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ABSTRACT: Photoelectrochemical water splitting, as a method for
producing clean hydrogen, could benefit from both plasmon-
enhanced processes and the incorporation of earth-abundant
materials in photoelectrode design. Here we report a n-TiO2/
aluminum (Al) nanodisk/p-GaN photoelectrode sandwich device
that exhibits enhanced H2 generation efficiencies due to a
combination of plasmon-enhanced processes. Hot electrons
generated in the illuminated Al nanodisk are injected into the
conduction band of the TiO2 layer, subsequently transferring into
water molecules adsorbed on the TiO2 surface, driving H2 evolution.
The photocurrent densities we observe are nearly an order of
magnitude higher than in an equivalent device with the Al nanodisk
replaced with a Au nanodisk of the same size and are on par or
better than previous reports of plasmonic photoelectrodes using Au nanoparticles in combination with cocatalyst species.

■ INTRODUCTION
Photoelectrochemical (PEC) water splitting has the potential
for producing abundant clean hydrogen fuel, in particular if the
process could be driven by readily available light sources such
as sunlight1,2 and utilize earth-abundant materials for
sustainability. Significant progress has already been achieved
toward this goal by using semiconducting photocathode
materials.3,4 Metallic nanostructures that support collective
electronic (plasmon) resonances have the potential to further
increase PEC conversion efficiencies due to their strongly
enhanced optical cross sections and their facile absorption
wavelength tunability.
The excitation of the localized surface plasmon resonance

(LSPR) can generate nonequilibrium hot carriers which can
activate chemical bonds in adsorbed molecules.5 Plasmonic
nanostructures, either directly or in combination with
catalytically active materials as antenna−reactor complexes,6
have been used to enhance reactivity and selectivity in a variety
of light-driven chemical reactions.7−12 Au nanostructures have
been shown to improve the efficiency of PEC water splitting
when incorporated into photoelectrode architectures, increas-
ing optical absorption through the use of Fabry−Peŕot
geometries and by efficient generation and charge separation
of hot carriers.13−16 On the basis of these encouraging results,
one can speculate whether PEC water splitting can be at least
as efficiently performed by incorporating more earth-abundant
plasmonic materials into the device design.

Here we demonstrate a plasmonic device for enhancing the
PEC hydrogen evolution reaction (HER) that relies on the
LSPR of aluminum (Al) nanodisks sandwiched between n-
TiO2 and p-GaN layers (n-TiO2/Al nanodisk/p-GaN). Al
nanostructures have emerged as sustainable substitutes for the
coinage/noble metals in a variety of plasmonic and photo-
catalytic applications.17,18 This is due to their plasmon
resonance tunability that extends from the ultraviolet to the
infrared,19 recent advances in geometry-controlled colloidal
synthesis of Al nanocrystals, and advances in our under-
standing of the surface chemical control of their catalytic
properties.7,20,21 Our sandwiched photocathode architecture,
while protecting the Al from oxidation in water, efficiently
exploits the Al plasmon to supply energetic charge carriers for
the HER in neutral aqueous solution. A theoretical analysis
shows that the photoelectrode performance is determined by a
balance of hot carrier generation in Al nanodisks and the
plasmonic near-field enhancement that increases direct carrier
excitation and optical absorption in the TiO2 layer. The
structural optimization of the device, combined with an
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effective separation of the hot carriers through the use of
selective charge transport layers,22 results in photoelectrode
performance on par or better than previously reported
plasmonic photoelectrode devices relying on Au without the
use of cocatalysts.13,15,23,24 Our findings provide a path for the
development of large scale sustainable solar-to-fuel conversion.

■ RESULTS AND DISCUSSION
A schematic of the n-TiO2/Al nanodisk/p-GaN photo-
electrode geometry (henceforth termed Al−TiO2) for PEC
HER is shown in Figure 1a (details of the fabrication process
are provided in the Supporting Information). Briefly, Al
nanodisks (65.4 ± 8.6 nm in diameter and 35 nm thickness)
were fabricated on a 1 cm × 1 cm p-GaN substrate by using
hole-mask colloidal lithography. This technique utilizes the
self-assembled monolayer of polystyrene beads to control the
diameter of nanodisks, tunable from 20 nm to several μm, and
enables the large-scale fabrication (cm2 scale) of precisely
defined nanoparticles or nanoparticle complexes with low
cost.25 An ∼7 nm thick TiO2 overlayer was then evaporated on
top of this structure (Figure S1). As a control, a device without
Al nanodisks was also fabricated (n-TiO2/p-GaN). By
controlling the size of the polystyrene beads in hole-mask
lithography, one can tune the size of the hole mask and thus
the diameter of the nanodisks. The n-TiO2 film serves as the
active surface for the HER while also protecting the Al
nanodisks from oxidation in aqueous media. A Cu electrical
contact was soldered onto the GaN substrate and covered with
a water-resist epoxy to avoid direct contact with the electrolyte.

The fabricated device was used as a photocathode for PEC
HER at 0.5 M Na2SO4 (pH = 7) under visible light
illumination (Fianium supercontinuum laser, Figure.S13) in a
three-electrode photoelectrochemical cell equipped with a
quartz window (Zahner-Elektrik, PECC-2 cell) and Pt coil and
Ag/AgCl electrodes as the counter and reference electrode,
respectively. The Na2SO4 was used to facilitate the ionization
of water. The anodic reaction (oxygen production) at the Pt
coil was not measured or quantified. The wavelength-
dependent measurements were performed by using the same
illumination source with a ±25 nm band-pass filter and
additionally with a tunable pulsed Ti: sapphire laser (see the
Supporting Information for experimental details).
The electronic structures of the Al−TiO2 (left) and Al−

GaN (right) interfaces are shown in Figure 1b. The use of a
charge transport layer with proper band alignment enables an
efficient separation and collection of the plasmon-induced
charge carriers; upon excitation of the Al plasmon, hot
electrons with sufficient energy to overcome the Al−TiO2
barrier are transferred into the conduction band of the TiO2 to
drive the HER while holes are collected at the valence band of
GaN and transferred to the counter electrode. For comparison,
we also fabricated two other devices relying on essentially the
same design and structure (Figures S1−S3 and Table S1): one
with Au nanodisks of the same dimension (termed Au−TiO2)
and another one with the Al nanodisks being embedded in
SiO2 (SiO2 spacer as the sidewall) and covered with the TiO2
on top (termed Al−TiO2/SiO2). The three photoelectrode
structures are shown in Figure 1c. The measured and

Figure 1. Earth-abundant photoelectrode design for hydrogen evolution reaction. (a) Artistic illustration of the Al−TiO2 photoelectrode
architecture for the photoelectrochemical HER. (b) Energy diagram of the Al−TiO2 (left) and Al−GaN (right) interface. Ef‑Al represents the Fermi
level of Al. ECB and EVB are the position of the conduction band and valence band of TiO2 and GaN, respectively. (c) Schematic of Al−TiO2/SiO2
(left), Al−TiO2 (middle), and Au−TiO2 (right) photoelectrode structure and their corresponding calculated electric field enhancement |E/E0|2
with the 500 nm normal incident light. (d) Linear scanning voltammograms of the photoelectrode devices under 100 mW/cm2 white light
illumination in He-purged 0.5 M Na2SO4 aqueous solution (pH = 7). The scan rate was 10 mV/s. The average nominal size of the nanodisks is
∼60 nm in diameter and 35 nm in height. The Al nanodisks are assumed to be covered by a 5 nm thick oxide layer.
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calculated extinction spectra of the photoelectrodes in the
range 400−800 nm are shown in Figure S4.
Linear scanning voltammetry (LSV) measurements were

performed under 1 sun (100 mW/cm2) intensity with a
supercontinuum white-light laser and chopped illumination
conditions. The results show that the largest photocurrent
density was observed for the Al−TiO2 device compared to the
other devices (Figure 1d). The measured photocurrent density
of ∼20 μA/cm2 for the Al−TiO2 photoelectrode at 0 V versus
reverse hydrogen electrode (RHE) is substantially larger than
that for the device without the Al nanodisks (<1 μA/cm2 for
the GaN−TiO2). The negative photocurrent densities
represent the electrons flowing from our photocathode to
the Pt counter electrode at the external circuit, driving the
hydrogen evolution reaction at the cathode surface by light
illumination. This highlights the important role that Al
plasmon excitation plays in enhancing the HER. The measured
photocurrent for the Al−TiO2 photoelectrode is also more
than 20 times larger than that of the Al−TiO2/SiO2 device,
despite the latter showing a better electrode conductivity as
inferred from a substantially larger dark current at cathodic
potentials. The substantially larger photocurrent measured for
the Al−TiO2 compared to the Al−TiO2/SiO2 photoelectrode
suggests a more efficient coupling of the plasmon (near-field
and hot electrons) to the TiO2 layer for driving the HER. This
is also in agreement with the calculated spatial distribution of
the electric field (|E(r)|2) which shows strong field localization
in the lateral direction and strong coupling to the adjacent
TiO2 sidewalls of the Al nanodisk (Figures 1c and S16). In
contrast, for the Al−TiO2/SiO2 photoelectrode, the electric
field is mainly localized to the bottom edge of the nanodisk
and into the GaN substrate. The influence of the plasmon−
TiO2 coupling on the performance is also apparent for the
Au−TiO2 device, which shows an order of magnitude smaller
currents and field enhancements than the Al−TiO2 structure
(Figure 1c,d).

To develop a better understanding of the mechanisms
leading to the observed plasmon-enhanced HER reactivity, we
fabricated devices with Al nanodisks of 60, 80, and 100 nm
diameter, termed Al−TiO2(60), Al−TiO2(80), and Al−
TiO2(100) (diameters: 65.4 ± 8.6, 82.3 ± 9.2, and 107.5 ±
11.0 nm, respectively; 35 nm in thickness; Figure 2d−f and
Table S1). Images of this series of devices prior to deposition
of the TiO2 layer are shown in Figure 2a. The extinction
spectra of the three Al−TiO2 photoelectrodes exhibit plasmon
resonances centered at 420, 490, and 600 nm, respectively
(Figure 2b), corresponding quite closely to their calculated
extinction spectra (Figure 2c). The extinction oscillations are
due to Fabry−Peŕot resonances in the p-GaN layer.
LSV measurements were taken under the same illumination

and electrolyte conditions as in Figure 1d to directly compare
the photocurrent densities of this series of devices (Figure 3a).
As shown, the measured photocurrent for the Al−TiO2(80)
photoelectrode is nominally 1.2 and 2.5 times larger than the
measured photocurrents for the Al−TiO2(60) and Al−
TiO2(100) photoelectrodes, respectively. Wavelength-depend-
ent measurements were also performed. The corresponding
incident photon-to-current conversion efficiency (IPCE) at
−0.2 V vs RHE is presented in Figure 3b, showing a reactivity
trend similar to that of the photocurrent densities obtained
from the LSV measurements. The performance for the Al−
TiO2(80) with an IPCE of up to 0.3% (at −0.2 V vs RHE and
for light in the 400−800 nm region) is among the best
reported for plasmonic photocathodes for HER and is even
better than those reported for the Au and Au−TiO2
structures.13−15,24 Prolonged measurements and SEM images
before and after the measurements confirm the stability of all
photocathode devices investigated (Figures S7−S10).
To elucidate the origin of the diameter-dependent reactivity

observed for Al−TiO2, we developed a theoretical model using
the finite element method (FEM). We analyze the contribution
from direct hot electron generation in Al and from the
plasmonic near-field direct sub-band optical excitation in the

Figure 2. Al−TiO2 size-dependent photoelectrodes. (a) A photograph of the partially fabricated devices with Al nanodisks of varying sizes (60, 80,
and 100 nm) on the p-GaN substrate (without the TiO2 overlayer). Measured (b) and finite-difference time-domain (FDTD) calculated (c)
extinction spectra of the Al−TiO2 photoelectrodes with varying diameters of Al nanodisks. (d−f) Scanning electron microscopy (SEM) image of
the Al−TiO2 photoelectrodes with Al nanodisk diameters of (d) 60, (e) 80, and (f) 100 nm. Scale bar: 100 nm.
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TiO2 layer (details in the Supporting Information). The hot
carriers generated from two the different mechanisms have
different lifetimes, energy distributions, and dynamics. The hot
carriers produced in the Al core are generated through Al

interband transitions and surface-assisted Landau damping and
will transfer to the TiO2 through the ohmic contact. The hot
electrons generated in the TiO2 originate from the valence
band and/or from defects/impurities levels in TiO2. When the

Figure 3. Size-dependent reactivity, and plasmon-enhancement pathway IPCE, and theoretical absorption and hot electrons in the TiO2 film. (a)
Linear scanning voltammetry of the Al−TiO2 photoelectrodes with varying Al nanodisk sizes of 60, 80, 100 nm in diameter under 100 mW/cm2

visible light illumination in helium-purged 0.5 M Na2SO4 aqueous solution (pH = 7). The scan rate was 10 mV/s. (b) Wavelength-dependent
incident photon-to-current conversion efficiency (IPCE) measurements. Error bars: y-axis: standard deviation of three independent measurements;
x-axis: wavelength width from the laser or bandpass filters. (c, d) Theoretical calculations of (c) local absorption in Al nanodisks normalized to the
actual nanoparticle densities and (d) hot electrons generation within the TiO2 layer.

Figure 4. H2 generation and potential- and-power-dependent photocurrent densities on Al−TiO2 nanodisks. (a) H2 production from Al−TiO2
nanodisks as photocathodes under 450 mW/cm2 white light illumination monitored by gas chromatography. Inset table: fitted H2 rate of Al−TiO2
nanodisks from gas measurements. (b) Photocurrent densities on Al−TiO2 nanodisks under different potential and white light power. All error bars
are from the standard deviation of three independent measurements.
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incident wavelength is resonant with the plasmon energy, the
plasmon-induced near electrical field enhancements will
increase hot carrier production in the TiO2.

5 Previous
studies7,26 have shown that the rates of hot-carrier generation
from plasmon decay are directly proportional to the local
absorption profile within a surface layer of thickness equal to
the mean free path of the material (∼20 nm for Al27). Hot
electrons with sufficient energies to traverse across the Al−
TiO2 barrier can be transferred into the TiO2 layer, where they
will be much longer-lived than in Al and can drive the HER.
To model the plasmon-induced direct excitation of carriers in
the TiO2 layer, we integrate the electric field enhancement (|
E(r)/E0|2) over the entire volume of the 7 nm thick TiO2
layer.28

Although no direct absorption of light would occur for
photon energies below the bandgap of a perfect TiO2 crystal,
the evaporated TiO2 layer is disordered and presumably
sufficiently defect rich to allow a broad range of defect states at
sub-bandgap excitations. The calculated local absorption
within the Al nanodisks, normalized to the actual nanoparticle
densities on each device (Table S1), shows a decreasing trend
with increasing nanodisk diameter (Figure 3c). In contrast, the
contribution from carriers generated by plasmon-induced
direct excitation in TiO2 (Figure 3d) shows an increasing
trend with increasing disk diameter. These two opposing
trends result in the highest reactivity and incident photon-to-
current conversions efficiency for the photoelectrode with the
intermediate nanodisk size (Al−TiO2(80)). A similar size-
dependent reactivity trend was also previously observed for
photocatalytic Ag nanoparticles.29

The total amount of the evolved H2 gas by the three Al−
TiO2 devices was measured under an applied bias of −0.2 V vs
RHE and 450 mW visible light intensity by using gas
chromatography: the results are shown in Figure 4a (also see
Figure S10 for the chromatograms and a photograph of the
cell). The overall photocurrent of the photocathode is at the
tens of μA level, so we therefore employed the static mode to
collect the head gas for at least 1 h to see the actual H2 signal
from our pulsed discharge helium ionization (PDHID)
detector. Rates of H2 evolution obtained from these measure-
ments were also presented as an inset table in Figure 4a and
are qualitatively in agreement with the measured photocurrents
(Figure S11). Plasmonic metal nanostructures exhibit unique
intensity-dependent characteristics where the reaction rates are
enhanced with the increasing incident light intensities. Figure
4b shows a 3D plot of the synergy between the illumination
power and applied bias for improving photoelectrode perform-
ance. As expected, in all cases the measured photocurrent
increases with increasing light illumination and applied bias.
Interestingly, the rate (slope) of the photocurrent increases as
a function of illumination power. The fitted values of slopes in
three devices from Figure 4b are presented in Table S2. The
clues together with the wavelength-dependent reactivity
(Figure 3b−d) suggest the H2 production mechanism on the
photocathode is dominated by the plasmon-induced hot
electrons accumulated on the surface of TiO2 rather than the
direct injection of hot electrons to the H+ in the aqueous
solution. The rate observed with the Al−TiO2(80) device is
substantially higher than for the other photoelectrode, reaching
up to ∼110 μA/cm2 at −0.6 V vs RHE and 450 mW power.
These findings indicate that structural optimization of the
photoelectrode geometry, along with applied bias, can be used
to improve photoelectrode performance.

■ CONCLUSION
We have demonstrated a novel plasmonic photoelectrode
architecture based on earth-abundant Al, designed to drive H2
production from water at neutral pH and under visible light
illumination. The key qualities required for achieving a large
photocurrent are (i) efficient utilization of the Al nanodisk
plasmon by balancing direct hot carrier generation in Al with
the near-field enhanced optical absorption in the TiO2 layer
and (ii) effective separation of the photogenerated carriers
using selective n-TiO2 and p-GaN charge transport layers. This
combination and a facile control of Al nanodisk size, albeit
without the use of a cocatalyst, result in photoelectrode
performance that is on par or superior to previously reported
devices relying on Au plasmon with or without TiO2. The
synergy between applied cathodic bias and photon flux was
further exploited to boost the photoelectrode performance and
thus the rate of H2 production. These results could open the
door to the future design of more sustainable, earth-abundant
plasmonic photoelectrodes and devices for solar energy
conversion that can be adapted for large-scale commercializ-
able applications.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03961.

Methods including photoelectrode fabrication, photo-
electrochemical measurement of hydrogen evolution
reaction (HER), IPCE calculation, electromagnetic
calculation; Tables S1 and S2, Figures S1−S16 (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Hossein Robatjazi − Department of Chemistry and
Laboratory for Nanophotonics, Rice University, Houston,
Texas 77005, United States; Syzygy Plasmonics Inc.,
Houston, Texas 77054, United States; orcid.org/0000-
0002-5101-263X; Email: hossein.robatjazi@rice.edu

Peter Nordlander − Department of Electrical and Computer
Engineering, Department of Physics & Astronomy,
Department of Materials Science and Nanoengineering, and
Laboratory for Nanophotonics, Rice University, Houston,
Texas 77005, United States; orcid.org/0000-0002-1633-
2937; Email: nordland@rice.edu

Naomi J. Halas − Department of Chemistry, Department of
Electrical and Computer Engineering, Department of Physics
& Astronomy, and Laboratory for Nanophotonics, Rice
University, Houston, Texas 77005, United States;
orcid.org/0000-0002-8461-8494; Email: halas@rice.edu

Authors
Lin Yuan − Department of Chemistry and Laboratory for
Nanophotonics, Rice University, Houston, Texas 77005,
United States; orcid.org/0000-0002-6426-0296

Anvy Kuriakose − Department of Physics & Astronomy and
Laboratory for Nanophotonics, Rice University, Houston,
Texas 77005, United States

Jingyi Zhou − Department of Materials Science and
Nanoengineering and Laboratory for Nanophotonics, Rice
University, Houston, Texas 77005, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.2c03961

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c03961
J. Phys. Chem. C 2022, 126, 13714−13719

13718

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03961/suppl_file/jp2c03961_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03961/suppl_file/jp2c03961_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03961/suppl_file/jp2c03961_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03961/suppl_file/jp2c03961_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03961?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03961/suppl_file/jp2c03961_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hossein+Robatjazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5101-263X
https://orcid.org/0000-0002-5101-263X
mailto:hossein.robatjazi@rice.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Nordlander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1633-2937
https://orcid.org/0000-0002-1633-2937
mailto:nordland@rice.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naomi+J.+Halas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8461-8494
https://orcid.org/0000-0002-8461-8494
mailto:halas@rice.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6426-0296
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anvy+Kuriakose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingyi+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03961?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions
L.Y., H.R., P.N., and N.J.H. designed the research and
experiments. L.Y. performed the experiments. A.K. and J.Z.
performed all electromagnetic calculations. The manuscript
was written with the contributions of all authors. All authors
have approved the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
All authors gratefully acknowledge the support of research
from the Robert A. Welch Foundation under Grants C-1220
(N.J.H.) and C-1222 (P.N.), the support from the Air Force
Office of Science and Research under Grant FA9550-15-1-
0022 and from the Defense Threat Reduction Agency-Joint
Science and Technology Office for Chemical and Biological
Defense Basic Research under Grant HDTRA 1-16-1-0042.

■ REFERENCES
(1) Liao, L.; Zhang, Q.; Su, Z.; Zhao, Z.; Wang, Y.; Li, Y.; Lu, X.;
Wei, D.; Feng, G.; Yu, Q.; et al. Efficient solar water-splitting using a
nanocrystalline CoO photocatalyst. Nat. Nanotechnol. 2014, 9, 69−73.
(2) Zhang, Y.; Guo, W.; Zhang, Y.; Wei, W. D. Plasmonic
Photoelectrochemistry: In View of Hot Carriers. Adv. Mater. 2021,
33, e2006654.
(3) Bard, A. J.; Fox, M. A. Artificial Photosynthesis: Solar Splitting of
Water to Hydrogen and Oxygen. Acc. Chem. Res. 1995, 28, 141−145.
(4) Cheng, W.-H.; de la Calle, A.; Atwater, H. A.; Stechel, E. B.;
Xiang, C. Hydrogen from Sunlight and Water: A Side-by-Side
Comparison between Photoelectrochemical and Solar Thermochem-
ical Water-Splitting. ACS Energy Lett. 2021, 6, 3096−3113.
(5) Brongersma, M. L.; Halas, N. J.; Nordlander, P. Plasmon-
induced hot carrier science and technology. Nat. Nanotechnol. 2015,
10, 25−34.
(6) Swearer, D. F.; Zhao, H.; Zhou, L.; Zhang, C.; Robatjazi, H.;
Martirez, J. M.; Krauter, C. M.; Yazdi, S.; McClain, M. J.; Ringe, E.;
et al. Heterometallic antenna-reactor complexes for photocatalysis.
Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 8916−20.
(7) Yuan, L.; Lou, M.; Clark, B. D.; Lou, M.; Zhou, L.; Tian, S.;
Jacobson, C. R.; Nordlander, P.; Halas, N. J. Morphology-Dependent
Reactivity of a Plasmonic Photocatalyst. ACS Nano 2020, 14, 12054−
12063.
(8) Zhou, L.; Swearer, D. F.; Zhang, C.; Robatjazi, H.; Zhao, H.;
Henderson, L.; Dong, L.; Christopher, P.; Carter, E. A.; Nordlander,
P.; et al. Quantifying hot carrier and thermal contributions in
plasmonic photocatalysis. Science 2018, 362, 69−72.
(9) Marimuthu, A.; Zhang, J.; Linic, S. Tuning selectivity in
propylene epoxidation by plasmon mediated photo-switching of Cu
oxidation state. Science 2013, 339, 1590−3.
(10) DuChene, J. S.; Tagliabue, G.; Welch, A. J.; Cheng, W. H.;
Atwater, H. A. Hot Hole Collection and Photoelectrochemical CO2
Reduction with Plasmonic Au/p-GaN Photocathodes. Nano Lett.
2018, 18, 2545−2550.
(11) DuChene, J. S.; Tagliabue, G.; Welch, A. J.; Li, X.; Cheng, W.
H.; Atwater, H. A. Optical Excitation of a Nanoparticle Cu/p-NiO
Photocathode Improves Reaction Selectivity for CO2 Reduction in
Aqueous Electrolytes. Nano Lett. 2020, 20, 2348−2358.
(12) Aslam, U.; Chavez, S.; Linic, S. Controlling energy flow in
multimetallic nanostructures for plasmonic catalysis. Nat. Nanotechnol.
2017, 12, 1000−1005.
(13) Robatjazi, H.; Bahauddin, S. M.; Doiron, C.; Thomann, I.
Direct Plasmon-Driven Photoelectrocatalysis. Nano Lett. 2015, 15,
6155−61.
(14) Ng, C.; Cadusch, J. J.; Dligatch, S.; Roberts, A.; Davis, T. J.;
Mulvaney, P.; Gomez, D. E. Hot Carrier Extraction with Plasmonic
Broadband Absorbers. ACS Nano 2016, 10, 4704−11.

(15) Shi, X.; Ueno, K.; Oshikiri, T.; Sun, Q.; Sasaki, K.; Misawa, H.
Enhanced water splitting under modal strong coupling conditions.
Nat. Nanotechnol. 2018, 13, 953−958.
(16) Oshikiri, T.; Jo, H.; Shi, X.; Misawa, H. Boosting Hydrogen
Evolution at Visible Light Wavelengths by Using a Photocathode with
Modal Strong Coupling between Plasmons and a Fabry-Perot
Nanocavity. Chem.�Eur. J. 2022, 28, e202200288.
(17) Koya, A. N.; Zhu, X.; Ohannesian, N.; Yanik, A. A.; Alabastri,
A.; Proietti Zaccaria, R.; Krahne, R.; Shih, W. C.; Garoli, D.
Nanoporous Metals: From Plasmonic Properties to Applications in
Enhanced Spectroscopy and Photocatalysis. ACS Nano 2021, 15,
6038−6060.
(18) Zhu, X.; Imran Hossain, G. M.; George, M.; Farhang, A.; Cicek,
A.; Yanik, A. A. Beyond Noble Metals: High Q-Factor Aluminum
Nanoplasmonics. ACS Photonics 2020, 7, 416−424.
(19) Knight, M. W.; King, N. S.; Liu, L.; Everitt, H. O.; Nordlander,
P.; Halas, N. J. Aluminum for plasmonics. ACS Nano 2014, 8, 834−
40.
(20) Wang, C.; Yang, W. D.; Raciti, D.; Bruma, A.; Marx, R.;
Agrawal, A.; Sharma, R. Endothermic reaction at room temperature
enabled by deep-ultraviolet plasmons. Nat. Mater. 2021, 20, 346−352.
(21) Fu, G.; Jiang, M.; Liu, J.; Zhang, K.; Hu, Y.; Xiong, Y.; Tao, A.;
Tie, Z.; Jin, Z. Rh/Al Nanoantenna Photothermal Catalyst for Wide-
Spectrum Solar-Driven CO2 Methanation with Nearly 100%
Selectivity. Nano Lett. 2021, 21, 8824−8830.
(22) Xu, Z.; Hou, B.; Zhao, F.; Cai, Z.; Shi, H.; Liu, Y.; Hill, C. L.;
Musaev, D. G.; Mecklenburg, M.; Cronin, S. B.; et al. Nanoscale TiO2
Protection Layer Enhances the Built-In Field and Charge Separation
Performance of GaP Photoelectrodes. Nano Lett. 2021, 21, 8017−
8024.
(23) Graziano, G. All-plasmonic water splitting. Nat. Nanotechnol.
2021, 16, 1053.
(24) Mubeen, S.; Lee, J.; Singh, N.; Kramer, S.; Stucky, G. D.;
Moskovits, M. An autonomous photosynthetic device in which all
charge carriers derive from surface plasmons. Nat. Nanotechnol. 2013,
8, 247−51.
(25) Fredriksson, H.; Alaverdyan, Y.; Dmitriev, A.; Langhammer, C.;
Sutherland, D. S.; Zäch, M.; Kasemo, B. Hole−Mask Colloidal
Lithography. Adv. Mater. 2007, 19, 4297−4302.
(26) Manjavacas, A.; Liu, J. G.; Kulkarni, V.; Nordlander, P.
Plasmon-induced hot carriers in metallic nanoparticles. ACS Nano
2014, 8, 7630−8.
(27) Gall, D. Electron mean free path in elemental metals. J. Appl.
Phys. 2016, 119, 085101.
(28) Leng, W. H.; Barnes, P. R. F.; Juozapavicius, M.; O’Regan, B.
C.; Durrant, J. R. Electron Diffusion Length in Mesoporous
Nanocrystalline TiO2 Photoelectrodes during Water Oxidation. J.
Phys. Chem. Lett. 2010, 1, 967−972.
(29) Li, K.; Hogan, N. J.; Kale, M. J.; Halas, N. J.; Nordlander, P.;
Christopher, P. Balancing Near-Field Enhancement, Absorption, and
Scattering for Effective Antenna-Reactor Plasmonic Photocatalysis.
Nano Lett. 2017, 17, 3710−3717.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c03961
J. Phys. Chem. C 2022, 126, 13714−13719

13719

https://doi.org/10.1038/nnano.2013.272
https://doi.org/10.1038/nnano.2013.272
https://doi.org/10.1021/ar00051a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00051a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2014.311
https://doi.org/10.1038/nnano.2014.311
https://doi.org/10.1073/pnas.1609769113
https://doi.org/10.1021/acsnano.0c05383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c05383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat6967
https://doi.org/10.1126/science.aat6967
https://doi.org/10.1126/science.1231631
https://doi.org/10.1126/science.1231631
https://doi.org/10.1126/science.1231631
https://doi.org/10.1021/acs.nanolett.8b00241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2017.131
https://doi.org/10.1038/nnano.2017.131
https://doi.org/10.1021/acs.nanolett.5b02453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b01108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b01108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-018-0208-x
https://doi.org/10.1002/chem.202200288
https://doi.org/10.1002/chem.202200288
https://doi.org/10.1002/chem.202200288
https://doi.org/10.1002/chem.202200288
https://doi.org/10.1021/acsnano.0c10945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c10945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405495q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-020-00851-x
https://doi.org/10.1038/s41563-020-00851-x
https://doi.org/10.1021/acs.nanolett.1c03215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-021-00991-4
https://doi.org/10.1038/nnano.2013.18
https://doi.org/10.1038/nnano.2013.18
https://doi.org/10.1002/adma.200700680
https://doi.org/10.1002/adma.200700680
https://doi.org/10.1021/nn502445f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4942216
https://doi.org/10.1021/jz100051q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100051q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

