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Hot electron-driven photocatalytic water
splitting†
Bingya Hou,a Lang Shen,b Haotian Shi,c Rehan Kapadiaa and Stephen B. Cronin*ac
We report measurements of photocatalytic water splitting using Au films with and without TiO2 coatings.
In these structures, a thin (3–10 nm) film of TiO2 is deposited using atomic layer deposition (ALD) on top
of a 100 nm thick Au film. We utilize an AC lock-in technique, which enables us to detect the relatively
small photocurrents (BmA) produced by the short-lived hot electrons that are photoexcited in the metal.
Under illumination, the bare Au film produces a small AC photocurrent (o1 mA) for both the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER) due to hot electrons and hot holes,
respectively, that are photoexcited in the Au film. The samples with TiO2 produce a larger AC photocurrent indicating that hot electrons are being injected from the metal into the TiO2 semiconductor where
they then reduce hydrogen ions in solution forming H2 (i.e., 2H+ + 2e

- H2). The AC photocurrent

exhibits a narrow peak when plotted as a function of reference potential, which is a signature of hot
electrons. Here, we photoexcite a monoenergetic source of hot electrons, which produces a peak in the
photocurrent, as the electrode potential is swept through the resonance with the redox potential of the
desired half-reaction. This stands in contrast to conventional bulk semiconductor photocatalysts, whose
Received 3rd November 2016,
Accepted 27th December 2016

AC photocurrent saturates beyond a certain potential (i.e., light limited photocurrent). The photocurrents
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mainly because, in the metal–semiconductor system, there is a continuum of energy and momentum

produced at the metal–liquid interface are smaller than those of the metal–semiconductor system,
states that each hot electron can be injected into, while for an ion in solution, the number of energy
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and momentum states are very small.

In 2011, Ingram1 and Liu2 reported plasmon-enhanced photocatalytic water splitting, and attributed this to the local field
enhancement of sub-band gap (i.e., defect) states in the TiO2.
More recently, hot electrons have been reported in photocatalytic
systems, introducing the exciting possibility of overcoming high
barrier reactions. In 2013, Mukherjee et al. reported hot-electroninduced photodissociation of H2 on small Au nanoparticles
(AuNPs) supported on SiO23 and later on TiO2.4 DuChene et al.
reported prolonged hot electron dynamics in plasmonic-metal/
semiconductor heterostructure photocatalysts.5 Hot electron
processes have also been reported in solid state devices. In 2014,
Brongersma’s group reported hot-electron photodetection with a
plasmonic nanostripe antenna.6 In this work, they used a metal/
oxide/metal stack, and photocurrent was only generated when the
incident photon energy was larger than the oxide barrier
energy. In 2015, Halas’ group reported similar measurements,
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which compared the polarization dependence of plasmonresonant devices with Ohmic and Schottky contacts with defectrich TiO2.7 In the work of Robatjazi et al., plasmon resonant
nanoparticles are deposited on top of NiOx semiconducting films,
and the resulting photocurrent generated was attributed to the
direct injection of electrons excited in the metal nanoparticles to
ions in the solution.8 However, in this sample configuration,
there are several possible mechanisms capable of producing a
photocurrent, which are diﬃcult to separate. In our work
presented here, we observe photocurrent directly on a metal film
with no semiconductor present, thus, unambiguously demonstrating direct injection of photogenerated charge from a bulk
metal. Several recent theoretical studies have concluded that
plasmon resonant excitations decay into hot electrons in metal
nanostructures,9–13 which enables useful devices and structures
to be engineered despite the extremely short lifetimes of hot
electrons in metals (B10 fs).14,15
The processes of hot electron injection and hot hole injection are illustrated in Fig. 1. In the case of hot electron injection
(Fig. 1a), the photon is absorbed in the metal, and the excited
electron is injected into the solution or an adsorbed ion to drive
a reduction half-reaction (e.g., H+/H2). Fig. 1b shows the process
of hot hole injection, in which a hot hole below the Fermi level
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Fig. 1 (a) Schematic diagrams of the (a and c) hot electron injection and (b and d) hot hole injection of photoexcited carriers, illustrated for the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER).

is used to drive oxidation half-reactions (e.g., OH /O2). Fig. 1c
and d illustrate the processes in which hot electrons and hot
holes are injected into a thin TiO2 layer. The hot electrons then
propagate ballistically (i.e., without scattering) to the ions in
solution. As such, these charged carriers (electrons and holes)
remain hot until they reach the ions in solution.
Photoelectrodes are fabricated by depositing 100 nm Au on
glass substrates using electron beam deposition. Both bare
Au films and TiO2-coated Au films are studied here. For the
TiO2-coated films, a 0.5 nm layer of Ti is deposited to serve
as a seed layer for the atomic layer deposition (ALD) process.
A 3–10 nm TiO2 film is then deposited by ALD at 250 1C using
TDMAT as the Ti source and water vapor as the O source.16–19
The TiO2 thickness was established by ellipsometry for a 5 nm
film, which corresponds to 100 ALD cycles. 3 and 10 nm thick
films correspond to 60 and 200 ALD cycles. The TiO2 films are
annealed in a quartz tube furnace at 450 1C for 30 min while
flowing O2 gas. UV-vis absorption spectra of a 10 nm thick TiO2
film taken before and after annealing are plotted in Fig. S5 of
the ESI.† No significant differences are observed in the UV-vis
spectra after annealing indicating that the optical absorption
of this material is not sensitive to the long/short range order,
which is increased during the annealing process. The photo-I–V
characteristics, however, are quite different after annealing (see
Fig. 3 and 4), reflecting the fact that the transport properties are
very sensitive to the long/short range order of this material.
Fig. 2a shows an illustration of the sample geometry, where an
insulated copper wire is attached to the Au/TiO2 electrode using
silver paint and the whole sample, excluding the top surface, is
encased in epoxy to insulate it from the electrolytic solution.
Photoelectrochemical measurements are performed using a
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three terminal potentiostat (Gamry, Inc.), as illustrated in Fig. 2b.
For the oxygen evolution reaction (OER), a Hg/HgO reference
electrode was used, and for the hydrogen evolution reaction
(HER) a Ag/AgCl reference electrode was used. For all reactions,
a Pt wire was used as the counter electrode. The electrodes are
immersed in a pH = 7, 0.5 M Na2SO4 solution. We use an AC
lock-in technique, which enables us to detect the potentially
small photocurrents (BmA) produced by the short-lived hot
electrons and just 3 nm of semiconductor material, as illustrated
in Fig. 1b. The incident laser is chopped at frequency ochopper,
which is 200 Hz in our case. The chopper controller (Stanford
Research Systems, Inc., Model SR540) is connected to the ‘‘REF
IN’’ terminal of the lock-in amplifier (Standard Research Systems, Model SRS830 DSP), in order to synchronize the lock-in
amplifier with the light modulation, as illustrated in Fig. S2 of
the ESI.† A 150 O resistor is inserted between the working
electrode terminal of the Gamry potentiostat system and the
sample, and the lock-in amplifier is used to measure the AC
component of the voltage drop across this 150 O resistor. Any
photoresponse from the sample will produce an AC voltage at
the same frequency as the chopped laser. The AC photocurrent
presented in Fig. 3 and 4 is obtained by dividing the AC voltage
by the resistance of the 150 O resistor (I = V/R).
Fig. 3 shows the DC dark current generated in the three
basic sample types (i.e., a bare 100 nm Au film and annealed
and unannealed samples with 10 nm TiO2 deposited on 100 nm
Au films). Under illumination, the bare Au film produces a very
small AC photocurrent (o0.1 mA) around 0.15 V vs. NHE, as
measured using the setup illustrated in Fig. 2a. The samples
with TiO2, on the other hand, produce a larger AC photocurrent
indicating that hot electrons are being injected from the metal
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Fig. 2 (a) Diagram illustrating the sample configuration. (b) Schematic diagram of the three-terminal photoelectrochemical setup with the modulated
laser and AC lock-in amplifier.

into the TiO2 semiconductor where they then reduce hydrogen
ions in solution forming H2 (i.e., 2H+ + 2e - H2). The AC
photocurrent exhibits a relatively narrow peak at 0.15 V vs.
NHE, which is a signature of hot electrons. Here, we photoexcite a monoenergetic source of hot electrons, which produces
a peak in the photocurrent as the electrode potential is swept
through the resonance with the reduction potential of the hydrogen
evolution reaction. This stands in contrast to conventional bulk
semiconductor photocatalysts, whose AC photocurrent saturates
beyond a certain potential, as shown in Fig. S1 of the ESI.† Another
key point supporting the hot electron hypothesis is that
the unannealed sample produces very little photocurrent. The
unannealed TiO2 material is amorphous and conducts via a
hopping mechanism,20 whereas the annealed TiO2 is crystalline, and can transport the hot electrons ballistically without
scattering. That is, the TiO2 film is thinner than the mean free
path of the electrons and holes, so the hot electrons injected
from the metal can propagate to the ions in solution before
relaxing back to equilibrium. Here, the photocurrents produced
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at the metal–liquid interface are smaller than those of the metal–
semiconductor system because, in the metal–semiconductor
system, there is a continuum of energy and momentum states
that each hot electron can be injected into, while for an ion in
solution, the number of energy and momentum states are very
small (and possibly singular).
We have also measured photocatalytic oxygen evolution
(i.e., OER) using the bare Au film and Au/TiO2 electrodes, as
shown in Fig. 4. Here, we see a rather pronounced AC photocurrent for the bare Au film peaked around 1.5 V vs. NHE, which
we attribute to the hot hole injection mechanism illustrated in
Fig. 1b. Again, the annealed TiO2-coated electrode, shows a higher
photocurrent, indicating that hot hole injection is the dominant
photocurrent generation mechanism. Here, the unannealed
sample produces no detectable photocurrent because this
material is amorphous and conducts via a hopping mechanism. As such, the hot holes relax to equilibrium even while
traversing the relatively thin TiO2 films, whereas the annealed
TiO2 is crystalline, which enables the hot holes to propagate
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Fig. 4 (a) DC dark current and (b) AC photocurrent plotted as a function
of the reference potential for the oxygen evolution reaction (OER).

Fig. 3 (a) DC dark current and (b and c) AC photocurrent plotted as a
function of the reference potential for the hydrogen evolution reaction
(HER). (c) Is a zoomed-in version of (b).

ballistically without scattering and relaxing back to equilibrium.
It is somewhat surprising that the bare Au and Au/TiO2
(annealed) samples only have a small diﬀerence in AC current
density, considering that the TiO2 has much lower inherent
overpotential for driving OER compared to Au. Here, we believe
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that the hot electron process is fundamentally diﬀerent from
equilibrium catalysis, and therefore is not governed by the same
kinetics (i.e., overpotentials) of standard reactions.
The behavior shown in Fig. 3 and 4 were observed consistently
in several diﬀerent samples. Fig. S3 and S4 of the ESI† show
additional datasets taken from diﬀerent samples, which show the
same behavior observed in Fig. 3 and 4. In particular, we observe a
peak in the photocurrent for these ‘‘hot electron’’ samples, whereas
bulk semiconductors show current saturation (see Fig. S1 of
the ESI†). This indicates that the phenomena observed here
originate from a fundamentally diﬀerent mechanism.
Brown et al. calculated the initial excited carrier distributions
generated by surface plasmon decay. The plasmon-generated
hot carrier distribution is extremely sensitive to details of the
electronic band structure, and for Au, the interband threshold
is B1.6–1.8 eV. Above this threshold, direct transitions from the
d band to unoccupied states above the Fermi level dominate, and
the energy distribution of hot carriers exhibits one peak corresponding to hot electrons and one peak corresponding to hot
holes.11 Several other groups have also reported narrow energy
distributions for photoexcited hot carriers in metals.9,10,21 In
the work of Avanesian et al., the electron-induced adsorbate
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dynamics on metal surfaces were modeled using a nonadiabatic, first-principles inelastic electron scattering model.22 They
predict narrowly distributed reaction probabilities, consistent
with the resonance behavior we observe experimentally.
In conclusion, we observe evidence of hot electron (and hot
hole) driven photocatalysis on bare Au films and TiO2-coated
Au films. Here, an AC lock-in technique is used to detect
the relatively small photocurrents (BmA) produced by the
short-lived hot electrons that are photoexcited in the metal.
For both the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER), the AC photocurrent exhibits a relatively
narrow peak, as the monoenergetic distribution of hot electrons
and holes photoexcited in the metal is swept through the resonance with the redox potential of the desired half-reaction. The
TiO2-coated Au films produce a higher photocurrent than the
bare Au films because of the large density of electronic states
in the TiO2 semiconductor compared to the small number of
states of the ions in solution. While these hot electron and hot
hole photocurrents are relatively small, plasmon resonant
nanostructures can be utilized in the future to engineer useful
devices and structures despite the extremely short lifetimes of
hot electrons in metals (B10 fs).
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