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Abstract: Ideal solar-to-fuel photocatalysts must effectively
harvest sunlight to generate significant quantities of long-lived
charge carriers necessary for chemical reactions. Here we
demonstrate the merits of augmenting traditional photoelec-
trochemical cells with plasmonic nanoparticles to satisfy these
daunting photocatalytic requirements. Electrochemical tech-
niques were employed to elucidate the mechanics of plasmon-
mediated electron transfer within Au/TiO, heterostructures
under visible-light (A >515 nm) irradiation in solution. Sig-
nificantly, we discovered that these transferred electrons
displayed excited-state lifetimes two orders of magnitude
longer than those of electrons photogenerated directly within
TiO, via UV excitation. These long-lived electrons further
enable visible-light-driven H, evolution from water, heralding
a new photocatalytic paradigm for solar energy conversion.

Solar photocatalysis for chemical fuel production represents
a promising approach to sustainably satisfy escalating global
energy demands.!! Unfortunately, current photocatalysts
exhibit limited solar-to-fuel efficiencies because the lifetimes
of photogenerated electron-hole pairs (ps—ps) are often
incommensurate with the prolonged timescales required to
facilitate photocatalytic reactions (ms-s) at the semiconduc-
tor surface."*! This kinetic discrepancy hinders the realiza-
tion of efficient photosynthetic devices for solar energy
conversion.'! Recently, the integration of Au or Ag nano-
particles (NPs) into traditional photoelectrochemical (PEC)
cells has been shown to endow the plasmonic composite with
enhanced photocatalytic performance by utilizing the surface
plasmon resonance (SPR) of plasmonic-metal NPs.** These
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SPs predominantly relax non-radiatively via Landau damp-
ing, yielding highly energetic “hot” electrons that transiently
populate electronic states above the metal Fermi level.”
When plasmonic-metal NPs are proximal to a semiconductor
with a dense manifold of conduction band (CB) states, the hot
electrons can be directly injected into the energetically
accessible CB levels of the semiconductor.>*>¢ This plas-
mon-mediated electron transfer (PMET) process constitutes
a unique photosensitization strategy enabling these plasmonic
NPs to serve as light-harvesting assemblies when anchored to
a semiconductor scaffold.?*?

Although PMET occurs on an ultrafast timescale (f<
240 £s),1°" the temporal evolution of these transferred elec-
trons within the semiconductor CB after PMET deserves
further study. The average lifetime of hot electrons within the
semiconductor CB represents an important catalytic param-
eter, as these photoexcited electrons must persist long enough
to facilitate surface reactions.”’ Previous dynamics studies
were conducted in air using femtosecond pulsed-laser excita-
tion,[*® and thus did not adequately capture the excited-state
dynamics relevant to PEC systems operating in solution.®
Knowledge of these hot electron dynamics within a plasmonic
device under simulated solar conditions is therefore crucial to
the further optimization and eventual exploitation of the
PMET process in artificial photosynthetic constructs.

To that end, we used a plasmonic PEC cell to elucidate the
PMET mechanism in plasmonic-metal/semiconductor (Au/
TiO,) heterostructures during in situ (i.e. aqueous solution)
operation. This device architecture renders the plasmonic
composite electronically addressable, providing an ideal
platform to probe the PMET process. These PEC studies
unambiguously confirm that visible-light excitation of the
plasmonic Au/TiO, photoanode induces PMET from the Au
NPs to the CB of the TiO, nanowires (NWs). Significantly, we
monitored the excited-state lifetimes (z,) of these hot
electrons within the semiconductor CB in situ and found
that the PMET process yields excited-state electrons with
prolonged lifetimes compared to those of electrons excited
directly within TiO,. These long-lived electrons were sub-
sequently harnessed for visible-light-driven hydrogen (H,)
evolution from water, demonstrating the utility of PMET for
solar photocatalysis.

A TiO, NW array was chosen as the Au NP support to
unambiguously assign the visible-light response to the plas-
monic NPs, while the semiconductor NW served solely as
a conduit for hot electron transport. Moreover, relative to
planar semiconductor configurations, this nanowire topology
has been shown to improve PEC performance by decoupling
the directions for light absorption and charge transport within
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the device, while providing an uninterrupted conductive
corridor for charge carriers to reach the back contact.”
Scanning electron microscopy (SEM) showed that the TiO,
NWs were perpendicularly oriented on the substrate with
average lengths (/) of 2.2 +0.2 um and diameters (d) of 200 +
50 nm (Figure Sla—c). X-ray diffraction (XRD) confirmed
that these NWs were monocrystalline and composed of rutile
TiO, (Figure S1d), as initially reported.” Plasmonic Au NPs
(d =20+ 5 nm) were then photochemically grafted"” directly
onto the TiO, NWs to construct Au/TiO, heterojunctions free
of surfactants and chemical linkers (see the Supporting
Information). A dramatic color change occurred after photo-
deposition, indicating the presence of plasmonic Au NPs
(Figures S2 and S3). SEM analysis revealed that the Au NPs
were distributed along the TiO, support but were predom-
inantly located at the NW terminus (Figure 1a). Given the
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Figure 1. Structural analysis of a typical plasmonic photoanode.

a) SEM image of a plasmonic Au/TiO, photoanode on the FTO glass
substrate. b) HAADF-STEM image demonstrating direct physical con-
tact at the Au/TiO, interface (da,q1)=2.35 A).

importance of the Au/TiO, interface to the PMET mecha-
nism,”” the heterojunction was further inspected by high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). As shown in Figure 1b,
a coherent interface was established at the Au/TiO, hetero-
junction, confirming that photodeposition yields the intimate
physical contact requisite for PMET.

A suite of PEC experiments were then performed using
a three-electrode electrochemical cell consisting of a plas-
monic Au/TiO, photoanode (working), Pt wire (auxiliary),
and Ag/AgCl (reference) electrode all immersed in a support-
ing electrolyte of 1M NaOH (see the Supporting Information).
All electrode potentials (E) are reported relative to the
reversible hydrogen electrode (RHE). Chronoamperometry
was used to evaluate the PMET process with the plasmonic
photoanode potentiostatically poised at E,,;=1.20Vgug
while being illuminated with periodic (3 s on/off) visible
light (A>515nm). This approach permits the selective
excitation of the Au NPs while excluding any contribution
from direct interband transitions within the TiO, support
(Figure S4). As shown in Figure 2a, the plasmonic device
exhibits a prompt and reproducible anodic photocurrent (/,;,)
when exposed to periodic visible-light irradiation. In contrast,
the TiO,-only device produced no Jy, under identical con-
ditions (Figure 2a). We therefore attribute the J, of
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Figure 2. Photoelectrochemical data from TiO,-only (gray) and Au/
TiO, (black) photoanodes. a) Chronoamperometry (J,(t)) during peri-
odic visible-light excitation. b) Photovoltage action spectrum difference
(AV,,(1)) between photoanodes.

1 pA cm? from the plasmonic device to hot electron injection
via optical excitation of the Au NPs.

To further correlate the visible-light activity of the
plasmonic photoanode to the optical properties of the Au
NPs, the open-circuit voltage (V,.) was monitored as a func-
tion of incident photon energy. The occupancy of CB states
within a semiconductor during optical excitation is given by
the quasi-Fermi level (Ez*) of the device, which can be
monitored externally via the V,, of the PEC cell.l'"¥ Under
open-circuit conditions, the photovoltage (V,,) corresponds
to the increase in E} with respect to the equilibrium value
obtained in the dark (Ezgr.q0), as given by Equation (1):

%
Vo (EF_n EF,Redox) _ kBlln E (1)
o q q \m

where Eprgeqox corresponds to the Fermi level of the electro-
lyte, kg is the Boltzmann constant, T is the temperature (in
Kelvin), g is the unsigned charge of an electron, while n and n,
represent the free electron concentration under illumination
and in the dark, respectively."! We emphasize that no
increase in E) was observed for the TiO,-only device when
it was illuminated with visible light, permitting utilization of
the V,;, as a PEC probe to monitor the generation of hot
electrons in the plasmonic photoanode, as shown in Fig-
ure 2b. The V,, difference spectrum (AV,(1)=(Aw/
TiO,)V,n(A)—(TiO,) V() reveals a clear distinction
between these devices in the visible region assignable to the
Au NPs, with the maximum AV, qualitatively corresponding
to Adnay Of the plasmonic device (Figure S2). Taken together,
these PEC characteristics conclusively demonstrate that
visible-light excitation induces PMET from the Au NPs to
the TiO, NWs, enabling these plasmonic photoanodes to
harvest visible light.

The dynamics of these hot electrons within the TiO, CB
were then examined in situ by monitoring the temporal
profile of the V,. from the plasmonic photoanode while
selectively exciting the Au NPs. An extended V. transient
lasting ca. 50 s was observed under 4 > 515 nm irradiation as
hot electrons accumulated within the TiO, CB, which slowly
shifted the V. of the plasmonic photoanode to more negative
potentials (Figure 3a). The extended V. transient reveals
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Figure 3. Transient open-circuit voltage decay (OCVD) from the TiO,-
only (gray) and the Au/TiO, (black) photoanodes following exposure
to UV or visible-light excitation, respectively. a) V, transient rise/decay
obtained during excitation/termination of irradiation. Horizontal
dashed black line represents the V,. baseline in the dark. b) Average
electron lifetimes (z,) within the device.

a limited transmission probability for hot electrons into the
TiO, CB, strongly suggesting the presence of a Schottky
barrier (¢~ 1.0 eV)P* at the Aw/TiO, interface. The relax-
ation dynamics of these transferred electrons were then
monitored immediately after irradiation, and a prolonged V.
decay was observed over several minutes as the CB electrons
recombined with any holes trapped on the Au NPs.

The PMET dynamics in the Au/TiO, device were distin-
guished from the intrinsic optical transitions within the TiO,
support by monitoring the V. of the TiO,-only photoanode
under UV (1 <400 nm) light. As shown in Figure 3a, a sub-
stantial distribution of electron-hole pairs was generated via
UV excitation of the TiO, NWs, and a significant V,;, of 0.7 V
was promptly established. Upon termination of the UV
irradiation, the V,, rapidly decreased back to the equilibrium
value obtained in the dark as the CB electrons were
scavenged by adsorbed surface species (e.g. dissolved O,) or
relaxed via recombination with holes trapped in the valence
band (VB).

Subsequent analysis of these V. transients via the open-
circuit voltage decay (OCVD) method!"! yields the average
lifetime of the photogenerated carriers (z,) within the device,
according to Equation (2):

kyT (dV,\ "'
Tn:_l:I (dl> (2)

where 7, represents the average electron lifetime and all other
variables are as previously defined."! This measurement
preferentially probes the slow recombination kinetics (milli-
seconds—seconds) of interfacial charge transfer processes
occurring at the semiconductor-liquid junction.""*"" Conse-
quently, this approach lends unique insight into the extended
dynamics of long-lived electrons capable of facilitating
reduction reactions, since these processes transpire on similar
timescales.!!

As shown in Figure 3b, the hot electrons transferred to
the TiO, CB via PMET exhibited lifetimes that were 1-2
orders of magnitude longer (z,~10°s) than those of CB
electrons excited within the TiO, NWs themselves (7, ~ 10" s).
Moreover, the relatively short-lived distribution (z,~ 0.1 s)
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indicative of rapid recombination was not observed for the
hot electrons generated through the PMET mechanism. The
absence of these short-lived carriers strongly suggests a re-
duced recombination rate following the PMET process. It
must be recognized that 7, corresponds to the characteristic
lifetimes for both free and trapped electrons within the TiO,
CB." Although trap states often mediate electron transport
within NP-based TiO, films,'? our device is composed of
a highly-oriented rutile TiO, NW array known to possess
a low density of defects.®! The photodeposition of Au NPs is
further expected to preferentially passivate defects on the
TiO, surface,**'”) suggesting a diminished contribution from
trap states to the lifetimes observed in the Au/TiO, device. We
emphasize that the lifetimes of CB electrons within the TiO,-
only device are consistent with prior reports;®>!'“l however,
the singular nature of the prolonged V. transient in the Au/
TiO, device implies a substantially reduced tendency for
recombination following the PMET process.

Previous dynamics studies on Au/TiO, systems have
employed NP-based mesoscopic films with TiO, particle
sizes of 10-20 nm,’ which are too small to facilitate the
formation of a depletion layer within the TiO, NPs.'“21 Ag
a consequence there is no internal electric field to assist in the
separation of electron-hole pairs within the semiconduc-
tor.'*?1 In contrast, the dimensions of the semiconductor
scaffold used in our study (0.2-2 pm) are suitable to support
a depletion layer within the TiO, NW.”*! Thus, the prolonged
lifetimes observed for the hot electrons should result from the
significant Schottky barrier (¢~1.0 eV) established at the
AW/TiO, interface.”®® Although this Schottky barrier tem-
pers the transmission of hot electrons into the TiO, CB, once
the barrier has been breached, the depletion layer within the
semiconductor promotes charge separation by sweeping these
hot electrons away from the Au/TiO, interface. Recombina-
tion is further suppressed by the absence of VB holes in TiO,
under visible-light irradiation. Constraining the number of
relaxation channels available to these transferred electrons
prolongs the charge-separated state, as the only accessible
recombination pathway requires traversing back through the
depletion layer and across the Schottky barrier before
quenching any holes trapped in the Au NPs. This rationale
is supported by the direct physical contact created at the Au/
TiO, interface via photochemical deposition (Figure 1b) and
is consistent with the prolonged V. transient observed under
visible-light excitation (Figure 3a). On the contrary, direct
excitation of TiO, with UV light generates CB electrons that
are not physically separate from VB holes, encouraging
geminate recombination within the semiconductor. Thus, the
salient feature of the PMET process involves the spatial
isolation of the hot electrons in the TiO, CB from the holes
left behind on the Au NPs (see the Supporting Information
for further discussion).

Finally, since the PMET process procures a steady source
of excited-state electrons exhibiting lifetimes commensurate
with the timescales required for solar photochemistry,!3! we
evaluated the PEC activity of the Au/TiO, device for visible-
light-driven H, evolution from water (see the Supporting
Information). PEC experiments confirm that these hot
electrons are catalytically suitable for water reduction,
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Figure 4. Visible-light-driven H, evolution from H,0 with a plasmonic
PEC cell. a) Average H,-production curve over time. b) PEC stability
experiments performed over four consecutive days. Vertical dashed
lines delineate the start/stop of each experiment.

facilitating H, evolution from the Pt wire cathode at a rate (k)
of 0.940.1 pmol H, cm ™2 h" in the presence of methanol as
a sacrificial reagent (Figure 4a). Significantly, the plasmonic
photoanodes were also found to exhibit excellent PEC
stability when subjected to repeated 5 h photocatalytic cycling
experiments, as shown in Figure 4b. We note that the TiO,-
only device does not produce H, when subjected to identical
experimental conditions (Figure S6), further demonstrating
the unique characteristics of hot electrons for solar photo-
chemistry.

In summary, we used PEC techniques to probe hot
electron dynamics within Au/TiO, heterojunctions in situ and
confirm the existence of PMET in these plasmonic photo-
anodes. We discovered that the lifetimes of hot electrons
transferred to the TiO, CB are 1-2 orders of magnitude longer
than those of CB electrons generated directly within the TiO,
support via UV excitation. Such marked differences in
lifetime are attributed to the Schottky barrier at the Au/
TiO, interface, which impedes recombination following
PMET to the TiO, CB. We further harnessed these long-
lived electrons for visible-light-driven H, evolution from
water, demonstrating their potential for solar photocatalysis.
These results highlight the merits of the PMET strategy for
extending the excited-state lifetimes of charge carriers within
PEC devices, while simultaneously sensitizing the semicon-
ductor scaffold to sub-band gap light. We anticipate improved
photocatalytic efficiencies for a variety of kinetically hindered
chemical reactions if plasmonic-metal/semiconductor hetero-
structures can be appropriately engineered to exploit the
PMET process.
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