panel, and Figures S32—S34). We attribute
these rate enhancements to an increase in electron density on
the NPs due to the holes on the metal NPs being regenerated
by the hydride source, while injected electrons also return to
the NP, resulting in an overall larger number of electrons. The
slower increase observed for gold is in good agreement with
the results presented in Figure 4, showing a significantly lower
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electron injection for Au-TiO, than for Ag-TiO,, as expected
based on the relative LSPR peaks of gold and silver.

Upon testing the full system (Figure Sc bottom panel), a 16-
fold rateincrease was observed when illumination at 445 nm is
applied, and an apparent rate constant of 1.85 X 107> s™" is
found, surpassing by one order of magnitude the combined
reactivity of the two individual systems. The results obtained
here are in good quantitative agreement with those obtained by
Hajfathalian et al.”” on AuCu bimetallic structures. This study,
however, adds an active support , TiO,, which acts as an
electron relay, to the complete system, thereby resemblin§
more closely the design of nature’s photosynthetic system.’
The role of gold as a catalytic site and as a means to increase
the electron lifetime can be inferred from these and the
ultrafast transient absorption results. Note that in all cases the
only product detected was 4-aminophenol,**® as confirmed
by the appearance of the peak at around 300 nm and an
isosbestic point at ca. 320 nm (Figures S35—542). It should be
mentioned that due to experimental limitations concerning
CW laser power output, it was not possible to reach electronic
saturation of gold and observe reduced kinetics. However, even
if that were possible, we speculate that reduced kinetics would
be observed before gold saturation due to mass transfer
limitations.

In summary, the journey of a hot electron in a solid-state
photocatalyst was followed in real-time. Ultrafast studies
revealed that plasmon-generated hot electron transfer from
the photosensitizer (silver NPs) to the catalytic site (gold NPs)
via a semiconductor relay (TiO,) takes roughly 700 fs. The
presence of gold was shown to enhance charge separation,
contributing to a 16-fold increase in photocatalytic activity in
the studied model reaction. The studies also revealed gold NP
electronic saturation, confirming effective electron transport to
the catalytic site and limited capacity of the gold Sd band. The
observations revealed that multimetallic photoredox systems
containing plasmonic materials are highly effective in
generating and utilizing hot carriers, and thus, we forecast
their widespread utilization in photocatalysis and photo-
voltaics.
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