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Noble metals capable of generating hot carriers by plasmon decay promote efficient
charge separation with visible light, which opens a new prospect in the fields of
photocatalytic energy conversion and solar fuel generation. Recent studies also indicate

that by tuning system parameters such as photon energy and plasmon resonance, hot
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carriers may be injected into specific anti-bonding orbitals of an adsorbed molecule,

making it possible for selective photocatalysis. Although numerous metal nanoparticle

systems have been devised to harness plasmon-induced hot carriers, little is known for

surface plasmon polariton (SPP)-induced hot carrier generation, especially for energy-

tunable photocatalysis. In fact, nanoparticles’ morphological variations, resonance

inhomogeneity, and limited spectral tunability have challenged efficient control over

energy-tunable photocatalysis. In this study, we investigated the energy-tunable

photocatalysis using SPP-supporting metal film systems including a metal -

semiconductor heterofiim (Ag/TiO,) and a bare metal film (Au) by measuring

electrochemical responses under a continuously-tuned illumination angle. We found that

photon-to-carrier conversion efficiency measured in the heterofim was strongly

dependent on photon energy, showing a good agreement with a Schottky transport

model. We also found that hot carriers generated in the bare metal film are energetically

positioned near the metal’s Fermi level, and therefore, chemical reactions can be

controlled by tuning electrode potential or solution pH. These results demonstrate that

the SPP system could provide a platform for understanding charge transport
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mechanisms in plasmon-induced photocatalysis and pave a new path for energy-

tunable chemical reactions.

Introduction

Gaining control over reaction rates and/or end products is a difficult, and treasured, goal

in heterogeneous photocatalysis.’? Conventional semiconductor photocatalysis, for

example, has suffered from a considerably low product selectivity due to the high-

energy photons required to create charge carriers in wide band-bap semiconductors

such as TiO, (band-gap of ~3.2 eV), ZnO (~3.2 eV), and Bi,O3 (~2.8 eV).3 In addition to

the dearth of UV radiation in the solar spectrum, use of these high-energy photons

could result in thermally-induced side reactions or generate free radical intermediates,*°

further reducing selectivity in photocatalysis. There have been efforts to increase the

product selectivity in semiconductor photocatalysis by enhancing the absorption of

visible-light. Examples include the doping of metal oxides with heteroatoms such as

nitrogen or sulfur,®’ or sensitization of metal oxides with organic dyes® or quantum dots
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(QDs).® The former creates a new electron donor level above the valence band of the

semiconductor facilitating electron transfer to the conduction band under visible light

irradiation. The latter works in a similar fashion to dye-sensitized solar cells, where

excited carriers, photogenerated within the dyes or QDs, are transferred to the oxide for

catalysis. However, in these examples, the energy of the reactive carrier is still fixed by

the conduction band of the metal-oxide, limiting the range of carrier energies that may

be attained and therefore the course of redox chemistry.

Recently, it has been demonstrated that plasmon-induced photocatalysis is

capable of controlling reaction rates and/or products with hot carriers generated by

visible-light.10.11.12,13,14,15,16,17.18  Jpon illumination by visible-light, noble metal

nanoparticles support resonant electron oscillations on their surfaces, known as

localized surface plasmons (LSPs). These excitations last only tens of femtoseconds,'®

at which time LSPs decay either radiatively, or more often, non-radiatively, through the

processes such as phonon-assisted lattice scattering and Landau damping.2® The non-

radiative plasmon decay generates energetic ‘hot’ electrons and holes, which can be

injected into proximal oxides or molecular systems to drive chemical reactions?' or
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generate photocurrents 2?2 Theoretical works have shown that the distribution of hot

carriers is strongly dependent on the electronic band structure of the metal,232425 the

energy of the photon,?324 and the shape and size of metal nanostructures.2627 While

the band structure of the metal is a material’s intrinsic property that is difficult to modify

in its native form, the photon energy and LSP resonances can be conveniently tuned by

the choice of excitation energy and the morphological variations of the nanoparticles.?®

Tuning the photon energy or LSP resonances also allows hot carriers to be injected into

specific anti-bonding orbitals of an adsorbed molecule,12:29.3031.32 opening the

possibility for selective visible-light photocatalysis by plasmon-induced hot carriers.

However, understanding the mechanisms of the plasmon-mediated

photocatalysis can be challenging in the LSP-based nanoparticle systems. Most

nanoparticle-based systems show large morphological variations that result in

resonance inhomogeneity,3334 and this may obscure the relationship between the

distributions of hot-carrier energies and specific reaction pathways. Reducing agents or

surfactants used during synthesis of metal nanoparticles are still attached onto the

metal surface353 and may affect the chemical reactions under examination.
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Furthermore, nanoparticle-based systems require synthesis of a wide range of

nanoparticles in order to achieve LSP resonance tuning.3” The optical resonance of

plasmonic nanoparticles can be tuned by functionalizing them with polymers,38

dopants,®? and biomolecules,*? but these additions would also likely alter the chemical

processes under investigation. A lack of continuous resonance tunability in a given

nanoparticle system limits the choice of redox chemistry, while continuous resonance

tunability would provide great versatility in the hot-carrier based photocatalysis.

To address these challenges, we have recently demonstrated hot carrier-driven

chemistry utilizing traveling surface plasmon polaritons (SPPs), which are

homogeneous in-plane, generate uniform electric fields on a surfactant-free metal film,

and provide a single sample that supports a range of plasmon energies accessible

through angle-tuning.4’ Metal — semiconductor heterostructures (ie., Au/TiO, and

Ag/TiO,) were used in which SPP decay created hot carriers that drove solution-based

oxidation of methanol and the anodic half-reaction of water-splitting. A direct correlation

between photovoltage and SPP resonance confirmed that the OH- oxidation reaction is

a hot carrier-driven process rather than a plasmonic heating effect. Thus, we have
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verified that our SPP system with a broad and continuous spectral tunability is

potentially applicable to the generation of hot carriers and plasmon-induced

photocatalysis.

However, photon-to-carrier conversion efficiencies obtained with two select

excitation energies at 1.6 and 2.3 eV were not enough to identify charge transfer

mechanisms in the metal — semiconductor heterostructure, and the prospect of selective

chemical reaction using the SPP system was largely missing.#' In the current study, we

expand our efforts for driving solution chemistry controlled through tuning the excitation

energy across a wide range of wavelength, solution pH, and electrode potential. Not

only did we utilize energy-tunable carrier generation and injection from the plasmonic

metal into a catalytic semiconductor using a metal — semiconductor heterostructure

(Ag/TiO,), but we also studied direct charge transfer from the bare metal to a reactive

species in solution using a bare plasmonic metal film (Au). In the Ag/TiO,

heterostructure, the dependence of charge transfer efficiency on excitation energy

(ranging from 1.6 to 2.4 eV) and incident angle revealed a Schottky-mediated charge

transfer mechanism. In the oxide-free Au film, solution pH and electrode potentials were
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varied to systematically tune redox energy levels relative to the working electrode (Au

film) enabling evaluation of the influence of potential alignment on hot carrier injection

from the metal directly into reactive surface species. This work significantly extends our

earlier proof of concept of SPP-induced photocatalysis by (i) using the SPP’s inherent

tunability to reveal charge transport mechanisms, (ii) comparing the differing

mechanisms at work in hetero- and homostructures, and (iii) demonstrating methods for

controlling transport of plasmonic hot carriers by tuning energy levels with solution pH

and bias. These steps support the pursuit of selective plasmon-induced chemistry,

which may find applications in important chemical reactions such as solar fuel

generation, degradation of organic compounds, synthesis of new materials, and more.

Results and discussion

Surface Plasmon Polariton-Enabled Photocatalysis Systems. Figure 1a shows a

schematic diagram of the SPP-supporting electrochemical cell that enables both optical

and electrochemical interrogation of plasmon-mediated chemistry. The Kretschmann

geometry was used to launch SPPs at the plasmonic metal film (Au or Ag; 40 nm
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thickness) — dielectric interface using a high-index hemispherical lens (7= 2.0). In order

to create metal — semiconductor heterostructures, a TiO, film (10£3 nm thickness) was

deposited via atomic layer deposition (ALD) on top of a Ag film. ALD is based on the

sequential chemical reactions of precursors on the substrate while all the reaction

byproducts are purged with inert gas such as nitrogen, enabling the deposition of

pinhole-free oxide layers even on high aspect ratio nanostructures.*?> Atomic force

microscope images*! showed that the 10 nm-thick TiO, film is uniformly coated on the

metal surface without signs of pinholes or island formation, which would cause oxidation

of the metal film. We used the Ag film here because its SPP resonance spans a wider

energy range in the visible than does Au, allowing us to probe an ample energy range

for energy-dependent hot carrier generation and injection. We used five different light

emitting diodes (LEDs) and two lasers as light sources with energies (/w) ranging from

1.6 to 2.4 eV. The angle-dispersive response for a Ag/TiO, heterostructure showed that

a range of SPP resonances can be reached by simply altering the incident excitation

angle and the photon energy (Figure 1b), without changing the geometry of the

plasmonic structure. The normalized LED light spectra (left) and their corresponding
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angle-dependent reflectivity spectra (bottom) are also shown in Figure 1b. To evaluate a

bare metal plasmonic system, the TiO, film deposition was omitted and Au was used in

place of Ag. Au was used in this case since it is more resistant against oxidation than

Ag, and therefore acts as a more stable working electrode for electrochemical

evaluation in direct contact with the solution. An angle-dependent dispersion curve for

the bare Au film (40 nm thickness) is shown in Electronic Supplementary Information

(ESI, Figure S1).

(a) (b) 10
Ag/AgCI electrode 0.8
(reference) ™ —
£ 06
Solution =3
_ NaOH (0.1 M) + S 0.4
TiO, (10 nm) CH;0H (0.5 M) o
Ag (40 nm) N g 0.2
(working) it
ToCCD Pt wire g
(counter) =
e,
=
=i Contact pad =3
Hemispherical lens ™
{ =

Light (n=20) w
48 52 56 ] 64
Angle (6, ®)

Figure 1. Surface plasmon polariton (SPP)-induced hot carrier generation for

photocatalysis. (a) A schematic diagram of the SPP-supporting electrochemical cell that

10
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allows for the SPP-induced energy-tunable hot carrier generation and its direct use for

solution chemistry. SPP resonance can be tuned by changing incident angle (6) of

incoming light, while electrochemical responses at the metal — semiconductor or bare

metal surface are monitored. (b) SPP dispersion curve for a Ag/TiO, heterofilm:

Measurement shown in a black and white contour plot (Ag/TiO, = 40/10£3 nm in

thickness) and simulation in a white dashed line (40/14 nm). Normalized LED light

spectra with excitation energies (/w) from 1.7 to 2.4 eV (left) and corresponding angle-

dependent reflectivity spectra (bottom panel) are also shown as a function of 8. A

dispersion curve for a Au film (40 nm thickness) is shown in Supporting Information

(Figure S1).

Either the metal — semiconductor heterofim or bare metal film served as a

working electrode in a three electrode electrochemical cell consisting of a Pt wire

(counter) and Ag/AgCl electrode (reference). The electrochemical response at the

working electrode was then recorded in a mixed solution of sodium hydroxide (NaOH,;

11
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0.1 M) and methanol (CH30H; 0.5 M), or in a NaOH solution (0.1 M) where pH was

varied by altering NaOH concentration while maintaining a fixed ionic content with

sodium perchlorate (NaClQ,4). Detailed descriptions about the preparation of the SPP-

supporting electrochemical cell and electrochemical measurements can be found in

Experimental section.

Tuning of Excitation Angle and Photon Energy in Ag/TiO, Heterofilm. First, we

verified the incident angle- and energy-dependent photocurrent response of an Ag/TiO,

heterofilm interfaced with a solution of NaOH and CH3;OH in Figure 2a (see Figure S2

for full angle-dependent chronoamperometry profiles). Five different LEDs with Aw

spanning from 2.4 to 1.7 eV were used to launch SPPs and, subsequently, generate hot

carriers. In all cases, positive photocurrents occurred, indicating an oxidation reaction at

the working electrode (/.e., holes traveling from the working electrode into solution) and

a reduction reaction at the Pt counter electrode (/.e., electron-driven). This is consistent

with our earlier study*' that monitored a hot hole-driven OH- oxidation. Although

Au/TiO, heterostructures are often used to selectively collect excited electrons,

12
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extending their lifetime by keeping them separated from holes,*344 the thin TiO, layer in

our system is expected to be fully depleted of carriers. As such, it will exhibit no band

bending or ability to keep carriers separated. Instead, both electrons and holes may be

conveyed into the TiO,. In fact, the exclusive observation of oxidative currents for this

metal — semiconductor heterostructure is not surprising since TiO, is a well-known

catalyst for oxidative chemistries.® Therefore, even if both carrier types are present,

oxidative processes would be expected to dominate the TiO, surface-mediated

reactions. Hot hole-driven photoelectrochemical reactions have been also shown in

LSP-supporting metal nanoparticles deposited on indium tin oxide, fluorine tin oxide,

TiO,,% or gallium nitride,*® and Au/SiO,/Au core/shell nanoparticles.*” However, we note

that the TiO, layer with no metal film showed no photo-induced electrochemical

response,*! demonstrating the clear role of metal films in creating hot carriers.

13
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Figure 2. Angle- and energy-dependent photocurrent in a Ag/TiO, heterofiim. (a)

Photocurrents measured in a Ag/TiO, heterofilm while an illumination angle of the beam

was tuned from 40 to 68° (solid circles) were plotted along with angle-dependent

reflectivity spectra of five different LED sources having energies from 2.4 to 1.7 eV

(solid lines). (b) Experimentally-obtained photon-to-carrier conversion efficiencies

obtained with varied excitation energies (solid circles) were plotted with the calculated

hole injection efficiency (blue line). Details of the calculation of experimental photon-to-

14

Page 14 of 47



Page 15 of 47

Journal of Materials Chemistry A

carrier conversion efficiency and theoretical Schottky transport model can be found in

ESI. (c) An energy diagram of the Ag/TiO, heterofim. Eg: Fermi level of Ag, Ec:

conduction band, and Ey: valence band of TiO,. Hot holes created with sufficient photon

energy (>2.0 eV) can be transported to the TiO, layer, resulting in a chemical reaction.

Note that the TiO, bands are shifted to give an electron barrier height of 1.2 eV. This

barrier height differs from that expected based purely on the work function and electron

affinity of the participating materials due to defect-related charges and dipoles

generated at the metal semiconductor interface, and is in reasonable agreement with

values from the literature.48:49

Figure 2a shows a strong dependence of the photocurrent on the incident angle

of incoming light. This correlation is verified by the coincidence between the maximum

photocurrent (solid circles) and minimum reflection (solid lines) for each light source,

both obtained at the SPP resonant angle (&fsgp). Since light is coupled into SPP

excitations most efficiently at Gspp, their decay into hot carriers and the resulting

15
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electrochemical currents are also maximized at this optimum angle. We emphasize that

the angle dependence in photocurrent was not limited to a single excitation energy, but

instead, was observed universally, regardless of excitation energy varying from 2.4 to

1.7 eV. Such an angle dependence confirms that the electrochemical reaction is an

SPP-mediated process, and is a clear demonstration that a single SPP-supporting

metal — semiconductor heterofilm is capable of generating hot carriers across a wide

range of resonance energies simply by changing the incident illumination angle.

Second, we observed that the excitation energy used to create hot carriers on

the Ag/TiO, heterofilm had a strong influence on the incident-photon to collected-carrier

conversion efficiency (Figure 2b). This energy dependence also allowed us to complete

the hot carrier transport model developed earlier for the Ag/TiO, heterofilm,*' as we

used not just two but multiple light sources in this work (Figure 2c). All light sources

used (including two additional lasers with Aw = 2.3 and 1.6 eV) had energies lower than

the interband threshold of Ag (~3.6 eV)23 and the band gap of TiO, (3.2 eV).3 Therefore,

we neglected the effect of interband transitions of charge carriers on photocatalysis.

Again, the sign of photocurrents identifies hot hole-driven oxidation in Figures 2a and

16
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S2. Since the highest energy that hot holes may attain is £,,.x = EF— Aw, where Efis

the Fermi level of the metal, SPP decay can generate energetic holes at energies from -

6.3 to -7.1 eV relative to vacuum (color bars in Figure 2c). We expect significant

transport of holes over the barrier (and eventually into solution for a reaction) only when

the maximum hot-hole energy exceeds the barrier height (ie., Aw > @®,). This is

qualitatively seen when plotting the experimental conversion efficiency (ie., the

measured photocurrents / illumination intensities of light; see ESI for details) as a

function of the difference between the estimated Schottky barrier for hole injection (@, =

2.0 eV) and Aw. Generally, the conversion efficiency increased monotonically when the

maximum carrier energy exceeds the barrier height and spanned five orders of

magnitude from 7.0 x 107 % to 0.028 % for 1.6 < /Aw < 2.4 eV (solid circles in Figure 2b

and details in ESI). Although the focus of our work is not on enhancing or optimizing the

photocatalytic efficiency but rather on utilizing the resonance tunability for chemistry, the

SPP-supporting system reaches the efficiency of some nanoparticle-based LSPR

systems under high energy excitation.#4%0 Nevertheless, the possibility of enhancing

photon-to-carrier conversion efficiency in the SPP-supporting system seems plausible

17
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based on theoretical and experimental works where the density of surface plasmon

modes is increased by periodic texturing of the metal surfaces,®' the propagation length

and light confinement are both enhanced by designing metal-insulator-metal

structures,52 and the electromagnetic field intensity is enhanced by coupling LSP-

supporting metal nanoparticles to SPP-supporting metal films.53

The measured conversion efficiency vs. photon energy compares well with a

Schottky transport model, which integrates the product of the distribution function for hot-

hole generation, the transport efficiency, and the transmission probability at the Ag/TiO,

interface, assuming momentum conservation parallel to the interface (blue line in Figure 2b

and details in ESI). The results are consistent with SPP decay into hot electrons and

holes and, while both carrier types may be present and migrate, the hole transport over

the Ag/TiO, Schottky barrier drives oxidation reactions, which dominate the

electrochemical response. Figure 2b also demonstrates the power of the SPP platform

for examining mechanisms of plasmonically-driven chemistry, in that a single material

system was used to measure the reaction efficiency for plasmons with resonant

energies spanning 0.8 eV, and allowed comparison to a mechanistic model. Lastly,

18
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although we chose to illuminate with multiple relatively narrow-band sources, for

chemical systems with more efficient response, a single white light source could be

used with the SPP resonance, and therefore carrier energy, tuned strictly by incident

angle.

We also note that low-intensity illumination was used in this work for the

generation of hot carriers. lllumination powers at the sample were ~10 yW (the full

range of values is listed in ESI) and the maximum LED power used per area of the

working electrode (3.9 W/m?2) was less than 1% of solar intensity (1000 W/m?). This

rules out pronounced plasmonic heating, which generally requires an illumination

intensity ~107 W/m?2 (~10* times solar intensity).>* The linear dependence of

photocurrent on illumination power and the estimated temperature increase of <1 °C in

our experimental conditions*! also support that the observed electrochemical reaction

follows a photogenerated carrier mechanism rather than plasmon-induced heating. The

low-intensity visible-light illumination makes SPP-driven photocatalysis economically

accessible and, more importantly, extends its capacity for driving energy-tunable, non-

thermal photocatalytic reactions.

19
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Tuning of Solution pH and Electrode Potential in Oxide-Free Au Film. Next, we

investigated SPP-induced hot carrier generation for selective chemistry using an oxide-

free bare plasmonic metal film. Although the bare metal structure is simpler to fabricate

(no ALD of a semiconductor layer is required) and it can reveal the energetic charge

transfer at the metal — molecule interface, this system exhibits reduced electrochemical

efficiency due to the absence of the oxide film. The oxide coating in the metal —

semiconductor heterofilm served primarily as a reservoir for carrier injection and can

also help catalyze photoelectrochemical reactions.® Therefore, for the oxide-free all-

metal structure studied here, we used a 785 nm laser (Aw = 1.6 eV) as an illumination

source and increased our illumination aperture size, yielding an intensity at the sample

~5.0 x 103 W/m2. This illumination intensity is still 3-4 orders of magnitude less than that

required for plasmonic heating.

We characterized both the photovoltage and photocurrent responses of the SPP-

supporting Au working electrode interfaced with NaOH solutions of varied pH values

and under a range of applied biases. Changing solution pH and electrode potential

20
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allows one to tune the relative energies of the chemical redox potential and the metal

Fermi level, which selects the chemistry driven by SPP-induced hot-carrier generation.

Figure 3a shows photovoltages (/ie., changes in the open-circuit potential upon

illumination) of the bare Au film illuminated by the 785 nm laser (gray shades) while the

incident angle was tuned from 40 to 56° in solutions with pHs varied from 9 to 13 (from

top to bottom). The photovoltage exhibits a noticeable angle dependence, although the

increased angular breadth of the incident laser makes this dependence less distinct

when compared to that observed for the Ag/TiO, films (Figure S3 vs. Figure 2a). More

intriguing, however, is the photovoltage sign change when the pH was varied. At pH 9

and 11, negative photovoltages of a few hundred microvolts were observed, which

indicates that negative charges were accumulated on the Au working electrode and

positive charges were lost to the solution through hot hole-driven oxidation. On the other

hand, a clear reversal of the photovoltage sign occurred at solution pH 13, where a hot

electron-driven reduction was observed.?® At pH 13, the form of the current-time trace

also substantially changes—at pH 9 and 11, a steady-state potential value is quickly

reached, whereas at pH 13, steady-state is still not achieved after 20 seconds. The

21
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changes at pH 13 suggest not only a switch to a cathodic charging process, but a

change of electrochemical reaction dominating the charging of the electrode.

(a)

0.0
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Figure 3. Solution pH-dependent photovoltage in a bare Au film. (a) Photovoltage and

(b) cyclic voltammetry (CV) responses of a bare Au film at a varied solution pH from 9 to

13. Photovoltages were measured while the incident angle of the 785 nm laser was

tuned from 40 to 56°.

Gray shaded areas indicate light illumination and white

background areas dark conditions (light turned off). CV curves were obtained in the dark

22
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at a scan speed of 50 mV/sec. Black arrows indicate open circuit potential measured at

each pH.

In order to identify the redox chemistry associated with the observed

photovoltages, we compared these results to cyclic voltammetry (CV) responses of a

bare Au film that was prepared separately on a cover glass under the same metal

evaporation condition and exposed to de-aerated NaOH solutions of varying pH (Figure

3b). Rather than mass spectrometry or optical techniques such as Raman

spectroscopy, CV was used to analyze possible chemical reactions and reaction

products. This is because there are several electrochemical reactions that can occur at

Au under the experimental conditions applied. Various forms of Au oxides can form in

NaOH solution, which are difficult to distinguish with spectral information given by mass

spectrometry or Raman spectroscopy, but can be identified with reduction potentials

databased for specific reactions in solution. Additionally, oxidation of solution OH-

species is readily accessible under basic conditions (Equation 1):

23
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4 OH > O,+ 2 H,0+4e [1]

The main features in the CV curves are dominated by surface electrochemical

processes. The broad pre-oxidation region associated with adsorption/desorption of

OH- ions, and the pronounced anodic and cathodic peaks, are attributed to oxide layer

formation and reduction, respectively.565” The complex current — voltage (/ — )

behavior of the Au films in dark and illuminated conditions can be partially explained by

Equations 2—4. The first anodic wave (at potential > ~0.25V) at all three pH values is

due to the formation of surface hydroxides and oxides of various stoichiometry [Eqgns.

2-4]; the second anodic wave derives from formation of hydrous oxides with the

concomitant production of oxygen [Eqn. 4].5657 These oxidation reactions are nearly all

accompanied by release of protons, and thus shift to more negative potentials as pH

increases.

2 Au + 3H,0 > Au,03 + 6H* + 6 & 2]

Au + HyO - AuS*OH% + H* + e~ - *-- > Au(OH); + xH* + x e~ + x H,0 [3]

Au,03 + H,O - Auy03°H,O - 2 AuO, +2HY +2e + O,

[4]

24
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We posit that all reaction pathways are accessible at pH 9, 11, and 13. The steady-state

form of the current-time traces at pH 9 and 11 suggests that the dominating anodic

reaction is oxidation of solution-phase OH- [Egn. 1], as the solution-phase reaction does

not involve Kkinetically slow formation or dissolution of surface oxides. The

electrochemical oxidation of OH- is readily accessible at modest potentials. The

standard potential (E°) for this reaction is 0.401V (vs. SHE) at pH 0,%8 which shifts to -

0.130V, -0.248V, and -0.366V at pH 9, 11, and 13, respectively. At pH 13, the

kinetically slow, positive-going potential change implies switching to domination by a

slower cathodic process at the Au surface. It should also be noted that the open-circuit

potential of the illuminated electrode changes by ~-0.2 mV at pH 9 and 11, while that at

pH 13, the potential shift is ~+1.0 mV, again implying a different electrochemical process

predominates at pH 13.

The broad cathodic waves at potentials negative of 0V in the CV obtained at the

Au electrodes (Figure 3b) correspond to the reduction of hydrous gold oxides (reverse

of the reaction sequence in Eqn. 4). These features remained after the Au electrode

was stabilized over multiple CV cycles in a de-aerated NaOH solution (Figure S4). As
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pH was adjusted from 9, 11, to 13, open-circuit potential values shifted from +0.17,

+0.12, to -0.06 V (indicated as black arrows), approaching the redox feature associated

with the reduction of hydrous gold oxides, thus resulting in a photovoltage sign change

at pH 13 relative to those obtained at pH 9 and 11. As pH increases, the redox

potentials on the Au surface shift negatively, and at pH 13, the cathodic wave derived

from reduction of hydrous metal oxides overlaps with the metal Fermi level under

illumination, causing the onset of a cathodic photocurrent (Figure 3b). This coincidence

of Fermi level and cathodic CVs features further supports the switch to domination by

cathodic electrochemistry at pH 13 as well as onset of dominance of the charging

process by kinetically slow reduction of surface oxides, as implied by the change of form

in the current-time traces in Figure 3a. By tuning the redox potential of the molecular

system via pH, both hot hole- and hot electron-driven processes could be selected in

the bare metal film. Although we do not show pH-dependent results for the metal —

semiconductor heterofilm system, we suspect it would strongly favor oxidative reactions

originating with TiO, surface-mediated oxidation catalysis.3
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We pursued additional control of the resulting chemical reactions by tuning both

the Fermi level of the metal (via electrode potential variation) and the redox potential of

the molecules (via solution pH variation) while electrochemical photocurrents were

measured (Figure 4; see Figure S5 for the full angle-tuned photocurrent profiles of the

bare Au film). First, the Fermi level of the Au film (located -5.1 eV relative to the

vacuum) was tuned by applying a bias to the working electrode (indicated as color bars

relative to the Ag/AgCl reference) at a pH of (a) 9, (b) 11, and (c) 13. Taking pH 13 as

an example (Figure 4c), an increased electron energy at a negative potential of -0.25 V

relative to Ag/AgCI (blue) caused the electron transfer from the Au electrode to the

solution resulting in a cathodic photocurrent (reduction), while applying a positive

potential of +0.34 V (red) caused electrons in the solution to transfer to the Au

electrode, resulting in an anodic photocurrent (oxidation). Similar photocurrent

responses were shown at pH 9 and 11, with electrode potentials tuned relative to the

redox potential of the molecule. Sharp anodic or cathodic spikes appeared upon light

on/off are attributed to surface charging — discharging effects.5® The photocurrent

response also showed a strong pH-dependence; under comparable biases applied to
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the Au electrode (red), positive photocurrents increased ~2 orders of magnitudes at pH

13 compared with pH 9, a direct consequence of shifting redox energies relative to the

electrode’s Fermi level. In general, the photocurrent results (Figure 4a-c) correlate well

with the photovoltage results (Figure 3a) at the different pH values, wherein the

photocurrents observed at pH 13 are both larger than those obtained at pH 9 and 11,

and fail to reach steady state. The photocurrent results further support the assertion

that the surface-oxide reduction processes dominate the photoelectrochemical

response at pH 13.
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Figure 4. Solution pH- and electrode potential-dependent photocurrent in a bare Au film.

Dependence of photocurrents on the varied solution pHs from (a) 9, (b) 11, to (c) 13,

and electrode potential (color bars) in a bare Au film upon a 785 nm laser irradiation at

Bspp. 1 — E curves for the bare Au film (d) at a fixed angle (8spr) and varied solution pHs

from 9 to 13, and (e) at a fixed pH 13 with the incident light at 8spp (46°; red), off Bspp

(40°; blue), and no light irradiation (black).
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Finally, bias- and pH-dependent photocurrents yielded the photocurrent -

potential (/ — E) curve in Figure 4d. The /- E curve revealed that at pH 13, the onset

potential for oxidation is ~0.136 V. This onset potential shifts positively for decreasing

pH values, consistent with the enhanced oxidative currents at a given bias as pH

increases (Figure 4a-c). We further confirmed that both reduction and oxidation

photocurrents are due to hot carriers generated by SPP decay by plotting the /- £

curves of the bare Au film electrode with light irradiation at the SPP resonant angle

(Bspp = 46°; red), off-resonant angle (40°; blue), and with no illumination (black) in

Figure 4e. The highest photocurrents were obtained at s and no photocurrents were

obtained in the dark condition, demonstrating that the photocurrents are due to the hot

carriers generated by SPP decay. The reduced but measurable photocurrents at the off-

resonant angle were attributed to angularly broadened illumination associated with the

increased aperture size, which dampens the angular dependence of photocurrents (see

also Figure 3a).
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The inversion of the photocurrent direction upon the variation of the applied bias

and solution pH is a direct indication that by tuning the relative energies of the electrode

and reaction potential we can control the transport of the SPP-generated hot carriers

within the working electrode. While this is similar to conventional CV, we are exclusively

probing carriers generated via plasmon decay in order to selectively drive either

cathodic (reduction) or anodic (oxidation) photocurrents. This ambipolar response is a

consequence of using a homostructure. The potential energy barriers in some

heterostructure systems, assuming a semiconductor that is not fully depleted, provide a

means for immediate charge separation, extending hot-carrier lifetime and enabling

their collection as electrochemical current.2! The all-metal homostructure has no such

internal potential barriers, so the initially excited carriers are not separated. Instead,

they rapidly thermalize near the Fermi level,®© where they can be motivated to

participate in redox chemistry via applied potential. These system considerations are

consistent with our results. The reactions observed for the all-metal system (Figures 3

and 4) occur near the potentials expected for conventional electrochemistry, which

suggests that the carriers responsible for the electrochemical currents are energetically
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positioned near the Fermi level. On the other hand, the data associated with the metal -

semiconductor heterostructure (Figure 2 and results in Ref. 41) are consistent with

collection of hot carriers located as far as Aw below the Fermi level. We believe this

distinction is a direct result of the hetero- versus homostructure nature of the systems.

Conclusions

The ability to generate hot carriers with energy tunability provides an exciting

opportunity for creating photocatalysis designs for selected chemical reactions. It was

demonstrated that the generation and injection of hot carriers can be tuned in a SPP-

supporting metal — semiconductor heterofilm or all-metal film through the systematical

tuning of the excitation energy, solution pH, and electrode potential. With the continuous

spectral tunability of the SPP system, hot carriers were generated over a wide range of

visible wavelengths without changing geometry, materials, or the environment of the

system, all of which would likely alter the chemical processes under examination. This

work and future studies on the SPP-generated carrier transport are expected to greatly
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increase our understanding of the plasmon-induced photocatalysis and guide design for

selective photocatalysis.
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Experimental section

Fabrication of Surface Plasmon Polariton (SPP)-Supporting Electrochemical Cell.
The Kretschmann geometry was used to launch SPPs at the plasmonic metal film — dielectric
interface using a high-index hemispherical lens (n = 2.0, diameter = 10.0 mm; Edmund Optics).
A flat side of the hemispherical lens was deposited with Cr (adhesion layer) / Au (or Ag) films
(thickness = 2 / 40 nm) via electron beam evaporation (Model FC-2000, Temescal Systems). In
order to create metal — semiconductor heterofilms, a TiO, film (10+£3 nm thickness, anatase
crystalline structure confirmed by Raman measurements*') was deposited on top of a Ag film via
atomic layer deposition (TDMAT / O, precursors with N, purge at 300°C; ALD System, Oxford
Instruments). For the all-metal plasmonic system, TiO, film deposition was omitted and Au was
used in place of Ag. An incident angle of incoming light to the hemispherical lens was tuned
using a custom-built sample rotator (BGM80, Newport) from 40 to 68°.

Electrochemical Measurements. The prepared Ag/TiO, heterofilm or bare Au film
served as a working electrode in a three-electrode electrochemical cell consisting of a Pt wire
(counter) and Ag/AgCl electrode (reference). The electrochemical response at the working
electrode was recorded using a potentiostat (Gamry Instruments) in a mixed solution of sodium
hydroxide (NaOH, Sigma-Aldrich; 0.1 M) and methanol (CH30H, Fisher Chemical; 0.5 M), or
in a NaOH solution where pH was varied by altering NaOH concentration while maintaining a
fixed ionic content with sodium perchlorate (NaClO,4, Alfa Aesar). For example, we prepared
solutions of 1.0 x 103 M NaOH + 9.9 x 102 M NaClO,, and 1.0 x 10° M NaOH + 1.0 x 10! M
NaClOy, for pH 11 and 9, respectively. Solutions of 0.1 M NaOH were prepared for pH 13.

During the initial calibration, the prepared solution was bubbled with N, for ~1 hour to remove
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O, dissolved in the solution, and electrochemical measurements were performed under a blanket
of N,.

Light Sources. Several light emitting diodes (LEDs; Thorlabs) with energies varying
from 1.7 to 2.4 eV, as well as two lasers with energies of 1.6 eV (OEM Laser Systems) and 2.3
eV (Blue Sky Research FiberTec) were used as light sources in our experiments. The
wavelengths and linewidths of each LED are 519.2+£39.5, 590.0+13.6, 619.7+14.4, 658.1+18.0,
and 732.2+29.4 nm (normalized LED light spectra are shown in the left panel of Figure 1b). A
plano-convex lens, collimation lens, and level-actuated iris (all from Thorlabs) were used to
collimate the beam to the hemispherical lens. The illumination power of the LED or laser was
measured using an optical power meter (842-PE, Newport).

SPP Dispersion Curve: Experiment. Light reflectivity from the hemispherical lens
deposited with a metal — semiconductor heterofilm or a bare metal film was recorded using an
imaging spectrometer (Andor Shamrock) and a high-resolution imaging CCD (iXon™™ Andor
Technology), while incident angle of white light (Halogen HL-2000-FHSA, Ocean Optics) was
continuously tuned. The reflectivity spectra were compiled using custom-written Igor scripts
(Igor Pro. v6.3.7.2.) to plot SPP dispersion curves as a function of incident angle of light versus
wavelength. For normalization, the white light spectrum was taken from the white light reflected
by a silver mirror under the same acquisition condition.

SPP Dispersion Curve: Simulation. Reflectivity as a function of incident angle was also
obtained using a transfer matrix calculation. Each layer of the multilayer (glass, Cr, Au or Ag,
Ti0,, water) was defined by its thickness and dielectric function. The dielectric function of the
hemispherical lens was taken as lossless, with a spectrally-independent refractive index of 2. The

spectrally-dependent dielectric function of Cr and TiO, were taken from the WV ASE software
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package.! The optical constants for Au and Ag were gratefully taken from ab initio

calculations.®?
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