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ABSTRACT: We report the electrochemical potential dependence of photocatalysis
produced by hot electrons in plasmon-resonant grating structures. Here, corrugated
metal surfaces with a period of 520 nm are illuminated with 785 nm wavelength laser
light swept as a function of incident angle. At incident angles corresponding to plasmon-
resonant excitation, we observe sharp peaks in the electrochemical photocurrent and dips
in the photoreflectance consistent with the conditions under which there is wavevector
matching between the incident light and the spacing between the lines in the grating. In
addition to the bare plasmonic metal surface (i.e., Au), which is catalytically inert, we
have measured grating structures with a thin layer of Pt, Ru, and Ni catalyst coatings. For
the bare Au grating, we observe that the plasmon-resonant photocurrent remains
relatively featureless over the applied potential range from −0.8 to +1.2 V vs NHE. For
the Pt-coated grating, we observe a sharp peak around −0.3 V vs NHE, three times larger
than the bare Au grating, and near complete suppression of the oxidation half-reaction,
reflecting the reducing nature of Pt as a good hydrogen evolution reaction catalyst. The photocurrent associated with the Pt-coated
grating is less noisy and produces higher photocurrents than the bare Au grating due to the faster kinetics (i.e., charge transfer)
associated with the Pt-coated surface. The plasmon-resonant grating structures enable us to compare plasmon-resonant excitation
with that of bulk metal interband absorption simply by rotating the polarization of the light while leaving all other parameters of the
experiment fixed (i.e., wavelength, potential, electrochemical solution, sample surface, etc.). A 64X plasmon-resonant enhancement
(i.e., p-to-s polarized photocurrent ratio) is observed for the Pt-coated grating compared to 28X for the bare grating. The nickel-
coated grating shows an increase in the hot-electron photocurrent enhancement in both oxidation and reduction half-reactions.
Similarly, Ru-coated gratings show an increase in hot-electron photocurrents in the oxidation half-reaction compared to the bare Au
grating. Plasmon-resonant enhancement factors of 36X and 15X are observed in the p-to-s polarized photocurrent ratio for the Ni
and Ru gratings, respectively.
KEYWORDS: photocatalysis, plasmonic, hot electron, water splitting, solar fuel, pt catalyst

■ INTRODUCTION
The utilization of hot electrons photoexcited in plasmon-
resonant nanostructures has been explored for various
applications in chemistry by many research groups.1−8 One
of the great promises of hot electrons in chemistry has been to
overcome high barriers and drive difficult reactions. Mukherjee
et al. demonstrated H2 dissociation through the photo-
excitation of a Feshbach resonance.9 Zhou et al. quantified
the hot carrier and thermal contributions in plasmonic
photocatalysis, demonstrating accelerated reaction rates and
light-dependent activation barriers that outperformed heating
under thermal equilibrium conditions.10 Theoretical calcu-
lations by Sundararaman et al. and Liu et al. predicted narrow
distributions of hot electrons and hot holes on early time scales
(<50 ns) upon photoexcitation.11,12 Ultrafast time-resolved
spectroscopy later revealed that these photoexcited hot
electrons decay rapidly into a hot Fermi distribution that
persists for 1−2 ps before equilibrating with the lattice

temperature.13 Al-Zubeidi et al. showed that hot electrons
generated by plasmons are injected into water to form solvated
electrons and their yield is significantly increased when
nanoparticle-decorated electrodes are used instead of smooth
silver electrodes.14 Angle-dependent photocurrents measured
on plasmon-resonant grating structures demonstrated plas-
mon-resonant enhancement of photoelectrochemistry, how-
ever, the electrochemical potential dependence of these
gratings has not yet been investigated.15,16 Furthermore, no
photoelectrochemical measurements have been performed on
plasmon-resonant grating structures with a metal cocatalyst
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(e.g., Pt and Ru). Platinum (Pt)-based catalysts have been
studied extensively and proven to be highly efficient for the
hydrogen evolution reaction (HER).17−19 On the other hand,
ruthenium (Ru) exhibits catalytic properties that enhance the
oxygen evolution reaction (OER).20−23 Nickel (Ni) surfaces
have been demonstrated to serve as good catalysts for both
OER and HER.22,24 Combining the catalytic activity of Pt, Ni,
and Ru with the plasmonic properties of the metallic grating
could offer an effective way to improve the efficiency of HER
and OER reactions.
In the work presented here, the electrochemical potential

dependence of hot electrons photoexcited in plasmon-resonant
grating structures is systematically measured both with and
without Pt, Ru, and Ni catalyst coatings. Conventional
plasmonic metals, such as noble metals like gold (Au) and
silver (Ag), possess low chemical reactivity, which constrains
the types of chemical conversion that can happen on their
surfaces. On the other hand, catalytic materials like Pt, Ru, and
Ni have notable optical losses in the visible spectrum, leading
to a weak and broadband plasmonic resonance. Nonetheless,
by combining these excellent catalytic properties with those of
highly plasmonic metals, it is possible to create a more efficient
catalyst with multiple components. The plasmonic part can
capture energy and transfer it to the catalytic component,
thereby driving the desired chemical reactions. Hybrid catalytic
systems offer significant potential for incorporating optical
functionality, expanding the range of reactions that are only
feasible with catalytic metals.25−27 Several research groups have
explored nanoparticles with plasmonic material cores and
catalytic shells.25,28−30 These studies have showcased a
substantial enhancement in photocatalytic activities achieved
by harnessing photons through the plasmonic core and
directing the absorbed energy toward the catalytically active
reaction sites located on the shell of the nanostructure.25,27

While these structures allow precise control of the shell
thickness, their optical response is polarization-independent,
making it difficult to separate the plasmonic excitation from the

bulk metal absorption. Grating structures make it simple to
compare photocatalysis generated both on and off plasmon
resonance by merely altering the polarization of the incoming
light while keeping all other aspects of the reaction constant
(including photon energy, sample, and electrolyte), and thus
obtaining the plasmonic enhancement factor.

■ RESULTS AND DISCUSSION
We have designed a gold grating that supports surface plasmon
resonance in the VIS-NIR range. To excite the surface plasmon
polaritons (SPPs) in the grating structure, the momentum and
energy of the incident photons must match that of the SPPs
(i.e., wavevector matching).15,31 Figure 1a shows a schematic
diagram of the grating structure. The grating has a periodicity
of 520 nm and a line width of 233 nm. The grating is on a glass
substrate with 50 nm Au film and 50 nm thick Au lines. Figure
1b shows the first- and second-order surface plasmon modes of
the grating, analytically calculated by solving the plasmon
wavevector matching condition, with water as the surrounding
medium (n = 1.328). The plasmonic mode is excited at an
oblique angle with respect to normal incidence at a wavelength
of 785 nm. The resonant excitation leads to enhanced
absorption in the structure as verified using electromagnetic
simulations. Figure 1c shows the broadband absorption
spectrum of the grating at normal incidence. The first-order
plasmon mode appears as a peak in absorption in the visible
part of the spectrum. The second-order plasmon mode is
buried within the interband absorption and appears flat in the
absorption spectra at lower wavelengths. The absorption as a
function of the angle and wavelength of excitation is simulated
and is shown in Figure 1d (the colormap shows normalized
absorption). A commercial finite-difference time-domain
(FDTD) solver (Ansys Lumerical FDTD solutions) is used
to solve Maxwell’s equations in discrete time and space for the
grating geometries. For broadband simulations at a fixed
incident angle, the Broadband Fixed Angle Source Technique
is used within Lumerical FDTD solutions. A power monitor is

Figure 1. (a) Schematic diagram illustrating the corrugated grating structure. (b) Band structure of the Au grating calculated analytically based on
diffraction conditions. (c) Simulated broadband absorption at normal incidence. (d) Absorption of Au grating simulated numerically using the
FDTD method.
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placed behind the source to record the reflected power (Pref).
Absorbed power (Pabs) is calculated as Pabs = 1 − Pref. The
resonant-enhanced absorption traces the plasmon mode
expected from the analytical calculations in Figure 1b.
To investigate the effect of the thin catalytic film on the

surface plasmon modes, we calculated the resonant field
profiles of the Au grating structures with different thicknesses
of Pt surface coatings using FDTD simulations. The electric
field intensity is monitored with a 2D field monitor. Bloch
boundaries are used along the x-direction (parallel to the
grating) and perfectly matched layer boundaries are used in the
y-direction (perpendicular to the grating) for the field
calculations. A fine mesh of 0.2 nm × 0.2 nm is used in the
simulations. The field enhancement at 785 nm for the bare Au
grating as well as the Pt-coated gratings is plotted in Figure 2a,
which shows that the field enhancement goes down as the
thickness of Pt coating increases. This damping/screening of
the plasmon resonance by the thicker Pt layer poses a trade-off
between the hot electron generation in the Au nanostructure
and the catalytic activity of the Pt coating. Both theoretically

and experimentally, we find that the platinum catalyst thickness
is optimized for a thickness of 1 nm. Pt films thicker than this
spoil the plasmon resonance and thinner than this do not
provide any significant catalytic benefit.
Figure 3a shows a schematic diagram of the experimental

setup in which linearly polarized laser light is used to illuminate
the plasmon-resonant grating structure mounted on a rota-
tional stage, enabling hot electron-generated photocurrents to
be measured as a function of incident angle in a pH = 7, 0.5 M
Na2SO4 solution. The polarization of the incident light is
switched between p-polarization (i.e., perpendicular to the
grating lines) and s-polarization (i.e., parallel to the grating
lines) using a half-wave plate. In order to detect the relatively
small photocurrents generated by the short-lived hot
electrons/holes, we modulate the laser using an optical
chopper wheel and measure the AC photocurrent using a
lock-in amplifier (Stanford Research Systems, model SR830),
as illustrated in Figure 3b. The photocurrent measurements are
carried out using a three-terminal potentiostat (Gamry Inc.).
The differential AC lock-in technique can measure the

Figure 2. (a) Cross-sectional diagram of the unit cell of the corrugated grating structure. (b) Electric field enhancement of bare Au grating
illuminated on resonance (angle, polarization, and wavelength). Electric field enhancement of the same Au grating with (c) 1 nm Pt and (d) 2 nm
Pt coatings.

Figure 3. (a) Optical setup of the angle-dependent photocurrent measurement. (b) Electrochemical setup illustrating the AC photocurrent
measurement. (c) SEM image of a Au grating with 520 nm period and 233 nm metal line width. (d) Measured photoreflection spectrum from a
bare gold grating.
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relatively small photocurrents associated with the short-lived
hot electrons. The plasmon-resonant gratings are fabricated
using photolithography and reactive ion etching at the
University of California Santa Barbara nanofabrication facility.
Figure 3c shows a scanning electron microscopy (SEM) image
of the grating structure with a 520 nm period. The reflection
from the grating is measured as a function of incident angle
using a free-space power meter (Thorlabs S121C), as shown in
Figures 3d and S1 of the Supporting Information. The thin Pt
and Ru catalytic coatings were deposited using atomic layer
deposition (ALD), and the Ni coating was carried out using
sputtering deposition.
Figure 4a,b shows the angle-dependent photocurrent spectra

of Au grating structures with and without a 1 nm-thick

platinum coating. Spectra are plotted for both s-polarized
(nonresonant) and p-polarized (resonant) light at an applied
potential of −0.5 V vs Ag/AgCl. Here, sharp peaks can be seen
in the AC photocurrent at ±2.3° (from normal incidence) for
p-polarized light. However, s-polarized light shows no angle
dependence and substantially lower photocurrents. The
plasmon resonance in our grating system is polarization-
dependent, which enables us to isolate the plasmon-generated
photocurrent from other sources. When the polarization is
tuned to the s-polarization, the excitation is nonresonant, and
there will not be any plasmon-mediated photocurrent. On the
other hand, when the excitation is tuned to the p-polarization
with respect to the grating plane, there will be plasmon-
generated hot electron-mediated photocurrent, which gets

modulated at the chopping frequency of the laser. The AC
photocurrent can thereby be isolated using the sensitive lock-in
measurement technique. This sort of distinction is character-
istic of the polarization-sensitive system and the measurement
technique. Here, based on the p-to-s polarized photocurrent
ratio, we establish that the plasmon-resonant enhancement
factor is 28X for the bare Au grating (Figure 4a) and 64X for
the Pt-coated Au grating (Figure 4b). In addition, the
photocurrent associated with the Pt-coated grating is less
noisy and produces higher photocurrents than the bare Au
grating due to the faster kinetics (i.e., charge transfer)
associated with the Pt-coated surface. The peaks in the
photocurrent coincide nicely with the peaks observed in the
photoreflectance spectra plotted in Figure 4c.
We have conducted similar experiments on Au gratings

coated with Ru and Ni thin films, measuring photocurrent as a
function of incident angle, polarization, and electrochemical
potential. Figure 5a,c shows the angle-dependent photocurrent
measured at +1.4 V vs Ag/AgCl using Ni and Ru-coated
gratings, respectively. Figure 5b,d shows the angle-dependent
photoreflection from these gratings compared to that of the
corresponding bare Au grating. The dips in photoreflection
correspond to the plasmon excitation and are relatively
undisturbed due to the presence of the surface coatings. The
Ni-coated and Ru-coated gratings show plasmon-resonant
enhancement factors (i.e., p-to-s polarized photocurrent ratio)
of 36X and 15X, respectively, at +1.4 V.
The plasmonic field enhancement of bare Au gratings

diminishes in the presence of even a very thin layer (1 nm) of
surface coating as evident from the electromagnetic simu-
lations (Figure 2). Nevertheless, the Au gratings with these
catalytic metal coatings show enhanced photocurrent com-
pared to the bare grating. The plasmonic nearfield is strongly
confined to a very small mode volume around the Au grating.
Here, the photochemical reactions occur mostly by the transfer
of hot carriers to the molecular adsorbates at the interfacial
barrier between metal and adsorbate. During photocatalysis,
when molecules interact with the metal surface, the narrower
d-band of the metal hybridizes the molecular orbital into
metal−adsorbate bonding and antibonding modes. In the case
of bare Au gratings, the antibonding mode can be below the
Fermi level due to the deep-lying d band of the Au. As a result,
the molecule is less likely to adsorb onto the Au surface,
thereby limiting the transfer of plasmon-generated hot
electrons. On the other hand, when catalytic metals such as
Pt and Ru interact with adsorbates, generally only the bonding
states are below the Fermi level, leading to chemisorption.27

The increased number density of hybridized surface states
between metal and adsorbates increases the dephasing
channels for the plasmons, thus, overcoming the reduction in
hot electron generation rate.
The sensitivity of plasmon-mediated photocatalysis to the

surface-bound species makes it an attractive tool to study the
metal-molecular electrochemical interactions. Figure 6 shows
the electrochemical potential dependence of the AC photo-
current produced by illuminating the bare Au gratings and
catalyst-coated gratings on resonance (i.e., p-polarized light at
approximately θ = 2.3°) from −0.8 to +1.2 V versus NHE.
Figure 6a shows the potential-dependent photocurrent
produced with a bare Au grating. The photocurrent increases
monotonically as the potential is reduced to −0.4 V and then
saturates. On the oxidation side, the photocurrent is relatively
low compared to the reduction side. Overall, the potential-

Figure 4. Angle-dependent photocurrent spectra of (a) bare gold and
(b) Pt-coated gold grating nanostructures. (c) Normalized photo-
reflectance spectra taken with and without the platinum coating.
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dependent photocurrent in the bare Au grating is relatively
featureless, reflecting the poor catalytic properties of the Au
surface. In Figure 6b, however, we observe a clear resonant
feature centered around −0.3 V versus NHE for the Pt-coated
gratings. This corresponds to the conditions under which the
energy of the hot electrons photoexcited in the gold passes
through a resonance with the prevailing/dominant redox
potential in solution and/or reactant species bound to the

catalyst surface. This resonant feature is observed repeatedly
over many different cycles (i.e., potential sweeps) and different
samples, as plotted in Figure S8 of the Supporting Information
document. The fact that there is no corresponding peak
observed under oxidizing potentials reflects the reducing
nature of the platinum catalyst surface, which favors HER
over OER.8,32,33 In addition, the peak photocurrent measured
on the Pt-coated grating is roughly 2.3X higher than that of the

Figure 5. (a) Angle-dependent photocurrent spectra of Ni-coated gold grating nanostructure. (b) Photoreflectance spectra with and without nickel
coating. (c) Angle-dependent photocurrent spectra of Ru-coated gold grating nanostructure. (d) Photoreflectance spectra with and without
ruthenium coating.

Figure 6. (a) Electrochemical potential dependence of the AC photocurrent measured on resonance with a gold grating structure (a) bare, (b) Pt
coating, (c) Ni coating, and (d) Ru coating.
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bare Au grating. The nickel-coated grating (Figure 6c) shows
an increase in the hot-electron photocurrent compared to bare
Au grating both above +0.8 V and below −0.6 V vs NHE,
indicating slight catalytic enhancement in both oxidation and
reduction half-reactions. Similarly, the Ru-coated grating
(Figure 6d) shows an increase in hot-electron photocurrent
above +0.8 V and below 0 V vs NHE. Compared to bare Au
grating, the photocurrent increases rapidly with potential on
both the reduction and oxidation sides for the Ru-coated
grating. On the reduction side, the rate of increase of
photocurrent for the Ru-coated grating is similar to that of
the Pt-coated grating until the potential reaches −0.4 V. Below
this potential, the photocurrent for the Ru-coated grating rises
steadily. These data show that the hot electron-driven
photocurrent is quite sensitive to the catalyst surface
composition and the electrochemical potential, both of which
affect the surface-bound intermediates, which thereby
increase/decrease the charge transfer rates of these short-
lived hot electrons.
This photoelectrochemical approach provides energetic

spectroscopy of surface-bound intermediate species. While
there are many functional groups on the photoelectrode
surface such as OH, OOH, and H, for large negative potentials,
we expect the dominant reduction half-reaction to be HER.
For high positive potentials, we expect the dominant half-
reaction to be OER. In the intermediate range, it is unclear
which surface intermediates are dominating these AC photo-
current spectra. That is, for potentials below −0.4 V vs NHE,
we believe the AC photocurrent is largely due to surface-bound
H+ ions, and for potentials above +0.8 V vs NHE (for Ru and
Ni), the AC photocurrent is largely due to surface-bound OH−

ions. Nevertheless, we observe characteristically distinct
voltage sweeps (i.e., spectra) for different catalytic surfaces
(i.e., Pt, Ru, Au, and Ni). For example, the peak-like nature of
the features observed on Pt and Ru between −0.3 and −0.4 V
could be due to the electrochemical desorption of surface
species. That is, sweeping the potential through the resonant
energy results in an increase and then a drop in the AC
photocurrent, as these species are depleted. Future studies will
be needed in order to unambiguously identify these surface
species possibly by varying the electrolyte composition and/or
scan rate.

■ CONCLUSIONS
In conclusion, we have demonstrated a differential AC
spectroscopy approach that provides a very sensitive way to
measure surface species/catalyst surface interactions as a
function of electrode potential. We observe that the ultrathin
catalyst coatings (∼1 nm thick) do not affect the plasmon-
enhanced hot electron generation in Au gratings. These
catalytic coatings enhance the charge transfer rates associated
with these short-lived hot electrons involved in hydrogen
evolution and OERs. Due to the plasmon resonance excitation
of hot electrons, a 64X enhancement in the ratio of p-to-s
polarization ratio is observed for the Pt-coated grating, and a
28X enhancement is observed for the bare Au grating. Ni-
coated and Ru-coated gratings show an enhancement in the
plasmon-resonant photocurrent under both oxidative and
reducing potentials compared to the bare Au grating. The
catalytic surface coatings significantly alter the interaction of
adsorbate molecules with the grating surface, and the potential-
dependent photocurrent traces show distinctive behavior

corresponding to the electronic interaction of the molecule/
metal complex at this interface.

■ EXPERIMENTAL SECTION
Fabrication. A 5 nm thick Ti film followed by a 100 nm thick gold

film was deposited onto a transparent BK-7 substrate. The grating
lines were patterned onto the gold film using an ASML deep UV
stepper lithography tool and by partially etching the film to a depth of
50 nm. 1 nm Pt and Ru depositions were carried out using ALD at
200 °C with 31 cycles and 270 °C with 26 cycles, respectively. The
precursors used were (MeCp)PtMe3 and oxygen gas for Pt and
Ru(EtCp) and oxygen gas for Ru. The partial pressure of oxygen
inside the chamber was around 1.5 Torr.19 The Ni-coated grating
samples were fabricated by sputter depositing Ni metal using an Ar
plasma. To achieve 1 nm thick Ni, deposition was carried out for 8 s
with a deposition rate of 1.3 Å/s. A copper wire was attached to the
grating for electrical contact using silver paint (SPI Supplies Inc.) and
then sealed with epoxy (Devcon).

Photocurrent Measurements. The 1 cm × 1 cm grating was
mounted on a motorized rotational stage (Thorlabs CR1-Z7, and
KDC101) and immersed in a 0.5 M Na2SO4 aqueous solution. A
linearly polarized free space laser (Oxxius L4Cc) at 785 nm
wavelength was used to illuminate the center of the grating structure.
The beam diameter was approximately 2 mm, and the optical power
illuminating the grating was around 10 mW. The incident angle was
changed by rotating the grating with respect to the beam. A half-wave
plate was inserted in the beam path to rotate the incident polarization
between s-polarization (resonance off) and p-polarization (resonance
on). A 3-terminal Gamry potentiostat was used to measure the
electrochemical current in the system with the grating as the working
electrode, Ag/AgCl (3 M NaCl) as the reference electrode (BASI
Inc.), and a Pt wire as the counter electrode. When the resonance was
turned on, a small hot electron photocurrent was added to the
electrochemical current. To isolate this photocurrent from the DC
electrochemical current, the laser beam was modulated using a
chopper wheel at 200 Hz frequency. The small modulation in Gamry
electrochemical current at 200 Hz frequency was separated using a
lock-in amplifier (Stanford Research Systems, model SR830).
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