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ABSTRACT: Harvesting of plasmon-induced hot carriers at the
metal/semiconductor interface o)ers a promising and innovative
avenue for solar energy conversion. However, their practical
implementation is often hampered by their limited e5ciencies.
Herein, we have demonstrated a highly e5cient plasmonic hot
electron transfer with a quantum e5ciency (QE) of up to 57 ± 4%
from 5.25 nm Au nanoparticles (NPs) to TiO2 films under 400 nm
ultrafast laser excitation. The observed hot electron transfer QEs
decrease at larger particle sizes, to 20% for 9.1 nm Au, and show
negligible changes with excitation wavelengths at 400, 500, and 600
nm. Analysis of the size and excitation wavelength dependent hot
electron transfer QEs suggests they contain contributions of
interband absorption, indirect plasmon-induced hot electron
transfer (PHET), and direct plasmon-induced interfacial charge transfer transition (PICTT) pathways, and QEs of all three
pathways increase at smaller Au size. Our result suggests that reducing plasmon particle sizes is a promising approach for e5cient
plasmonic hot-carrier extraction.
KEYWORDS: Au nanoparticles, TiO2, surface plasmon resonance, hot electron transfer, plasmon damping

Plasmonic metallic nanomaterials integrated within a
semiconductor matrix have found applications in photo-

catalysis, photovoltaics, and photodetectors because they
enhance the light harvesting capabilities of the semiconductor
and/or enable hot-carrier transfer across the metal/semi-
conductor interface.1−7 Hot electron transfer at the Schottky
junction at the metal/semiconductor interface is often thought
to occur through the conventional indirect plasmon-induced
hot electron transfer (PHET) pathway.8−12 The e5ciency of
the PHET process depends on two sequential steps: hot
electron generation (HEG) in the metal nanoparticles (NPs)
and hot electron transfer (HET) across the interface. In metals
such as Au, plasmons can decay through the interband
excitation of electrons from the d-band to sp-band and or the
intraband (sp → sp band) excitation of electrons from below
to above the Fermi level, and the interband pathway dominates
in large Au particles, leading to a low HEG quantum e5ciency
(QE) of hot electrons above the Schottky barrier.13−15

Furthermore, HET competes with hot electron relaxation in
metal to lower the HET QE, which further lowers the overall
PHET QE.13−15

In recent years, significant research e)ort has been devoted
to developing approaches to improve the plasmonic hot
electron transfer QE, and two e)ective approaches have been
reported.16−18 In the first approach, by controlling the

plasmonic particle size, the relative contributions of intraband
and interband plasmon decay pathways can be a)ected to alter
the hot electron energy distribution. For example, it was shown
that the PHET QE in Au-tipped CdS nanorods can be
enhanced from 1% to 18% by reducing the Au NP size from
5.5 to 1.6 nm.18 In the second approach, strong coupling
between the metal and semiconductors can lead to chemical
interface damping (CID), in which plasmons can decay by
directly exciting an electron across the metal/semiconductor
interface through plasmon-induced interfacial charge transfer
transition (PICTT).10,19−23 For example, it was demonstrated
that hot electron transfer in Au-tipped CdSe nanorods is
dominated by the PICTT pathway with an impressive QE of
∼24%.18 It is further demonstrated that in Ag/TiO2 films both
the PHET and PICTT contribute to the plasmonic hot
electron transfer and QEs of both processes increase at small
Ag particle sizes, leading to a total hot electron transfer QE of
up to 53% in small Ag NPs.16
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In this work, we aim to examine whether the previously
reported approaches for improving plasmon-induced hot
electron transfer can be extended to the Au/TiO2 interface
by systematically examining the hot electron transfer QE as a
function of the Au particle size. Although plasmon-induced hot
electron transfer at the Au/TiO2 interface has been
reported,7,24−26 there have not been systematic examinations
of its size dependence and the HET mechanism remains
unclear. Furthermore, hot electrons can also be generated by
interband absorption within a metal, and it remains unclear
whether interband excitation can also lead to e5cient hot
electron transfer at the metal/oxide interface. Using transient
IR absorption spectroscopy and by using Ru(dcbpy)2(NCS)2
[dcbpy = bis(4,4′-dicarboxy-2,2′-bipyridine)]-sensitized ana-
tase nanoporous TiO2 films (RuN3/TiO2) as a reference of
100% electron transfer, we measured the hot electron transfer
at the Au/TiO2 interface as a function of Au particle size. We
observe that the HET QE increases at smaller Au particles
similar to the previous report of Ag/TiO2 and an impressively
high HET QE of 57 ± 4% can be achieved at 400 nm
excitation for small Au NPs (∼5.25 nm). Analysis of the size
and excitation wavelength dependence of plasmon damping
and HET QE enables us to identify the relative contributions
of interband excitation, PHET and PICTT pathways, and their
dependence on the Au particle size.
Au NPs of di)erent sizes were synthesized following

previous literature procedures with minor modifications.27
Four colloidal Au particle samples with average diameters of
7.86 ± 0.65, 4.56 ± 0.29, 4.10 ± 1.00, and 3.56 ± 1.29 nm are
used in this study. Au/TiO2 thin films were fabricated by
following the previous procedures provided in the Supporting
Information (SI). This resulted in four Au/TiO2 samples with
average Au diameters of 9.13 ± 1.43, 8.51 ± 1.49, 6.86 ± 1.03,
and 5.25 ± 0.89 nm. These colloidal Au particles and Au/TiO2
films are referred to as Aux.x and Aux.x/TiO2, respectively, with
x.x being the first two digits of the average Au particle size. A
representative transmission electron microscopy (TEM) image
of colloidal Au4.5 NPs is shown in Figure 1a, alongside an inset
showing a magnified TEM image and a distribution histogram
of the particle size. Figure 1b represents high-resolution TEM
of Au8.5/TiO2 films, revealing interplanar spacings of 0.21 and
0.35 nm corresponding to the (200) and (101) lattice planes of
Au and TiO2, respectively.28,29 A complete set of TEM images
and size distributions of colloidal Au and Au NPs in TiO2 films
are shown in Figure S2 and Figure S3, respectively.
The steady-state UV−vis absorption spectra of Au8.5/TiO2,

RuN3/TiO2, TiO2, and Al2O3 are shown in Figure 1c. Figure
1d and Figure S4a show the size-dependent extinction spectra
of Au particles in solution, respectively. In this size regime, the
scattering due to Au NPs is negligible and the extinction
spectra of Au NPs in solutions can be considered as their
absorption spectra. For Au/TiO2, there is considerable
scattering due to the nanoporous TiO2 film. The absorption
spectra of Au/TiO2 are calculated from the measured
transmission spectra and di)use reflection spectra (DRS), as
shown in Figure S5a,b,c,d and described in Figure SI4. As
shown in Figure S4b,c, compared to colloidal Au particles in
solution, the surface plasmon resonance (SPR) band of Au
NPs on TiO2 films shows a broadened width and red-shifted
peak position. To obtain the plasmon bandwidth, steady state
absorption spectra were fitted with the sum of the plasmon
band and interband absorption of Au (Figure 2a, Figure S6,
Figure S7, and Table S2) following the procedure described in

SI5.16,27 The fit also reveals how the total absorbance at each
wavelength (ODtot) can be decomposed into a sum of plasmon
absorption (ODpla) and interband absorbance (ODint). The
percentages of absorbed photons by plasmon absorption, i.e.,
ODpla/ODtot, are 78%, 49%, and 7% at 600, 500, and 400 nm,
respectively. The SPR width as a function of 1/R for both Au
colloidal particles and Au/TiO2 films is shown in Figure 2b,
and the total plasmon damping rate is fit to the sum of bulk
(γbulk), surface (γsurf), and interfacial damping or CID (γint)
rate.17,30,31 The fit reveals that both γsurf and γint increase
linearly with 1/R. Detailed analysis is provided in SI6.
Ultrafast mid-infrared transient absorption spectroscopy was

utilized to investigate the size-dependent hot electron transfer
at the Au/TiO2 interface with 400, 500, and 600 nm excitation.
All excitation wavelengths fall below the interband excitation

Figure 1. (a) Transmission electron microscopy images of Au4.5 NPs.
Inset: magnified image of the selected area (left) and size distribution
histogram of the synthesized gold NPs (right). (b) High-resolution
TEM image of Au8.5/TiO2 films. The interplanar spacing of the
anatase TiO2 film is approximately 0.35 nm. (c) Steady state
absorption spectra of Au8.5/TiO2, RuN3/TiO2, and TiO2 and a bare
sapphire window. (d) Comparison of UV−vis absorption spectra
calculated from DRS of all fabricated Au/TiO2 films.

Figure 2. (a) Measured steady state absorption spectrum of Au8.5/
TiO2 and its fit (blue-gray line) to the sum of three components: the
Au SPR band (dark cyan area) and Au interband absorption (dark red
area). (b) The SPR band widths of pure gold NPs (filled circles) and
Au/TiO2 (filled diamonds) NPs as a function of 1/R (where R is the
gold nanoparticle radius) and their linear fits (dashed line).
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threshold of anatase TiO2 (∼380 nm). Photoinduced electron
transfer to the TiO2 conduction band (CB) introduces a broad
intraband mid-IR absorption, as shown in Figure 3a. The ET
kinetics of Au/TiO2 and RuN3/TiO2 films measured with an
excitation wavelength of 500 nm and probe wavenumber of
∼2222 cm−1 are shown in Figure 3b, Figure S9a (400 nm), and
Figure S9c (600 nm), respectively. In these figures, the TA
signal amplitudes have been scaled to correspond to the same
number of absorbed photons by both Au NPs and RuN3 dye
molecules at the excitation wavelength, and the contribution of
direct excitation of TiO2 has also been subtracted, following
the procedure described in SI8. The rise time of the mid-IR
TA signal is attributed to ET from RuN3 and/or Au NPs to
TiO2.7,16 The decay of the TA signal corresponds to back
electron transfer to RuN3 or Au from the CB of TiO2 and hot
electron relaxation within TiO2.16,32 The transient mid-IR
absorption kinetics can be fit by a model developed previously
for RuN3/TiO2 and Ag/TiO2, as described in detail in SI8
(Figure S8).16,32 At 500 nm excitation, for Au8.5/TiO2, the rise
component of Ne(t) shows a time constant of 0.17 ± 0.03 ps,
and its decay can be fitted by three exponential decay
functions, with time constants (and amplitudes) of 2.40 ± 0.7
(33%), 17.6 ± 18 (36%), and ≫1 ns (30%), similar to those
observed in Au/TiO2 and Ag/TiO2 films.16,25 From the fitting
parameters, the half-life of population decay (due to back
electron transfer) can be calculated as 6.6 ps. All fitting
parameters are summarized in Tables S4, S5, and S6 for
kinetics measured with excitation at 400, 500, and 600 nm,
respectively. Analysis of the fitting parameters reveals that the
rise time and recovery time for Au NPs of di)erent sizes are
similar, suggesting that both the ET time and the back ET time
are independent of the size of the NPs. Furthermore, these
kinetics are also similar at di)erent excitation wavelengths.
From the fitting results, we can determine the relative

population of injected electrons in TiO2 for RuN3/TiO2 and
Au/TiO2 samples of di)erent Au sizes at di)erent excitation
wavelengths. It has been reported that the electron injection
QE in RuN3/TiO2 is unity.33 Thus, by comparing the maximal
injected electron populations in Au/TiO2 to that in RuN3/
TiO2 and by accounting for the number of absorbed photons
in these samples, we can determine the hot electron transfer
QE in Au/TiO2 samples. As shown in Figure 3c, the HET QEs
for Au/TiO2 at 500 nm excitation were found to decrease at

larger Au particle size, changing from 56 ± 11% for the
smallest (5.25 nm) Au particles to 18 ± 2% for the largest (9.1
nm) Au particles. Similarly, the size-dependent trends for the
HET QEs are observed at 400 nm excitation (Figure S9a,b)
and 600 nm excitation (Figure S9c,d). Pump fluence
dependent electron injection electron kinetics traces are
presented in Figures S10 and S11 and indicate no multiphoton
absorption (Figure S12). TAIR of Au8.5/Al2O3 shows
negligible signal, and bare TiO2 films show much smaller
mid-IR signal (Figure S13). The latter represents the
contribution of direct excitation of TiO2 and has been
subtracted from the total signal of Au/TiO2, as described in
SI8. The measured HET QEs as a function of Au NP size at
di)erent excitation wavelengths are compared in Figure 4a.
The total hot electron transfer quantum e5ciency is given

by eq 1: Ä
Ç
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In eq 1, the total hot electron transfer QE consists of the
contributions of plasmon excitation and interband excitation,
with the percentages of absorbed photons of OD

OD

pla

tot

, and OD

OD
tot

int ,

respectively. Following our previous model,16 plasmon
excitation can proceed by indirect PHET and direct PICTT
pathways. Surface damping gives rise to hot ET through the
PHET pathway, while interfacial damping leads to hot electron
transfer through the PICTT pathway (Figure 4c). The
sequential PHET, process (1) in Figure 4c, is given by the
first term in eq 1.16 The decay of plasmons within Au is
primarily through the generation of electron−hole (e-h) pairs
via sp−sp intraband and d−sp interband transitions.14,34
Because the Au d-band is ∼1.8 eV below the Fermi level,
the interband plasmon decay pathway deposits most of the
plasmon energy in the hole in the d-band, with negligible hot
electrons at energy above the TiO2 CB edge. In small
plasmonic particles, enhanced surface damping facilitates
plasmon decay in intraband excitation, which generates a

Figure 3. Transient IR spectra and kinetics of the Au/TiO2 film under ambient conditions measured with 500 nm excitation. (a) Transient
absorption spectra of the Au8.5/TiO2 film at indicated delay times after photoexcitation of the Au particle, showing the intraband absorption of
injected electrons in TiO2. (b) Size-dependent electron injection kinetics for Au/TiO2 films of di)erent Au size and the RuN3/TiO2 film
monitored at 2222 cm−1. (c) Hot electron transfer QE as a function of Au particle size. Excitation fluence: ∼0.61 W/cm2.
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nearly uniform distribution of hot electrons from the Fermi
level to the plasmon energy. Thus, the probability of
generating hot electrons (QEHEG) is assumed to be propor-

tional to the ratio of surface to total damping (
R

R

( )

( )
surf

tot
), which is

the probability of plasmon decay by surface damping.35 The
probability of transferring the hot electrons into TiO2 is
assumed to fol low the modified Fowler model ,ikjjj y{zzzR( ) 1 E R( )b

p
,16,36 in which the size-dependent barrier

height, i.e., the energy di)erence between the TiO2 CB edge
and Au Fermi level, is given by Eb(R) = Eb0 − e

R4

2

0
,37,38 with

Eb0 = 1.05 eV,35 ε ≈ 28 for anatase,35,39 and α(R) is a scaling
factor to account for the competition of hot electron transfer
and cooling. Here, we have assumed that the plasmon band is
dominated by homogeneous broadening and regardless of the
excitation wavelength, and the same plasmon band is excited at
400, 500, and 600 nm, although the relative contribution of
interband vs plasmon excitation varies at these wavelengths.
The contribution of the PICTT pathway, process (2) in Figure
4c, is given by the second term in eq 1. Here we assume that
the probability of plasmon decay by PICTT is given by the
quotient of the interfacial damping and the overall plasmon
damping rate, R

R
( )
( )tot

int , and β is the scaling factor that accounts for

the probability of PICTT through the Au to TiO2 CB
transition.21
The third term in eq 1 represents the contribution of hot

electron transfer through interband excitation (Figure 4d). In

our previous study of hot electron transfer, we have assumed
that plasmon excitation dominates the absorption at the
excitation wavelength.16−18 This assumption is not valid in Au/
TiO2 at 400 nm excitation in which the absorption is
dominated by the Au interband transition. We assume that
the transfer of hot electrons generated by interband absorption
also follows the modified Fowler model as the PHET pathway.
Interband absorption deposits most of the energy in the d
band, which should not lead to e5cient transfer of the hot
electron to TiO2. However, the hot holes in the d band can
exchange energy rapidly with the electron through scattering
processes to generate energetic electrons above the barrier Eb,
as illustrated in Figure 4d.26,40
We have fitted the experimentally measured HET QEs at

400, 500, and 600 nm excitation according to eq 1, as shown in
Figure 4a. The model captures the size-dependent QEs
observed in Au/TiO2 films at all excitation wavelengths. The
contributions of the interband absorption and PHET and
PICTT pathways are shown in Figure 4b. Best fit of the data
yields β = 0.44, which indicates that about half of the PICTT
pathways involves the Au to TiO2 CB interfacial charge
transfer transition, and the other interfacial charge transfer
transitions, i.e., the transition from the TiO2 valence band to
unfilled orbitals in Au sp bands, contributes to the remaining
half of the decay. Interestingly, this value is similar to the
previously reported β value of 0.41 in Ag/TiO2 samples,16
although it is unclear what determines the exact partition of
di)erent PICTT pathways. The PICTT contribution increases
at smaller Au particles, which within our model is determined
by the increase of interfacial damping at small particle size. The
best fit also reveals α(R) = 17.2/(R/nm)2, which increases
from a value of ∼0.5 to 2.5 when the Au particle size decrease
from 9.1 to 5.3 nm, accounting for the increase of PHET QE at
smaller Au particles. This trend reflects a more e)ective
interfacial ET compared to hot electron cooling at smaller Au
sizes. The interband contribution is modeled in the same way
as the PHET and also exhibits similar increases at smaller
particle sizes.
At di)erent excitation wavelengths, the relative contribution

of interband versus plasmon decay changes. According to the
fit to the absorption spectra, at 400 nm, interband excitation
accounts for 93% of the absorbed photons, while at 600 nm,
78% of the absorbed photons leads to plasmon excitation.
Interestingly, as shown in Figure 4a, the observed hot electron
transfer QEs vary negligibly with the excitation wavelength for
most particle sizes, except for the smallest Au particles. We
attribute this to e5cient HET transfer through the interband
absorption process, which has an e5ciency similar to that of
plasmon excitation. Within our model, the surprisingly e5cient
interband HET pathway implies that the hot d band holes
generated by interband absorption can e5ciently transfer
energy to generate hot electrons in the sp band through
scattering processes. Without assuming this fast energy transfer
from hot holes to electrons, our model will not be able to
explain the high hot electron QE at 400 nm excitation.
Previously, Furube et. al reported an electron injection QE

of ∼40% from ∼10 nm Au to TiO2 at 500 nm excitation.7
Ratchford et al. reported for ∼10 nm Au on TiO2 the hot
electron transfer QE increase from 25% at 750 nm excitation to
45% at 550 nm excitation.25 Our results are consistent with
these previous reports of plasmonic HET in similar Au/TiO2
heterojunctions. More recently, Link and co-workers reported
an electron transfer QE of ∼45% in Au/TiO2 core−shell

Figure 4. Size and excitation wavelength dependent HET in Au/TiO2
films. (a) Size dependence of HET e5ciency after excitation at 400,
500, and 600 nm. (b) The calculated QE HET from Au to TiO2 via
interband excitation (dashed line) and PHET (dotted lines) and
PICTT (solid lines) pathways of plasmon excitation, as a function Au
particle size at indicated excitation wavelengths (400, 500, and 600
nm). (c) Schematic representation of plasmon-driven HET processes
via (1) PHET and (2) PICTT pathways. (d) Schematic
representation of hot electron transfer resulting from interband
excitation in Au/TiO2 films.
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nanorods (26 nm × 55 nm Au nanorods).26 Furthermore,
according to our model, the hot electron transfer QE depends
on the contribution of the CID, which is sensitive to the nature
of the Au/TiO2 interface. Inspection of absorption spectra of
these samples suggests di)erent degrees of Au plasmon band
broadening in these samples, which may be an indication of
their varying rates of CID and may account for the di)erent
electron transfer QEs in these reports. All these HET QEs are
much higher than those observed in Au-tipped CdS nanorods,
in which only the PHET pathway contributes.18,41 The
observed size-dependent HET QE is similar to our previous
report of HET of Ag/TiO2, which also shows contributions of
PHET and PICTT pathways,16 although considerably smaller
Ag particles (<6 nm) were used. In a previous study of Au/
TiO2, the charge recombination time was found to be
dependent on the Au particle size. This is not observed in
our work, and the reason for this di)erence is not clear.42
These results suggest the importance of both the metal and
semiconductor materials and their interfaces in a)ecting the
HET QE.
In summary, with decreasing Au NP particle size in Au/

TiO2, both the surface and interfacial damping rate of the
plasmon band increases, and the HET QEs increase from 18%
for 9.1 nm Au NPs to 56% for 5.2 nm Au NPs at 500 nm
excitation. For Au8.5/TiO2 at 500 nm excitation, the electron
transfer time is 0.17 ps and the back electron transfer process
can be well fit by three exponential decays with a half-life of 6.6
ps. The hot electron transfer and decay kinetics are similar for
Au particles of di)erent size and at di)erent excitation
wavelengths. The size and excitation wavelength dependent
HET QEs can be fit by a model that accounts for the
contributions of interband absorption, indirect plasmon-driven
PHET, and direct plasmon-driven PICTT pathways. Accord-
ing to this model, the HET QEs of the PHET pathway show a
much larger size dependence compared to PICTT, and the
QEs of interband absorption show a similar size dependence to
the PHET pathway. For example, at 500 nm excitation, when
the Au particle size decreases from 9.1 to 5.2 nm, the PHET
QEs increase from ∼6.0% to 22.3%, PICTT QEs increase from
∼5.6% to ∼6.9%, while interband HET QEs increase from
∼6.8% to 25.6%. At 600 nm excitation, the contribution of
plasmon decay dominates, and at 400 nm interband absorption
dominates. However, because the interband and PHET
pathways are similarly e5cient, the observed HET QEs show
similar QEs and Au size dependence at di)erent excitation
wavelength. The surprisingly e5cient HET through interband
absorption suggests that the hot holes in the d band generated
by interband absorption can e5ciently transfer its energy to
the sp band electron to enable e5cient HET. Our findings
indicate that reducing plasmonic particle size e)ectively
enhances both interband excitation and plasmon-induced hot
electron transfer e5ciency at metal/semiconductor interfaces.

7 ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06154.

Materials and methods, transmission electron micros-
copy, absorption and extinction spectra of Au NPs and
Au/TiO2 films, fitting parameters of absorption spectra
of colloidal Au NPs and Au/TiO2 films, mid-IR transient
absorption setup, background correction and QEs of the

hot electron transfer in a scattering sample, plasmon
damping fitting, electron injection kinetics of Au/TiO2
and RuN3/TiO2 films, pump power dependent TA
kinetics of Au/TiO2 and RuN3/TiO2 films, Fowler
model for PHET QE calculation, pump power depend-
ent TA kinetics of Au/TiO2 and RuN3/TiO2 films,
control experiment and electron injection signal of Au/
Al2O3 and bare TiO2 films (PDF)

7 AUTHOR INFORMATION
Corresponding Author

Tianquan Lian − Department of Chemistry, Emory University,
Atlanta, Georgia 30322, United States; orcid.org/0000-
0002-8351-3690; Email: tlian@emory.edu

Authors
Nandan Ghorai − Department of Chemistry, Emory
University, Atlanta, Georgia 30322, United States;
orcid.org/0000-0003-3937-3210

Zhicheng Yang − Department of Chemistry, Emory University,
Atlanta, Georgia 30322, United States; orcid.org/0009-
0003-5352-0384

Sara T. Gebre − Department of Chemistry, Emory University,
Atlanta, Georgia 30322, United States; orcid.org/0000-
0003-0045-6350

Shengxiang Wu − Department of Chemistry, Emory
University, Atlanta, Georgia 30322, United States;
orcid.org/0000-0002-1173-5569

Fengyi Zhao − Department of Chemistry, Emory University,
Atlanta, Georgia 30322, United States; orcid.org/0000-
0003-4837-9294

Ilia N. Ivanov − Center for Nanophase Materials Sciences,
Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, United States; orcid.org/0000-0002-6726-2502

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.4c06154

Notes
The authors declare no competing financial interest.

7 ACKNOWLEDGMENTS
This work was funded by the Department of Energy (DOE),
O5ce of Basic Energy Sciences, under Award Number DE-
SC0008798. We would like to thank Emory University Robert
P. Apkarian Integrated Electron Microscopy Core Facility for
the HRTEM measurements. We acknowledge Oak Ridge
National Laboratory for the di)use reflection spectroscopy
(DRS) measurement. N.G. truly thanks Dr. Arun Ashokan and
Dr. Sheng He, Post Doctoral fellow, Emory University, for
helping with data analysis.

7 REFERENCES
(1) Li, R.; Cheng, W.-H.; Richter, M. H.; DuChene, J. S.; Tian, W.;
Li, C.; Atwater, H. A. Unassisted highly selective gas-phase CO2
reduction with a plasmonic Au/p-GaN photocatalyst using H2O as an
electron donor. ACS Energy Letters 2021, 6 (5), 1849−1856.
(2) Cai, J.; Li, R.; Cao, J.; Liu, J.; Han, J.; Huang, M. Plasmonic Au-
decorated hierarchical p-NiO/n-ZnO heterostructure arrays for
enhanced photoelectrochemical water splitting. Physica E: Low-
dimensional Systems and Nanostructures 2022, 135, 114974.
(3) Atwater, H. A.; Polman, A. Plasmonics for improved photo-
voltaic devices. Nat. Mater. 2010, 9 (3), 205−213.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c06154
Nano Lett. 2025, 25, 3253−3258

3257



(4) Clavero, C. Plasmon-induced hot-electron generation at
nanoparticle/metal-oxide interfaces for photovoltaic and photo-
catalytic devices. Nat. Photonics 2014, 8 (2), 95−103.
(5) Sakurai, Y.; Itou, M.; Barbiellini, B.; Mijnarends, P. E.;
Markiewicz, R. S.; Kaprzyk, S.; Gillet, J. M.; Wakimoto, S.; Fujita,
M.; Basak, S.; et al. Imaging doped holes in a cuprate superconductor
with high-resolution compton scattering. Science 2011, 332 (6030),
698−702.
(6) Ghorai, N.; De, G.; Ghosh, H. N. Plasmon Mediated Electron
Transfer and Temperature Dependent Electron-Phonon Scattering in
Gold Nanoparticles Embedded in Dielectric Films. ChemPhysChem
2022, 23 (16), No. e202200181.
(7) Furube, A.; Du, L.; Hara, K.; Katoh, R.; Tachiya, M. Ultrafast
plasmon-induced electron transfer from gold nanodots into TiO2
nanoparticles. J. Am. Chem. Soc. 2007, 129 (48), 14852−14853.
(8) Saavedra, J. R. M.; Asenjo-Garcia, A.; García De Abajo, F. J. Hot-
Electron Dynamics and Thermalization in Small Metallic Nano-
particles. ACS Photonics 2016, 3 (9), 1637−1646.
(9) Zhang, H.; Govorov, A. O. Optical generation of hot plasmonic
carriers in metal nanocrystals: The effects of shape and field
enhancement. J. Phys. Chem. C 2014, 118 (14), 7606−7614.
(10) Rossi, T. P.; Erhart, P.; Kuisma, M. Hot-Carrier Generation in
Plasmonic Nanoparticles: The Importance of Atomic Structure. ACS
Nano 2020, 14 (8), 9963−9971.
(11) Lee, H.; Park, Y.; Song, K.; Park, J. Y. Surface plasmon-induced
hot carriers: generation, detection, and applications. Acc. Chem. Res.
2022, 55 (24), 3727−3737.
(12) Mukherjee, S.; Libisch, F.; Large, N.; Neumann, O.; Brown, L.
V.; Cheng, J.; Lassiter, B.; Carter, E. A.; Nordlander, P.; Halas, N. J.;
et al. Hot Electrons Do the Impossible: Plasmon-Induced
Dissociation of H2 on Au. Nano Lett. 2013, 13, 240−247.
(13) Manjavacas, A.; Liu, J. G.; Kulkarni, V.; Nordlander, P.
Plasmon-induced hot carriers in metallic nanoparticles. ACS Nano
2014, 8 (8), 7630−7638.
(14) Brown, A. M.; Sundararaman, R.; Narang, P.; Goddard, W. A.,
3rd; Atwater, H. A. Nonradiative Plasmon Decay and Hot Carrier
Dynamics: Effects of Phonons, Surfaces, and Geometry. ACS Nano
2016, 10 (1), 957−966.
(15) Reddy, H.; Wang, K.; Kudyshev, Z.; Zhu, L.; Yan, S.; Vezzoli,
A.; Higgins, S. J.; Gavini, V.; Boltasseva, A.; Reddy, P.; et al.
Determining plasmonic hot-carrier energy distributions via single-
molecule transport measurements. Science 2020, 369, 423−426.
(16) Song, J.; Long, J.; Liu, Y.; Xu, Z.; Ge, A.; Piercy, B. D.; Cullen,
D. A.; Ivanov, I. N.; McBride, J. R.; Losego, M. D. Highly efficient
plasmon induced hot-electron transfer at Ag/TiO2 interface. ACS
Photonics 2021, 8 (5), 1497−1504.
(17) Besteiro, L. V.; Kong, X.-T.; Wang, Z.; Hartland, G.; Govorov,
A. O. Understanding Hot-Electron Generation and Plasmon
Relaxation in Metal Nanocrystals: Quantum and Classical Mecha-
nisms. ACS Photonics 2017, 4 (11), 2759−2781.
(18) Liu, Y.; Chen, Q.; Cullen, D. A.; Xie, Z.; Lian, T. Efficient Hot
Electron Transfer from Small Au Nanoparticles. Nano Lett. 2020, 20
(6), 4322−4329.
(19) Liu, Y.; Cullen, D. A.; Lian, T. Slow Auger Recombination of
Trapped Excitons Enables Efficient Multiple Electron Transfer in
CdS-Pt Nanorod Heterostructures. J. Am. Chem. Soc. 2021, 143 (48),
20264−20273.
(20) Yu, Y.; Wijesekara, K. D.; Xi, X.; Willets, K. A. Quantifying
Wavelength-Dependent Plasmonic Hot Carrier Energy Distributions
at Metal/Semiconductor Interfaces. ACS Nano 2019, 13 (3), 3629−
3637.
(21) Wu, K.; Chen, J.; McBride, J. R.; Lian, T. Efficient hot-electron
transfer by a plasmon-induced interfacial charge-transfer transition.
Science 2015, 349 (6248), 632−635.
(22) Maier, G. P.; Rapp, M. V.; Waite, J. H.; Israelachvili, J. N.;
Butler, A. Adaptive synergy between catechol and lysine promotes wet
adhesion by surface salt displacement. Science 2015, 349 (6248),
628−632.

(23) Ghorai, N.; Ghosh, H. Chemical Interface Damping in
Nonstoichiometric Semiconductor Plasmonic Nanocrystals: An Effect
of the Surrounding Environment. Langmuir 2022, 38 (18), 5339−
5350.
(24) Tian, Y.; Tatsuma, T. Mechanisms and Applications of
Plasmon-Induced Charge Separation at TiO2 Films Loaded with
Gold Nanoparticles. J. Am. Chem. Soc. 2005, 127 (20), 7632−7637.
(25) Ratchford, D. C.; Dunkelberger, A. D.; Vurgaftman, I.;
Owrutsky, J. C.; Pehrsson, P. E. Quantification of Efficient Plasmonic
Hot-Electron Injection in Gold Nanoparticle-TiO2 Films. Nano Lett.
2017, 17 (10), 6047−6055.
(26) Ostovar, B.; Lee, S. A.; Mehmood, A.; Farrell, K.; Searles, E. K.;
Bourgeois, B.; Chiang, W.-Y.; Misiura, A.; Gross, N.; Al-Zubeidi, A.;
et al. The role of the plasmon in interfacial charge transfer. Science
Advances 2024, 10 (27), No. eadp3353.
(27) Peng, S.; Lee, Y.; Wang, C.; Yin, H.; Dai, S.; Sun, S. A facile
synthesis of monodisperse Au nanoparticles and their catalysis of CO
oxidation. Nano Research 2008, 1 (3), 229−234.
(28) Kittel, C.; McEuen, P. Introduction to Solid State Physics; John
Wiley & Sons, 2018.
(29) Zhang, W.; He, Y.; Zhang, M.; Yin, Z.; Chen, Q. Raman
scattering study on anatase TiO2 nanocrystals. J. Phys. D: Appl. Phys.
2000, 33 (8), 912.
(30) Zhang, Z.; Zhang, C.; Zheng, H.; Xu, H. Plasmon-Driven
Catalysis on Molecules and Nanomaterials. Acc. Chem. Res. 2019, 52
(9), 2506−2515.
(31) Foerster, B.; Joplin, A.; Kaefer, K.; Celiksoy, S.; Link, S.;
Sönnichsen, C. Chemical Interface Damping Depends on Electrons
Reaching the Surface. ACS Nano 2017, 11 (3), 2886−2893.
(32) Asbury, J. B.; Anderson, N. A.; Hao, E.; Ai, X.; Lian, T.
Parameters affecting electron injection dynamics from ruthenium dyes
to titanium dioxide nanocrystalline thin film. J. Phys. Chem. B 2003,
107 (30), 7376−7386.
(33) Katoh, R.; Furube, A.; Yoshihara, T.; Hara, K.; Fujihashi, G.;
Takano, S.; Murata, S.; Arakawa, H.; Tachiya, M. Efficiencies of
Electron Injection from Excited N3 Dye into Nanocrystalline
Semiconductor (ZrO2, TiO2, ZnO, Nb2O5, SnO2, In2O3) Films. J.
Phys. Chem. B 2004, 108 (15), 4818−4822.
(34) Hartland, G. V. Optical studies of dynamics in noble metal
nanostructures. Chem. Rev. 2011, 111, 3858−3887.
(35) Dou, M.; Persson, C. Comparative study of rutile and anatase
SnO2 and TiO2: Band-edge structures, dielectric functions, and
polaron effects. J. Appl. Phys. 2013, 113 (8), 083703.
(36) Fowler, R. H. The Analysis of Photoelectric Sensitivity Curves
for Clean Metals at Various Temperatures. Phys. Rev. 1931, 38 (1),
45−56.
(37) Zhang, Y.; Pluchery, O.; Caillard, L.; Lamic-Humblot, A. F.;
Casale, S.; Chabal, Y. J.; Salmeron, M. Sensing the charge state of
single gold nanoparticles via work function measurements. Nano Lett.
2015, 15 (1), 51−55.
(38) Ben-Shahar, Y.; Scotognella, F.; Kriegel, I.; Moretti, L.; Cerullo,
G.; Rabani, E.; Banin, U. Optimal metal domain size for photo-
catalysis with hybrid semiconductor-metal nanorods. Nat. Commun.
2016, 7, 10413.
(39) Busani, T.; Devine, R. A. B. Dielectric and infrared properties of
TiO2 films containing anatase and rutile. Semicond. Sci. Technol. 2005,
20 (8), 870−875.
(40) Lee, S. A.; Kuhs, C. T.; Searles, E. K.; Everitt, H. O.; Landes, C.
F.; Link, S. d-Band hole dynamics in gold nanoparticles measured
with time-resolved emission upconversion microscopy. Nano Lett.
2023, 23 (8), 3501−3506.
(41) Wu, K.; Rodríguez-Córdoba, W. E.; Yang, Y.; Lian, T. Plasmon-
induced hot electron transfer from the Au tip to CdS rod in CdS-Au
nanoheterostructures. Nano Lett. 2013, 13 (11), 5255−5263.
(42) Du, L. C.; Shi, X. P.; Zhang, G. R.; Furube, A. Plasmon induced
charge transfer mechanism in gold-TiO2 nanoparticle systems: The
size effect of gold nanoparticle. J. Appl. Phys. 2020, 128 (21), 213104.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c06154
Nano Lett. 2025, 25, 3253−3258

3258


