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ABSTRACT: Hot carriers generated from the nonradiative
decay of localized surface plasmons are capable of driving
charge-transfer reactions at the surfaces of metal nanostruc-
tures. Photocatalytic devices utilizing plasmonic hot carriers
are often based on metal nanoparticle/semiconductor
heterostructures owing to their efficient electron—hole
separation ability. The rapid thermalization of hot carriers
generated at the metal nanoparticles yields a distribution of
carrier energies that determines the capability of the
photocatalytic device to drive redox reactions. Here, we
quantify the thermalized hot carrier energy distribution
generated at Au/TiO, nanostructures using wavelength-

dependent scanning electrochemical microscopy and a series

of molecular probes with different redox potentials. We

determine the quantum efficiencies and oxidizing power of the hot carriers from wavelength-dependent reaction rates and

photocurrent across the metal/semiconductor interface. The wavelength-dependent reaction efficiency tracks the surface
plasmon resonance spectrum of the Au nanoparticles, showing that the reaction is facilitated by plasmon excitation, while

the responses from molecules with different redox potentials shed light on the energy distribution of the hot holes
generated at metal nanoparticle/semiconductor heterostructures. The results provide important insight into the energies

of the plasmon-generated hot carriers and quantum efficiencies of plasmonic photocatalytic devices.
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Metallic nanoparticles have attracted significant interest due
to their tunable optical properties coupled with catalytic
activities that support light-chemical reactions.'”” The
nonradiative decay of localized surface plasmons, i.e., collective
oscillations of the conduction electrons upon light stimulation,
results in the generation of hot charge carriers with energies
above the Fermi energy of the metal, which participate in
subsequent chemical reactions.*”"" The major limitations on the
photocatalytic efficiency of plasmon-excited hot charge carriers
are the rapid recombination of the electrons and Eoles that
prevent successful extraction as well as the loss in carrier energy
due to carrier scattering within the plasmonic metals. Metal/
semiconductor heterostructures are recognized to overcome the
former challenge and facilitate charge separation by forming an
interfacial energy barrier, thus efficiently extending the lifetimes
of the hot carriers generated from plasmon decay.”'”"’
The charge accumulation at the plasmonic structures and
semiconductors allows a variety of charge-transfer reactions to
occur, such as water splitting,H_18 CO,
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reduction, and oxidation of organic molecules.
typical metal/semiconductor structure consists of plasmonic
nanoparticles in contact with an electron-transporting semi-
conductor (eg, TiO,) and the Schottky barrier formed
between them.'” Hot electrons with energies higher than the
Schottky barrier energy are injected into the conduction band
of the semiconductor, and the plasmonic nanoparticles are left
positively charged. The accumulated holes can transfer to
electron-donors in solution to maintain charge balance, thus
driving photoelectrochemical oxidation reactions. Extensive
research effort has been dedicated to exploring the
fundamentals and applications of these types of photocatalytic
devices, | 3142123-27

The quantum efficiencies of the metal/semiconductor
devices that exploit surface-plasmon generated hot carriers
are typically too low for practical applications. One factor that



impacts the photochemical efficiency is the energy level of the
hot carrier relative to that of the reactant molecule. The energy
diagram in Figure 1 depicts possible charge transfer
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Figure 1. Energy diagram depicting hot carrier generation and
charge transfer mechanisms. (1) Holes generated near the Fermi
level (Eg,.40x) have insufficient energy for charge transfer. (2)
Holes with a suitable energy allow both charge transfer and charge
separation. (3) Generation of energetic holes result in electrons
having insufficient energy to be injected to TiO,.

Au

mechanisms in an Au/TiO, system. (1) Generation of highly
energetic electrons allows electron injection into the TiO, and
thus efficient separation of electron—hole pairs. However,
charge transfer to a nearby molecule is prevented if the
resultant hole energy is less negative than the highest occupied
molecular orbital (HOMO) level of the redox molecule. (2)
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When an electron with a lower energy is excited, charge
separation is still achievable as long as the electron energy
overcomes the Schottky barrier, ®5. The generated hole has
sufficient energy to transfer into the HOMO of the molecule,
thus driving the photoelectrochemical oxidation. (3) The
production of holes with very negative energy levels (e.g, at the
edge of the d band) results in the excited electrons having
insufficient energies to overcome the Schottky barrier, leading
to fast carrier recombination and diminished photo-oxidation
rate.

The situation is further complicated by the fact that the
energetic electrons and holes undergo rapid thermalization
(<100 fs), creating a distribution of hot carrier energies that
depend on the size of the plasmonic nanoparticles, the incident
photon energy, the charge carrier lifetime, and the band
structure of the semiconductor.”****’ Knowledge about the
number of carriers with suitable energies to be transferred to
certain redox molecules allows the quantum efficiency of a
photoelectrochemical reaction to be more predictive. Although
appropriate theoretical frameworks have been developed™ ™'
and spectroscopic techniques have been carried out’ to
describe the energy distribution of plasmon-induced hot
carriers, direct experimental quantification of hot carrier
energies from plasmon-driven photoelectrochemistry at a
metal/semiconductor structure remains missing. The roles of
carrier energy are often convoluted with other factors that can
affect the apparent rate of the reaction, such as light
absorption, charge separation efficiency, and electron-transfer
kinetics.

In this report, we probe the distribution of hot carrier
energies at a plasmonic nanoparticle/semiconductor substrate
(Au/TiO,) using wavelength-dependent scanning electro-
chemical microscopy (SECM) and a series of molecular
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Figure 2. (A) Schematic representation of an SECM competition experiment, in which light drives oxidation at the substrate electrode and
an electric potential drives the same reaction at the UME tip. (B) Tip current (iy) vs time trace obtained with an 820 nm radius Pt tip placed
10 gm away from the Au/TiO,/ITO substrate as 585 + 18 nm excitation is turned on and off. The illumination power during the times when
the light is on are indicated in the figure. The inset shows iy/ir 4., as a function of power. The solution contains 1 mM Fe(CN)s* and 0.5 M
KCL. Tip electrode is biased at 0.4 V vs Ag/AgCl, and the substrate is at open circuit. (C) Simulated calibration curves correlating ir/ir g,
i; photor and kg as obtained by a diffusion model. (D) Plots of substrate photocurrent (red points) and k. (blue points) vs the light power
extracted from the data in panel B. kg obtained from independently measured SECM approach curves (Figure S3) are shown as black X to

validate the model.
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probes with varying redox potentials. SECM has been
previously employed for probing the dynamics of a variety of
photoelectrochemical processes,”> " including surface-plas-
mon enhanced charge-transfer reactions.”*™** In an SECM
experiment, an ultramicroelectrode (UME, <1 ym) employed
as a tip is positioned close to a region of interest of a substrate,
as depicted in Figure 2A. The hot-hole induced photo-
oxidation reaction at Au nanoparticles results in the conversion
of redox molecules from their reduced form (Red) to their
oxidized form (Ox), thus decreasing the concentration of Red
near the substrate surface. Measuring the current associated
with the electrochemical oxidation of Red at the tip electrode
allows us to monitor its local concentration change and thus
the photoelectrochemical dynamics at the plasmonic substrate.
The apparent reaction rate and the reactant flux across the
illuminated substrate (i.e, photocurrent) can be extracted from
the tip current response with the help of a diffusion model. By
normalizing the photocurrent by the incident photon flux, we

can readilﬂ obtain the quantum efficiency of a photochemical
reaction that is free from the interference from side reactions,

such as water oxidation."* Furthermore, we choose outer-
sphere electron-transfer molecules as the redox probes. Unlike
catalytic reactions that are often sluggish and sensitive to the
charge-transfer interface, the kinetics of the outer-sphere
electron-transfer reactions are generally very rapid,39 thus

allowing the measured reaction rate and quantum efficiency to
be largely determined by the energy of the hot carriers. We

explore the effects of the excitation wavelength and the redox
potential of the molecules on the photoelectrochemical
reaction rate using SECM. The wavelength and redox probe
dependent quantum efficiencies }f)rovide insights into the
reactivity and energy distribution of the hot-holes generated by
surface-plasmon decay.

RESULTS AND DISCUSSION
We fabricate Au/TiO,/indium tin oxide (ITO) heterostruc-

tures as metal/semiconductor samples. A uniform thin film of
amorphous TiO, with thickness of ~40 nm (Figure S1) is
deposited onto a conductive ITO coated glass coverslip by
pulsed laser deposition (PLD)*" (see the Methods section for
details). Au nanoparticles are assembled onto the surface of the
TiO,/ITO by thermal evaporation deposition. Closely packed
individual Au disks with diameters ranging from 20 to 60 nm
(Figure SIC) are formed after 1 h annealing in air.

For photoelectrochemical experiments, the incident light is
introduced from a broadband white light source to the bottom
of the substrate through a 60X/1.45 NA objective. Band-pass
filters and neutral-density filters are placed in the optical path
to modulate the excitation wavelength and power, respectively.
The beam is focused at the sample with a spot size of ~80 ym
in diameter and drives the photoelectrochemical reactions only
at the illuminated portion of the substrate. The maximum
excitation power used in the experiments is ~20 uW,
corresponding to an intensity of ~1 W/cm? The temperature
increase at this illumination intensity is expected to be <0.1K

based on our previous work,>”*® and thus photothermal

heating effects on the electrochemical response is negligible.
Our previous work on a Au/ITO substrate showed plasmon-
driven photo-oxidation at the gold nanoparticles, with the hot
electrons injected into the weakly n-type ITO substrate.”” In
this system, we observe similar photo-oxidation at the gold,
with the hot electrons injected into the underlying TiO, hole

transport layer, leaving hot holes available for electrochemical
oxidation.

We first perform experiments using a one-electron-transfer,
reversible redox molecule, Fe(CN)¢*" (the reduced form,
Red). The solution contains 1 mM Fe(CN)*™ and 0.5 M
supporting electrolyte, KCI. Plasmon excitation and hot carrier
generation leads to the following photochemical reaction
taking place at the Au/electrolyte interface:

_ ket

Fe(CN); ™ (Red) — e~ =5 Fe(CN)3™(Ox) (1)

where k. is the apparent rate constant. A potential of 0.4 V
versus Ag/AgCl is biased at the Pt UME used as the tip
electrode, corresponding to electro-oxidation of Fe(CN)4*™ at
a diffusion-controlled rate (Figure 2A). The steady-state
diffusion limiting current at the tip (ir,,) obtained at this
potential is proportional to the local concentration of
Fe(CN)4*, as given by eq 2 below,"

it o = 4FDrCra (2)

Here, F is the Faraday constant, a is the radius of the tip
electrode, and Dy and Cy are the diffusion coefficient and the
concentration of Fe(CN)¢*™ respectively. The magnitude of
i1, provides direct information on the local concentration of
the redox molecules.

First, we operate the SECM in competition mode, i.e., the
oxidation reaction proceeds at both the tip electrode and
substrate, and the tip current reports the consumption rate of
Red at substrate (Figure 2A). An 820 nm-radius tip was
positioned 10 ym away from the substrate and the current at
the tip electrode (iy) was measured as a function of the
excitation power (P). The time trace of i; recorded while 585
+ 18 nm excitation light was modulated is shown in Figure 2B.
The tip current was originally 219 pA under dark conditions,
corresponding to the local concentration of Fe(CN)4*~
identical to the bulk. Upon 0.7 yW excitation, the magnitude
of iy quickly drops and levels off at 148 pA, suggesting that the
local Fe(CN)¢*" concentration decreases due to photo-
oxidation at the plasmonic substrate. iy returns to the baseline
current when the light is turned off (i1 4,4, reflecting the rapid
charge transfer and diffusion of the redox molecules within the
tip—substrate gap that allows a steady-state response to be
readily attained.” ™" As the light is modulated with increasing
excitation intensity, the magnitude of iy relative to the dark
current (ip/irg,) further decreases (Figure 2B and inset),
suggesting increased oxidation rates at the Au/TiO,/ITO
substrate under higher illumination power. Generation-
collection SECM experiments (ie., photo-oxidation at the
substrate and electro-reduction at the tip) were carried out to
quantify the production rate of Fe(CN)s*~(Ox) (Figure S2),
yielding results that agree with Figure 2B. The observed photo-
oxidation reaction at Au/TiO,/ITO suggests that the
conductive substrate (ie., ITO) helps clear away the
accumulated electrons at the illuminated area even without a
connection to the external circuit.

To quantify the photoelectrochemical reaction rates at the
plasmonic substrate, we developed a diffusion model (details in
SI) to extract kinetic parameters from our experimental data.
Briefly, we vary the effective rate constant of the light-driven
photoelectrochemical reaction at the substrate (e.g, eq 1), then
calculate the resulting concentration profile and diffusive flux
of the redox molecules to the tip in order to extract iy. Figure
2C (blue curve) shows how the calculated ir/ir 4,4 changes as
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Figure 3. Plots of iy/iy 4,4 (A) and extracted substrate photocurrents (B) vs the light power under excitation with different wavelengths. The
slopes (nA/uW) of the linear fits are shown next to each curve in panel B. (C) Action spectra of external quantum efficiencies (EQE, red),

and the extinction spectrum of the Au film (black).

a function of the apparent rate constant, k. A lower ir/ir g,
value corresponds to a higher k. as expected (e.g, faster
oxidation kinetics at the substrate leads to a lower
concentration of Red available to react at the tip and thus a
corresponding decrease in ir). By calculating the integrated
diffusion flux of the molecules across the entire illuminated
substrate in the model, we also evaluate the substrate
photocurrent (iS,Phom) at different k.4 as shown in the red
curve in Figure 2C. The photocurrent at the substrate becomes
larger as the reaction rate increases, and eventually reaches the
diffusion-limited region at very high k. One can find that the
suitable working range lies between k.4 = 107*—0.1 cm/s. This
model allows an indirect evaluation of the current flowing at
the substrate without a potential bias. The substrate photo-
current extracted in this way is determined solely by the redox
process of interest, and is free from the interference of
concurrent side reactions, such as water oxidation.

Using the calibration curves in Figure 2C, we converted the
tip current data in Figure 2B to values of kg and i o, under
different illumination powers. The power dependent effective
rate constants are shown as blue points in Figure 2D. To verify
the reliability of this model in quantifying the reaction kinetics,
we perform SECM feedback experiments and fit current-
distance curves in order to independently determine k.
(Figure S3). The values of k. extracted from the SECM
feedback experiments are plotted as black points in Figure 2D,
and show excellent agreement between the kinetic parameters
obtained from the two independent experiments, validating the
approach.

The extracted substrate photocurrent (red points in Figure
2D) shows a linear relationship with excitation power, with a y-
intercept of zero as expected. We determine the external
quantum efficiency (EQE) of the photo-oxidation reaction, i.e.,

the ratio of the electron flux to the incident photon flux, from
the slope of the linear fit to these data using eq 3,

is,photo/ ¢

= 3)

where i 1o/ P is the slope (current/power), e is the charge of
one electron, and hv is the photon energy. The slope value of
1.99 nA/uW obtained from Figure 2D is equivalent to an EQE
of 0.42%, similar to that reported in most studies using the
same photocatalytic device.'”*”** We note that this EQE is a
lower bound, due to the possibility of hot electrons injected
into the exposed TiO, layer converting the Fe(CN)4*(Ox)
produced at the gold back to the Fe(CN)4* (Red) form.

We next investigate the wavelength dependence of the
photoelectrochemical oxidation rate of Fe(CN)s*". A broad
excitation wavelength range (466—692 nm) was chosen to
overlap the extinction spectrum of the Au. The iy/ir g
responses measured under different excitation powers at each
wavelength (1) are shown in Figure 3A. The substrate
photocurrents were obtained using the calibration curve from
our diffusion model (Figure 2C) and plotted as a function of
power in Figure 3B. The linear relationships of photocurrent vs
power show different slopes, indicating that the quantum
efficiencies of the photoelectrochemical reaction are wave-
length dependent. We compared the wavelength dependence
data with the extinction spectrum of the Au, which is obtained
using eq 4,

. . 11 — 12
extinction = —log10 1-—-=
Iy (4)

where I, I, and I, are the incident light intensity, and the
transmitted light intensities through TiO,/ITO and Au/TiO,/
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Figure 4. (A) Steady-state voltammograms of FcMeOH (red), Fe(CN)*~ (orange), FCTMA" (green), and IrCls*~ (blue) normalized by the
diffusion limiting currents. Plots of iy/ir 4, (B) and extracted substrate photocurrents (C) vs the light power using the different redox
mediators. The tip electrode potentials are 0.35 V (red), 0.4 V (orange), 0.6 V (green), and 0.9 V (blue) vs Ag/AgCl, respectively. The
excitation wavelength is 585 + 18 nm. (D) Plot of the quantum efficiencies vs the HOMO energy levels of each mediator.

ITO respectively. As shown in Figure 3C, the action spectra of
the EQE (red) qualitatively matches with the extinction
spectrum of the Au nanoparticles (black). The highest
efficiency is obtained using 585 + 18 nm excitation, consistent
with the plasmon-resonance peak observed at ~590 nm in the
extinction spectrum. This confirms that the charge-transfer
originates from the hot carriers generated from the decay of
localized surface plasmons in the Au. Experiments performed
on a different Au/TiO,/ITO sample yield consistent wave-
length dependent data (Figure S4).

The extinction spectrum of bare TiO, shown in Figure S5
suggests that no direct bandgap excitation by visible light is in
play. To further verify that the Au nanoparticles are responsible
for the hot carrier generation, we performed control experi-
ments on a bare TiO,/ITO substrate and found the change in
ir is 1—2 orders of magnitude lower than that obtained with an
Au/TiO,/ITO sample under the same irradiation conditions
(Figure S6). The negligible change in i; obtained with an Au/
ITO sample suggests an extremely low efficiency due to rapid
charge recombination in the absence of a semiconductor layer.

Next, we discuss the effects of hot carrier energy on
photoelectrochemical reactions. As depicted in Figure 1, the
least negative energy of a generated hole is Eg, where the value
of Eg is determined by the redox molecules present in the
solution."** Open-circuit potential measurements (Figure S7)
show that Ep is at ~0 V vs Ag/AgCl (—4.7 eV vs vacuum). The
minimum electron energy required for electron injection to the
TiO, layer is Ep + @y, where @ = ~1.1 eV'® is the Schottky
barrier formed at the Au/TiO, interface. The most negative
energy level of a hole that still allows electron injection into the
semiconductor and efficient charge separation is E, = Eg +
@y — hv. Taking 585 nm excitation as an example, the photon
energy hv = 2.12 eV yields an E,,, = —5.72 €V vs vacuum (1.02
V vs Ag/ AgCl). If the hole energy is more negative than E_,,
the excited electron has insufficient energy to overcome the
Schottky barrier and leads to charge recombination. Thus, the
energy of the photogenerated holes available for driving charge

transfer reactions lie in the range between Ep and E_,.
However, the holes produced upon initial photoexcitation also
undergo internal collisions and lose energy, the result of which
is that most holes have energies closer to Ep (less oxidizing
power) than E,_ ., (more oxidizing power).

Our objective is to extract the energy distribution of the hot
holes in Au/TiO,/ITO samples by quantifying the number of
hot charge carriers with sufficient oxidizing power to drive
charge transfer reactions in probes with varying redox
potentials. To choose the probes for these studies, we need
redox reactions with well-defined standard potentials, simple
reaction mechanisms (e.g, one electron transfer), and rapid
electron-transfer kinetics. Catalytic reactions used in most
studies on plasmonic photoelectrochemistry™'? are often
sluggish and sensitive to the catalyst surface, which introduce
additional uncertainties in extracting hot carrier energy
information from the apparent reaction rate. In this work, we
choose ferrocenemethanol (FcMeOH), ferrocyanide (Fe-
(CN)¢*), ferrocenyl methyl trimetylammonium (FcTMAY),
and hexachloroiridate(IIT) (IrCls>~) as redox probes. The
oxidation of these molecules proceeds in one-electron-transfer,
outer-sphere mechanisms with rapid kinetics."""***> The
apparent reaction rate is therefore dominated by the energy
of the generated hot holes relative to the redox potential of
these molecules. In addition, these molecules are chosen to
avoid strong absorption of visible light near the plasmon
resonance peak of the substrate (Figure S8). The HOMO
levels of these molecules can be estimated from the half-wave
potentials (potential at half of the limiting current plateau) in
their steady-state voltammograms,”” as shown in Figure 4A.
The determined HOMO levels of FcMeOH, Fe(CN)*,
FcTMAY, and IrCl™ are 0.198, 0.241, 0.395, and 0.723 V vs
Ag/AgCl, corresponding to —4.9, —4.94, —5.1, and —5.42 eV
vs vacuum, respectively. A more negative value of the HOMO
energy (in eV) reflects that the probe is increasingly difficult to
oxidize.
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Figure S. (A) Schematic representation showing that the carrier distribution thermalizes to an elevated effective temperature, T Hot
electrons are represented by the orange areas above the E; and hot holes are represented by the green area below Ep. (B—D) The hole
populations obtained from the probe dependent experiments (black symbols) fit to eq 5 with the excitation wavelengths of 562 + 20 nm (B),
585 + 18 nm (C), and 607 + 18 nm (D). The results of the fits are shown in each panel.

We use 585 + 18 nm light matching the plasmon resonance
peak of Au to excite the Au/TiO,/ITO sample. Each redox
solution contains 0.5 M KCI as supporting electrolyte and 1
mM redox species. The tip electrode was biased at 0.35, 0.4,
0.6, and 0.9 V vs Ag/AgCl to drive electrochemical oxidation of
FcMeOH, Fe(CN)4*", FcTMAY, and IrCls*", respectively, at
their diffusion controlled rates (as shown schematically in
Figure 2A). The ip/ip g, responses obtained under varying
radiation powers are shown in Figure 4B. Calibration curves
accounting for different diffusion coeflicients of each probe
were created to extract i pho from ip/ir g The determined
substrate photocurrents are plotted as a function of power in
Figure 4C. The highest slope of the linear fit (2.21 nA/uW) is
obtained with FcMeOH, corresponding to an EQE of 0.47%,
slightly higher than that of Fe(CN)4* (0.42%), which is
consistent with the observation that FcMeOH has a more
positive. HOMO and is therefore easier to oxidize. The
efficiency obtained with molecules with more negative HOMO
energies are even lower (0.16% for FcTMAY, and 0.01% for
IrClg>”). The same probe-dependent experiments were
performed using a different Au/TiO,/ITO sample fabricated
under the same conditions. The average quantum efficiencies
obtained from the two independent measurements are plotted
as a function of the HOMO energy of the probes in Figure 4D.
The measured quantum efficiency of photo-oxidation shows a
clear decrease as the molecules become increasingly more
difficult to oxidize, as expected. The EQE vs energy curves
obtained with excitation using other wavelengths close to the
plasmon resonance peak are shown in Figure S9, which
qualitatively resemble the data in Figure 4D.

To understand these data, we must consider how plasmon-
excited hot carriers drive photoelectrochemical reactions.
While the initial excitation event generates hot electrons and
holes with energies well above and below the Fermi energy of
the material, respectively, these hot carriers undergo electron—
electron/hole—hole collisions within 10—100 fs of excitation,

leading to a distribution of hot carrier energies. This
distribution can be qualitatively described by an elevated hot
carrier temperature, which decays rapidly as the hot carriers
undergo further collisions.”’ At longer time scales (>100 fs),
the hot carriers interact with the phonon modes of the
material, further decreasing the energies of the hot carriers,
while increasing the lattice temperature of the material.”
Although the carriers are losing energy continuously, it is
convenient to use a two temperature model to describe the two
regimes: the elevated hot carrier temperature at short time
scales (10—100 fs) and the elevated lattice temperature at
longer time scales (>100 fs).” While the latter regime is well
described by Fermi—Dirac statistics, the former regime shows
deviations from this statistical description, especially at the
shortest time scales, with significant populations of hot holes
and electrons with energies well outside the thermalized
distribution.>' However, because we are performing our
measurements under continuous wave excitation, it is
impossible to know at what point in time our molecular
probes are harvesting charge carriers at the nanoparticle
surface. Thus, in our subsequent discussion, we will apply
Fermi—Dirac statistics to our data analysis with the caveat that
the extracted temperatures (called an effective temperature
below) are most likely lower bounds for the elevated charge
carrier temperature.

Beyond considering the distribution of hot carrier energies,
we must also consider the efficiency with which the hot carriers
are harvested by the molecular probes. Presumably, there are
far more hot carriers generated inside the nanoparticle that
have sufficient energy to oxidize our probes than are actually
extracted by the molecules. By choosing outer sphere probes,
we do not require an interaction between the molecule and the
electrode, while also allowing faster charge transfer than the
inner sphere probes that are often used for hot carrier
photocatalysis. In principle, this should produce higher
extraction yields, although experiments to verify this
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hypothesis are in progress. Similarly, the size of the
nanoparticle will also impact the probability that hot carriers
with sufficient energy to drive oxidation/reduction make it to
the nanoparticle surface.”’ Thus, we point out that the EQEs
we reported above, and used in our subsequent analysis, do not
reflect the absolute number of plasmonic hot carriers with
energy above a certain threshold, but are rather the number of
hot carriers that are extracted by our molecular probes. From a
device perspective, the latter value is the more important of the
two, because it directly reports whether productive chemistry is
accomplished by the plasmon-driven hot carriers.

If we now consider our data, we first recognize that the
HOMO level of a molecule relates to the energy required to
remove an electron from the molecular orbital. Molecules with
a less negative HOMO level (e.g, near Ep) allow more of the
holes generated by plasmon excitation/thermalization to take
part in the charge transfer reaction, while fewer holes are
energetically accessible to those molecules with a more
negative HOMO level (e.g, closer to E,,,). For instance, the
average EQE of 0.53% obtained with FcMeOH indicates that
53 holes were extracted with energies more negative than the
HOMO level of this redox molecule (—4.9 eV vs vacuum)
upon excitation by 10* incident photons, while an EQE of
0.17% obtained with FcTMA suggests that 17 holes were
extracted with energies more negative than —5.1 eV vs vacuum.
The quantum efficiencies obtained from the different
molecules with specific redox potentials therefore shed light
on the quantity of holes available over a given range of
energies.

As discussed previously, the initially excited energetic
carriers undergo rapid thermalization and yield a distribution
of hot carrier energies, which is reflected in the oxidation
potential dependence of the EQEs shown in Figures 4D and
S9. As discussed above, Fermi—Dirac statistics provide a
window into the effective temperature of the hot carrier
distribution, with a hotter effective temperature reflecting a
larger number of hot holes with higher oxidizing power (as
shown schematically in Figure SA).”® The number of holes
(N4,) with an energy at or below energy E, can be described by
the Fermi—Dirac distribution function shown in eq 5,

1
N, (E) = Ny|1 - = .
where Ny is the total number of generated holes, Eg is the
Fermi level (—4.7 eV vs vacuum), k is Boltzmann’s constant
(8.62 x 107™° eV/K), and T is the effective carrier
temperature discussed above. We fit the N,, data obtained
from Figure 4D and Figure S9 to eq 5, where Ny and T4 are
the adjustable parameters. Figure 5B shows the number of
extracted holes (Nj,,) per 10* incident photons (562 + 20 nm)
as a function of E—E where E is the energy of the HOMO
level for each probe. The black points are experimental data
obtained from Figure S9A, and the green curve is the fit to eq 5
with N1 = 201 and T = 1882 K. The fitting results of the hole
population vs energy obtained with 585 + 18 nm and 607 + 18
nm excitations are shown in Figure SC and 5D, respectively.
Unfortunately, the hot carrier energy information on other
wavelengths (e.g, 466 nm) was not accessible due to
immeasurable low electrochemical signal for the probes with
more negative HOMO values.

The value of Ny represents the total number of extracted
photogenerated holes excited at a given wavelength. On the

basis of the fits, we extract the highest number of holes when
the excitation wavelength is resonant with the plasmon

resonance of the substrate (N (607 nm) < Ny (562 nm) <
Np (585 nm)), in agreement with our wavelength dependent
EQE values (Figure 3C). Our T4 values fall between 1790 and
1882 K and are well within values suggested by theoretical
calculations.” Moreover, the elevated T, values (well above
the <1 K lattice temperature increase we expect due to
photothermal heating)®” indicate that our molecular probes are
capturing and successfully extracting the plasmon-generated
hot carriers before lattice thermalization. Interestingly, we also
find that the trend of the effective carrier temperature increases
with increasing photon energy (e.g, To (607 nm) < T.q (585
nm) < T (562 nm)). We expect that the highest energy
photons will produce the highest energy hot carriers upon the
initial excitation (e.g.,, when t < 10 fs), and the temperatures we
calculate here suggest that these higher energy carriers evolve to

an effectively “hotter” distribution of extracted hot holes at
longer time scale.

CONCLUSION

We have successfullly quantified hot carrier energy distributions
generated at metal/semiconductor nanostructures from the

photoelectrochemical responses of a series of molecular redox
probes. SECM allows us to probe the reaction kinetics and

extract quantum efficiencies of the surface-plasmon-mediated
photo-oxidation reactions at Au/TiO,/ITO substrates. The

redox probe dependent quantum efficiencies shed light on the
energy distribution of the hot holes after the electron injection
to the semiconductor layer. The experimentally obtained energy

distributions are fit to the Fermi—Dirac distribution function,
and the effective carrier temperatures during the initial carrier
thermalization step are successfully extracted. The determined
numbers of hot carriers and effective carrier temperatures are
wavelength dependent, and the trends are consistent with the
plasmon resonance spectrum and the photon energies,
respectively. These results have implications for understanding

the achievable quantum efficiencies of plasmonic photocatalytic

devices. It is anticipated that more efficient plasmonic
photocatalysts could be designed on the basis of the insights

into hot carrier distributions at the plasmonic/semiconductor
interfacial structure. We note that the devices described herein
are not designed for maximum efficiency, given the amorphous
nature of the semiconductor and the inherent heterogeneity
of the deposited gold nanodiscs. Thus, with structure design
optimization and creation of better metal/semiconductor

interfaces, we expect that improved charge extraction efficiency
and quantum efficiencies are possible.

METHODS

Chemicals. Potassium hexacyanoferrate (II) trihydrate (K,Fe-
(CN)¢3H,0, 99.95%), potassium ferricyanide (K;Fe(CN)g, 99%),
ferrocenemethanol (FcMeOH, 97%), potassium hexachloroiridate-
(I11) (K,IrClg), and potassium chloride (KCl, 99%) were purchased
from Sigma-Aldrich and used as received. Ferrocenylmethyltrimethy-
lammonium hexafluorophosphate (FcTMAPF) was prepared b
metathesis of ferrocenylmethyltrimethylammonium iodide &CTMA ,
Alfa Aesar) with ammonium hexafluorophosphate (NH,PF,, 99.5%,

Alfa Aesar) in water followed by filtration and drying under vacuum.
All aqueous solutions were prepared using deionized water from the

arium pro ultrapure water systems (Sartorius).

Substrate Preparation and Characterization. ITO-coated
glass coverslips (15—30 Q, SPI Supplies) were cleaned inside an
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argon plasma cleaner (PDC-32G, Harrick Plasma) for 10 min. TiO,

thin films were deposited onto the ITO surface from a ceramic TiO,
target in a Pascal laser molecular beam epitaxy (MBE) system. A KrF

excimer laser (4 = 248 nm, pulse duration 25 ns) with an energy
density of 0.8 J/cm® was used to ablate the TiO, target. ~40 nm thick

TiO, film is grown after 20 000 laser pulses with a repetition rate of
20 Hz at 300 °C. Gold (99.95%, Ted Pella) was thermally evaporated

(Nano 36, Kurt J. Lesker) onto the TiO, surface at a rate of 0.5 A/s to

a final thickness of 10 nm. The deposited Au was annealed in air at
400 °C for 1 h. A Veeco Dimension atomic force microscope (AFM)
and a FEI Quanta 450 FEG scanning electron microscope (SEM)

were used to characterize the surface morphology of the substrate.

The extinction spectrum of the Au film was collected with an UV—vis
spectrophotometer (Ocean Optics).

SECM Setup. Pt disk UMEs were prepared by pulling and heat
sealing 25-um-diameter Pt wires (Goodfellow) into borosilicate glass
capillaries with a P-2000 laser pipet puller (Sutter Instrument) and
polishing under video microscopic control, as described previously.®”
All electrochemical measurements were performed using a CH7S0E
bipotentiostat (CH Instruments). A Pt wire and an Ag wire coated
with AgCl were used as a counter and reference electrode,
respectively. The tip electrode was positioned close to the substrate
using a stepper motor (Microdrive, Mad City Laboratories) and a
piezo actuator (Thorlabs). The process is monitored with an inverted
optical microscope (Olympus IX-73). The
introduced from a laser-driven light source with spectral output
from 190 to 2100 nm (EQ-99XFC, Energetiq Technology) to the
bottom of the substrate through a 1.45 NA/60X oil immersion
objective (Olympus). Band-pass filters (Edmund Optics) and neutral-

density filters (Newport) were placed in the optical path to modulate the
excitation wavelength and power, respectively. The light was chopped

with an optical shutter (Uniblitz Electronic).

Finite-Element Simulation. The finite element simulations were
performed using COMSOL Multiphysics vS.2a (COMSOL) to model

the tip current response. Simulation details are provided in the
Supporting Information.
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