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Plasmon Induced Photovoltage and Charge Separation in Citrate-Stabilized Gold
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The photoelectrochemistry of citrate-stabilized gold nanoparticles on an ITO electrode is studied at low light
intensity. Weak cathodic photovoltage develops under visible gold plasmon irradiation. Photovoltage results
from adsorbed citrate oxidation by “hot” holes in the irradiated Au. Under identical conditions, Ag nanocrystals
give a stronger photovoltage than Au nanocrystals. The photocurrent is linear in light intensity, and a complete
citrate monolayer forms on the Au particles above 107® M aqueous concentration. At strongly oxidizing
potentials, a photocurrent peak occurs which may be related to electron photoinjection from Au into the ITO

substrate.

Introduction

This article explores the possibility that electronic excitation
of colloidal Au particles can initiate charge transfer photochem-
istry with adsorbed molecules. Normally, metal particles are
thought to be not photochemically active because electron—hole
recombination in an excited state is extremely fast. We
specifically describe the photoelectrochemical behavior of
citrate-stabilized Au nanocrystals on an indium tin oxide (ITO)
transparent electrode following optical excitation of the Au
surface plasmon. Surface plasmons arise from the collective
coherent oscillation of the Au conduction electrons. The
optically excited metallic polarization of the surface plasmon
creates enhanced Mie scattering, the local-field surface enchan-
ced Raman scattering (SERS) effect, and surface molecular
photochemistry.! Excited plasmons dephase via Landau damp-
ing, producing “hot” electrons and holes. These “hot” electron
and holes can localize on adsorbed molecules that have
energetically accessible molecular orbitals. Such localization can
cause irreversible molecular photochemistry that competes with
the return of the hot electron or hole into the metal. The related
reverse chemical process has also been extensively studied:
exothermic molecular reactions on metal surfaces produce “hot”
metallic electrons and holes that can be collected in a Schottky
diode external circuit.>™*

These hot carrier processes can be efficient. Au nanocrystals
adsorbed on TiO, have been excited in their visible plasmon
band in a Gritzel-type photoelectrochemical cell. A 24%
incident-photon-to-electron conversion efficiency was reported
for Au “hot” electron injection into the TiO, conduction band.>®
This high yield is facilitated by an interfacial Schottky barrier
which drives injected electrons into the TiO, bulk. Au has also
been shown to facilitate electron transfer from excited
sensitizers,””!! to promote photocatalytic oxidation of water to
dioxygen,'? and to improve charge transfer at semiconductor/
electrolyte interfaces.'> Enhanced photoconductance due to
tunneling of hot electrons generated by the surface plasmon
resonance has been observed in mesoporous TiO, nanofibers
loaded with Au nanoparticles.'* Surface plasmon resonance
induced photocatalytic chemoselective oxidation of alcohols to
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carbonyl compounds on Au nanoparticle loaded TiO, has also
been investigated.'

We have proposed a photovoltage mechanism for the pho-
toconversion of sodium citrate stabilized, colloidal Ag nano-
crystal seeds to large nanoprisms.'!® Ag plasmon excitation
causes irreversible oxidation of adsorbed citrate anions. Citrate
releases CO, after electron transfer to a “hot” Ag hole. This
process creates cathodic photovoltage on the aqueous colloidal
Ag particle, which can then grow by reduction of aqueous Ag™.
Such cathodic photovoltage, under open circuit in an electro-
chemical cell, was directly observed for citrate-stabilized Ag
particles adsorbed on an ITO electrode at excitation light
intensities on the order of 107> W/cm.!” In colloidal studies,
light-initiated growth of an Ag shell on an Au core has been
observed. This suggests that photovoltage does develop on the
citrate-stabilized Au nanoparticles under plasmon irradiation,
leading to reduction of aqueous Ag™, and subsequent deposition
of an Ag° shell.?® Very recently, photovoltage and particle
growth by aqueous Ag™ reduction have been reported at far
higher light intensities (10° W/cm?) where two-photon photo-
ionization occurs in Au particles.?’

Au nanoparticles are more stable and less toxic than Ag
particles, and for this reason citrate-stabilized Au nanocrystals
are used extensively in medical and biological studies.?? It is
important to understand if substantial photovoltage is created
under visible irradiation, for photovoltage would change the rates
of redox processes involving the Au particle, and thus modify
the local biological redox equilibrium. In this work we study
photovoltage under low light intensity (1072 W/cm?) as used in
the colloidal photochemistry experiments. Our findings on the
hot-carrier photochemistry of Au nanocrystals under low light
intensities may have implications for the use of such nanocryst-
als in biomedical applications.

There are several reasons why hot carrier chemical processes
in Ag and Au nanocrystals could be quite different. Au
nanocrystals have a lower plasmon optical excitation cross
section, and a larger work function, than Ag nanocrystals. In
the optical excitation of Au metal at 514 nm wavelength, the
photon energy principally creates d band hot holes.? In contrast,
in Ag the photon principally creates sp band hot electrons and
holes; the d band is not accessible.?® Thus, the rate and type of
photochemistry might be quite different. Recent careful studies
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Figure 1. Cyclic voltammograms of an Au particle electrode in 0.5
mM sodium citrate plus 0.1 M KNOjs (blue), an Au particle electrode
in 0.1 M KNOj; (red), and a bare ITO electrode in 0.5 mM sodium
citrate plus 0.1 M KNOj (green) under 514 nm illumination (11 mW/
cm?). Sweep speed was 50 mV/s.

show that the photoisomerization of azobenzene, adsorbed on
flat Au in high vacuum, is initiated by transfer of an equilibrated
hot hole at the bottom of the d band, lying 2.0 eV below the
Au Fermi energy, into the molecular HOMO.** In contrast,
azobenzene photoisomerization is not observed on flat Ag
surfaces, consistent with the idea that hot carrier processes are
less important when the d band is not accessible.

Despite this evidence for the importance of d-band acces-
sibility in hot carrier photochemistry of Ag and Au, the situation
appears to be reversed for the oxidation of adsorbed citrate. As
mentioned above, a strong photovoltage is observed for citrate-
stabilized Ag nanocrystals on ITO. This result signifies that a
hot carrier process, the photooxidation of citrate, can occur
despite the inaccessibility of the Ag d bands. In this work, we
explore this photochemical reaction for Au nanocrystals on ITO,
and we show that a photovoltage does develop under visible
light irradiation, although the response is much weaker. Ad-
ditionally, we discover a resonant increase in photocurrent at
oxidizing potentials that are inaccessible for Ag. These contrast-
ing experiments illustrate that our understanding of these metal-
initiated photochemical processes remains unsettled.

Experimental Methods

In a typical experiment, a 3 cm? area working Au nanoparticle
electrode was made by thermal or electron-beam evaporation
of approximately 3 nm of Au onto an ITO-coated glass slide.
The doped ITO free carrier concentration is in the range
10"—10%' cm™3.% The electrode was annealed in air at 600 °C
for 1 h; this forms well-shaped nanoparticles with a radius
around 20 nm and a surface plasmon resonance (SPR) peak at
600 nm (Figures S1 and S2 in the Supporting Information).
Photoelectrochemical experiments were run with 514 nm laser
illumination. A platinum wire served as the counter electrode,
and an Ag/AgCl electrode (in 3 M NaCl) was the reference
electrode. The solution was degassed before electrochemical
experiments but left open to air during measurements. Specific
experimental conditions are given in the figure captions.

Results

The normal cyclic voltammogram (CV) for bare ITO alone
in aqueous sodium citrate and KNOj is essentially flat (Figure
1, green). The Au-on-ITO electrode CV (Figure 1, blue, red)
shows overlapping oxidation waves of several species. Citrate

Figure 2. Time trace of open-circuit potential of an Au particle working
electrode in an aqueous solution containing 0.5 mM sodium citrate and
0.1 M KNO;. The laser power was 18 mW/cm?.
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Figure 3. Closed-circuit photocurrent of an Au particle electrode in
0.5 mM sodium citrate and 0.1 M KNO; plotted as a function of laser
intensity under 514 nm irradiation.

adsorbed on Au oxidizes near 1.0 V vs Ag/AgCl (peak b). Near
1.4—1.5 V Au metal itself oxidizes to Au,0; (peak c); this peak
overlaps the peaks due to oxidation of H,O and acetone
dicarboxylic acid.?*"3! The wave at 0.6—0.7 V (peak a) may
be due to Au surface oxidation forming chemisorbed species
(Au—0).?? The cathodic peaks (upon return) are attributed to
the reductions of gold oxide or surface adsorbate at 0.5 V (peak
d), aqueous oxygen at 0 V (peak e), and nitrate ions at —0.2 V
(peak f), respectively.?3373> These CVs were taken under an
illumination intensity of 11 mW/cm?; the CVs without illumina-
tion essentially superimpose on these traces at this 107 A
current scale. The photocurrent is observed on the 1077 A current
scale as described below.

The open-circuit photovoltage of the Au particle electrode is
several tens of millivolts under 514 nm irradiation with an
intensity of 10—30 mW/cm? (Figure 2); this is about 1 order of
magnitude lower than the photovoltage of the Ag particle
electrode.'*® The photocurrent (Figure 3) measured at the rest
potential of the particle electrode (closed circuit) is linearly
dependent on the illumination intensity at 514 nm. A control
experiment shows that the closed-circuit photocurrent for a bare
ITO electrode is 1—2 orders of magnitude lower under the same
irradiation condition. The photocurrent density at the rest
potential is about 9 x 107! A/((mW-cm™?); this value is
calculated from the slope of photocurrent versus light intensity.
Using the dry electrode optical extinction coefficient, this
corresponds to a quantum yield of about 3.3 x 107 e /photon.
This value is 20-fold lower than the previous result for the Ag
particle electrode (6.3x 107> e /photon).”
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Figure 4. Semilog plot of the closed-circuit photocurrent (red triangles)
and rest potential (black squares) of an Au particle electrode, as a
function of citrate concentration in aqueous KNOj3 solutions. For each
point the KNO; concentration was adjusted near 0.1 M to keep the
ionic strength constant. The laser power was 14 mW/cm?.
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Figure 5. Photocurrent of an Au particle electrode in 0.5 mM sodium
citrate and 0.1 M KNOj (blue triangles), of an Au particle electrode in
0.1 M KNOs; (red squares), and of an annealed bare ITO in 0.5 mM
sodium citrate and 0.1 M KNOj; (green diamonds) at different potentials
vs Ag/AgCl. The laser intensity was 11 mW/cm?. The voltage was
increased stepwise to higher values.

The closed-circuit photocurrent of the Au nanoparticle
electrode increases by about a factor of 3, above the background
level observed in KNOj electrolyte, when the citrate concentra-
tion is increased (Figure 4). The fact that such a modest increase
is seen also shows that photooxidation of citrate is weak. The
photocurrent saturates at 107® M citrate with 20 mL of
electrolyte in the cell, and we conclude there is a complete citrate
monolayer on the Au particles above this concentration. The
adsorption of citrate on Au surface lowers the open-circuit
potential of the particle electrode.

The dependence of the photocurrent on the applied potential
is plotted in Figure 5 (note that the current scale is 3 orders of
magnitude lower than in Figure 1). In an electrolyte consisting
of KNOj; and sodium citrate, a maximum value of 3.5 x 1077
A/(mW-cm™?) is observed at 1.5 V vs Ag/AgCl. A shoulder
peak is visible at 1.0 V vs Ag/AgCl, with a photocurrent density
of 2.3 x 1077 A/(mW-cm?). For an electrolyte containing
KNOjs alone, a maximum photocurrent density of 6.7 x 107%
A/(mW-cm™2) at 1.4 V vs Ag/AgCl is detected. We correlate
the optimum potentials to the onset of the oxidation of citrate,
H,O, and acetone dicarboxylic acid. It is worth pointing out
that, in both cases, the photocurrent of the Au particle electrode
starts rising drastically at around 0.7 V vs Ag/AgCl, which
coincides with the incipient oxidation of Au. This implies that
the formation of chemisorbed species (Au—QO) may play a role
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in the photoactivity of Au particles.’? Nonetheless, no apparent
change was found in consecutive closed-circuit photocurrent
measurements for over several hours, suggesting that oxidation
of Au to Au,03 or Au(OH); does not contribute significantly.’

Discussion

The photocurrent and photovoltage observed for citrate-
stabilized Au particles are weak, on an ITO electrode at
potentials near 0 V, in comparison with Ag particles under
identical conditions. Less oxidizing potentials (near 0 V) are
characteristic of citrate-stabilized, aqueous metallic Au colloidal
particles. On ITO we observe that a few tens of millivolts of
open-circuit photovoltage develops, and this provides a possible
mechanism for the photoreduction of aqueous Ag™ on aqueous
colloidal Au particle core under plasmon irradiation.

We find weak photooxidation of citrate despite the fact that
the Au “hot” hole should be strongly oxidizing in comparison
with the Ag “hot” hole. The work function of Au (5.3 eV) is
0.7 eV larger than that of Ag (4.6 eV). The equilibrated d band
Au “hot” hole lies 2 eV below the Au Fermi level. We
conjecture this may be so deep that oxidation of citrate is in
the Marcus inverted region, and therefore it is slow.

There are also other factors that will affect the measured
photovoltage in Au as compared with Ag. In general, the
plasmon metallic polarization is weaker in Au because the
excited polarization decays faster than in Ag.’”*® The 514 nm
light is off-resonant with the red Au plasmon peak. It may also
be that the specific binding of citrate to the metallic Au surface
is different than on Ag**™*' in a way that creates stronger
coupling of the plasmon to citrate in Ag.

We do observe a pronounced photocurrent peak under
strongly oxidizing conditions near 1.0 V; however, at this
potential both Au and citrate are undergoing rapid normal
electrochemical (dark) oxidation. This behavior is remarkably
different from the behavior of fullerene-modified bulk Au*? or
bare ITO electrodes, where photocurrent saturates with increas-
ing positive bias. This 1077 A level photocurrent peak in the
presence of citrate under strongly oxidizing conditions may be
related to electron photoinjection from Au into ITO. The ITO
substrate is a heavily doped semiconductor with a band gap of
3.6 eV. An interfacial Schottky barrier may form at the ITO/
Au junction, as previously observed on TiO,.** This barrier
would drive photoinjected electrons from Au into the high
density of states in the ITO conduction band. At oxidizing
potentials, such hot electron photoinjection could occur in
parallel to the direct tunneling of thermalized electrons from
the Au Fermi level to the ITO. This direct tunneling current
results from the oxidation of citrate by holes at the Au Fermi
level, and from the oxidation of Au itself, at potentials near 1.0
V. These oxidation processes occur in the absence of photo-
excitation. As the CVs show, direct electron tunneling occurs
on the 107 A level at 1.0 V, far exceeding the 1077 A level
photocurrent at the same potential.

Conclusions

In conclusion, we present the direct measurement of plasmon
mediated charge separation in citrate-stabilized Au nanoparticles
on an ITO-coated substrate, at low light intensities characteristic
of colloidal photochemical growth experiments. The process is
linear in light intensity, and a few tens of millivolts of
photovoltage develops. At 514 nm excitation wavelength
photooxidation of citrate is weak in comparison with Ag
particles under identical conditions. At more oxidizing potentials,
we observe a stronger photocurrent which may be associated
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with photoinjection of electrons from Au into the ITO conduc-
tion band. Unlike the Ag particle electrode, no degradation or
corrosion of Au particles is observed.
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