ACS Nano

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and

delete all copies.

Local photochemical nanoscopy of hot carrier—driven
catalytic reactions using plasmonic nanosystems

Journal:

ACS Nano

Manuscript ID

Draft

Manuscript Type:

Article

Date Submitted by the
Author:

n/a

Complete List of Authors:

Henrotte, Olivier; Palacky University Olomouc

Santiago, Eva Yazmin; Ohio University, Physics and Astronomy
Movsesyan, Artur; Ohio University, Department of Physics and
Astronomy

Mascaretti, Luca; Univerzita Palackeho v Olomouci, Regional Centre of
Advanced Technologies and Materials

Afshar, Morteza; Palacky University Olomouc

Minguzzi, Alessandro; Universita degli Studi di Milano, Physical-
Chemistry and Electrochemistry

VERTOVA, ALBERTO; Universita degli Studi di Milano, Dipartimento di
Chimica

Wang, Zhiming; University of Electronic Science and Technology of
China,

Zboril, Radek; Univerzita Palackeho v Olomouci, Regional Centre of
Advanced Technologies and Materials, Department of Physical Chemistry
Kment, Stepan ; Palacky University Olomouc, RCPTM, Palacky University
Olomouc

Govorov, Alexander; Ohio University, Physics and Astonomy

Naldoni, Alberto; University of Turin, Department of Chemistry

ONE™

ACS Paragon Plus Environment




Page 1 of 36

oNOYTULT D WN =

ACS Nano

Local photochemical nanoscopy of hot
carrier—driven catalytic reactions using plasmonic
nanosystems

Olivier Henrotte*, Eva Yazmin Santiago, Artur Movsesyan, Luca Mascaretti, Morteza Afshar,
Alessandro Minguzzi, Alberto Vertova, Zhiming Wang, Radek Zboftil, Stépén Kment, Alexander

O. Govorov and Alberto Naldoni*

Keywords: photocatalysis; plasmonic; scanning electrochemical microscopy; in situ nanoscopy;

hot charge carriers

Abstract

Nanoscale investigation on the reactivity of photocatalytic systems is crucial for their
fundamental understanding and improving their design and applicability. Here, we present a
photochemical nanoscopy technique that unlocks the local spatial detection of molecular
products during plasmonic hot-carrier-driven photocatalytic reactions with nanometric precision.
By applying the methodology to Au/TiO, plasmonic photocatalysts we experimentally and
theoretically determine that smaller and denser Au nanoparticle arrays present lower absorption,
but higher internal quantum efficiency in hot hole—driven photocatalysis. The highest quantum
yield from the redox probe oxidation is achieved at the plasmon peak, whereas d—holes drive
complex reactions such as water and chlorine oxidations with higher efficiency. Investigating a
single plasmonic nanodiode we unravel the areas where oxidation and reduction products are

evolved with sub—wavelength resolution. These results open the way to quantitative
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investigations at the nanoscale to evaluate the photocatalytic reactivity of low—dimensional

materials in a variety of chemical reactions.
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Introduction

Chemical reactions driven by plasmonic nanomaterials have raised interest due to their increased
selectivity! and mild condition requirements?. Upon light illumination, the collective oscillations
of free carriers at the surface of conducting materials (i.e., surface plasmons) produce very
intense electric fields localized in nanoscale volumes. Surface plasmons decay by generating
non—equilibrium energetic electron—hole pairs (non-thermal or hot carriers), which have been
shown to trigger photocatalytic reactions?® by activating unusual pathways that impart enhanced
product selectivity. The subsequent thermalization of the remaining carriers results in local
heating, which also modifies the chemical reaction rate*>. Plasmonic nanostructures offer
superior absorption cross section in comparison with traditional photocatalysts such as molecular
dyes and quantum dots®. Their optical properties depend on the composition, size, shape and
media embedding the metallic nanostructures’-1°, thus enabling a vast playground for tuning
their photocatalytic response!!. Despite the increasing interest in developing plasmonic
photocatalysts, photocatalytic efficiency are still very low (~0.1%'?) due to the open challenges
in understanding interfacial plasmon—driven reactions at the nanoscale!'3.

The nanoscale mapping of plasmon—driven chemical reactions is a promising path to investigate
the relationship between the intrinsic optical phenomena from plasmons and the consequent
chemical reactivity!423. Using optically—coupled in situ environmental transmission electron
microscopy (TEM), Sytwu et al. have shown that plasmons in Au—PdH, antenna—reactor
systems activate catalytic sites on the nanorod lateral facets which, in dark conditions, are
energetically—unfavorable in comparison to the usually reactive nanorod tips'6. Cortés et al. used
hot electron—driven self—assembly of nanoparticles (NPs) to show that plasmonic chemistry

spatially localize on the corners of bowtie antennas, overlapping with electromagnetic hot
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spots!”. Similarly, Hamans et al. applied super—resolution fluorescence microscopy on single
plasmonic nanorods demonstrating a spatial correlation between the plasmonic near field
distribution and the plasmonic—driven fluorescence activation!'8. Other techniques, such as single
NP absorption spectroscopy and electrochemical microscopy, can provide a glimpse about the
reactivity of isolated nanostructures, which may differ from the behavior of ensemble systems,
yet not offering information with spatial resolution'®-23. These findings have revealed the
strength of investigating the nanomaterial/molecule interactions at the nanoscale to elucidate the
richness of reactivity offered by plasmon—driven photocatalysis. However, available mapping
techniques so far are limited to TEM and spectroscopic methods. A scanning technique enabling
the in—situ nanoscale mapping of photocatalytic chemical products evolved during plasmon—
driven reactions is still missing.

Herein, we present a photochemical nanoscopy technique that enables the two—dimensional
mapping of plasmonic reaction products, and thus of the hot carriers driving photocatalysis, with
subwavelength resolution. This kind of approach open a new dimension in the understanding of
the plasmonic reactivity by providing a direct correlation between materials properties and
morphology with the energetics and the kinetics of the investigated chemical transformation.
Results and discussion

Mapping plasmonic photocatalysis over Au NP arrays on planar TiO,

Our approach is based on investigating the morphological, optical and photochemical properties
by a unique set of different scanning microscopy techniques, namely, scanning electron
microscopy (SEM) (Figurela,b), scanning spectrophotometer microscopy (SSM) (Figure 1a,c)
and scanning photo-electrochemical microscopy (SPECM) (Figure 1a,d-f), at the same spatial

point within plasmonic Au/Ti0O, photocatalysts. By adopting a model plasmonic system made by
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Au NP arrays grown on a planar TiO, layer deposited over a charge collector (i.e., indium tin
oxide, ITO) support (Figure 1a), we unlocked the study of the reactivity of a specific type of
charge carriers generated upon illumination (i.e., hot holes?!) by increasing their otherwise ultra-
short lifetimes (~10-40 fs)32426, The charge separation and molecular detection mechanisms are
the following (Figure 1g): (1) upon visible light excitation, hot carriers are generated in the Au
NPs, (2) the hot electrons with energy above the Schottky barrier (¢g) are injected into the TiO,
conduction band (CB), while the corresponding hot holes accumulate in the Au NPs. (3) These
hot holes may oxidize the molecular species present in the electrolyte, provided that their energy
is lower (higher oxidizing power) than the HOMO level of the molecules in solution. (4) The
oxidized species diffuse toward an ultra—micro electrode (UME) where they are detected?’. In
this study, we used the ferrocene dimethanol, Fc(MeOH),, a redox mediator characterized by an
outer—sphere one electron transfer mechanism, which ensures that the surface adsorption step
during the catalytic reaction is negligible. Since the HOMO level of Fc(MeOH), is close to the
Au/TiO, Fermi level (Ef) in our system?!-?8, the rate of photo-oxidized molecules can be
considered as the maximum number of hot holes reacting per unit of time.

SPECM served as in-situ detection technique to measure the local concentration evolution of
molecular species in solution under steady—state regime generated from the plasmonic
photocatalysts. Plasmonic hot holes generated from such systems have been previously
quantified using the redox competition (RC) mode (Figure 1d)?!, during which a competition
happens for the same reaction between the active material and the UME?°. Here, we adopted an
alternative approach named substrate generation — tip collection (SG—TC) mode (Figure 1d): the
oxidation reaction occurs at the substrate, while the UME electrochemically reduces back the

oxidized species produced by the substrate. The SG—TC mode ensures higher signal sensitivity
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and stability as the initial concentration of the produced species is near—zero, which corresponds
to a near-zero dark current (Figure 1d). Scanning the photocatalyst surface while measuring the
UME current under dark and light conditions (Figure 1e) allows to plot the differential current

(A = Lijgh-1aari) as photoactivity maps (Figure 1f).
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Figure 1. 2D mapping of the morphological, optical and photochemical properties of
plasmonic Au/TiO, photocatalysts. a, Representation depicting the scanning techniques used to
investigate the morphological, optical and photochemical properties of plasmonic planar
Au/TiO; systems. b, SEM images of Au NPs deposited on planar TiO; films. ¢, 2D map of the

absorption at 530 nm of the planar Au/Ti0,. d, Cyclic voltammetry representing two different
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2 potential windows where steady-state is reached for SG-TC (red square) and RC (blue square)

6 detection modes. e, Fixed position photoactivity measurement for SG-TC (red line) and RC (blue
7

8 line) modes. f, SPECM 2D map of the photoactivity at 530 nm of the planar Au/Ti0O,. g,

9

1(1) [llustration of the principles underlying the plasmonic reactivity quantification in planar Au/TiO,
1 g photocatalysts.
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15

16 Mapping plasmonic photocatalysis over Au NP arrays on planar TiO,

17

18 To validate our methodology, we investigated first the Au NP arrays grown on a planar

19

;? TiO,/ITO substrate due to its well-known plasmonic and photochemical properties!?20-21,24.30-35,
22

23 The Au/TiO,/ITO films were fabricated by sputtering 10 nm thick Au film onto a 30 nm layer of
24

25 Ti0, deposited on ITO using atomic layer deposition (see Methods). Au was sputtered through a
26

;é mask patterned with 256 squares of 100 um side and spaced by 400 um (Figure S1) that can be
29 . . . . Cqe

30 investigated during one SPECM experiment, thus providing instantaneous feedback on the

31

32 validity of the collected data. After thermal dewetting at 400°C, Au truncated nanospheres with
33

gg various size were formed inside the squares (Figure S2-S4). The controlled size of the squares
g? forced the formation of a gradient in the Au NPs size distribution from the edge to the center

38

39 (Figure S5-S8). The areas numbered 1 to 7 within a representative Au square (Figure 2a) are

40

41 spaced by 20 um and correspond to the positions where high magnification SEM images were
42

ji performed to determine the Au NPs size distribution (Figure 2b and S5). The mean diameter of
45

46 the Au NPs increased monotonically from the edge (11 nm) to the center (27 nm) of the square,
47

48 while accordingly their spatial density decreased from 2463 to 431 particles/um? (Figure 2¢ and
49

g? S5, Table S1).

52 . . . . .

53 The absorption spectra mapping highlighted that the localized surface plasmon resonance

54

55 (LSPR) shifted depending on the position within a single square (Figure 2d). The experimental
56

57

58

59
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data were compared with calculated absorption spectra (see Methods) obtained for various Au
NPs size corresponding to the experimental data taken at different position in Square A (Figure
S9, Table S2). The experimental (extracted from Figure S10) and theoretical absorption spectra
at different positions (Figure 2e and S11) showed a good agreement in the LSPR shapes. As
expected, we observed an increased plasmonic absorption from the edge to the center of the
square due to the increase in the mean Au NPs diameter (<d>)%37. Notably, our approach
enabled also to visualize light absorption at fixed wavelengths while varying the position within
the square (Figure 2f). These plots highlighted that: (i) the highest absorption was observed at
580 nm, which corresponds to the LSPR position; (ii) all the traces showed a steady increase in
absorption through the square except for the curve obtained at 660 nm that showed a steep
increase at the center of the square; (iii) theoretical absorption curves were in excellent
agreement with experimental ones, especially in the spectral region overlapping with the LSPR.
The slight shift (~20 nm) between experimental and computed spectra (Figure 2¢) and difference
in line scan trend (Figure 2f) might be related to the Au NPs heterogeneous population along the
square (Figure S12). The less pronounced experimental absorption at A<500 nm if compared to

theoretical curves could be due to instrumental limitation in this energy range.
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Figure 2. Spatial mapping of the morphology, optical properties and photochemical activity
of the planar Au/TiO, photocatalysts. a, SEM image of the Au NPs Square A on TiO,/ITO
substrate. b, SEM image and Au NPs size distribution for position 4 in (a). ¢, Mean diameter,
<d>, (left axis, filled circles) and population density, NPs/um?, (right axis, empty circles) of the
Au NPs retrieved from the corresponding SEM images taken at different positions in (a). d,
LSPR peak map showing the different positions as in (a). e, Experimental (left axis, dots

underlined by solid lines) and calculated (right axis, dashed lines) absorption spectra at different
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positions. f, Experimental (left axis, empty circles with solid lines) and calculated (right axis,
stars with dashed lines) absorption from the line scan across the center of the square at different
wavelengths. g, Photoactivity maps of (a) with Probe 1 (depicted on scale) under monochromatic
excitation at 530 and 660 nm with 4.7 uW power. SPECM measurements were done by SG-TC
mode with Probe 1, E;=0V vs Ag/AgCl, d =20 um and vy, = 20 um/s in an aerated solution
of 1 mM Fc(MeOH), and 0.1 M KCIl. h, Photoactivity (left axis, solid lines) and absorption (right
axis, dashed lines with filled circles) at the same line scan position for 530 (green labels) and 660

(red labels) nm. All the maps have the same scale bar.

The plasmon-driven photoactivity maps recorded over Square A (Figure 2g) showed an activity
gradient depending on the position within the square and, as expected, a wavelength
dependency?!. The activity over the TiO, layer is near-zero, while it increased from the border to
the center of the Au NP array, especially for the map recorded at 660 nm. Interestingly, both the
photoactivity line scans at 530 and 660 nm closely resembled the corresponding absorption
intensity (Figure 2h). When the Ti10O, layer was replaced by Al,O5 to prevent the injection of hot

electrons through the Schottky barrier (¢g —r1i0, = 1.1 €V Vs ¢pg _ 41,0, > 4 €V)*, negligible

photoactivity was observed (Figure S13a,b). Similarly, no photoactivity was observed when we
tested Au NP array on ITO (Figure S13c¢). This revealed the key role of the Schottky barrier in
regulating the separation of plasmonic hot carriers and, in turn, in increasing their lifetime and
availability for chemical reactions.

Due to the modest light intensity we adopted (< 7.5 W/cm?), thermal effects were negligible with
a AT below 0.5 K, which induced a relative current drift lower than 2% due to mass transport3°.
Next, from the measured A/, we retrieved the substrate current (Is,,) through a diffusion model

for the SG-TC mode (Figure S14) obtaining the calculated values of the collection efficiency
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(see Methods)* for the molecular species diffusing from the plasmonic substrate to the UME
(Table S3). Applying this procedure, the measured A/ can be associated with the number of hot
holes involved into the oxidation of Fc(MeOH),, thus enabling to compute external quantum
efficiency (EQF) and the internal quantum efficiency (/QF).

Several squares showing different Au NPs size distribution and population density (Figure S15)
were investigated to gain insights on how they affected the photoactivity and QFs (Figure 3a—c
and Figure S16-S21 for Squares A to E). The maps for Square A (Figure 3a,S17 and Figure
S18a for Square B) highlighted that the highest EQF values fall in the center of the Au NP array
at 595 nm (EQE~0.015%)), i.e., the LSPR wavelength. Both the EQFE scan profiles at a fixed
wavelength and the EQF action spectra matched well to the experimental absorption (Figure 3b,c
and S18b,c) except for 455 nm. A highest EQFE of 0.06% was recorded for Square E (Figure S21,
morphology in Figure S15c¢), a value in agreement with previous reports 22138 The activity
dependence on the Au NPs size and distribution was consistent for many investigated squares
(Figure S22).

The evaluation of /QF line scan plots (Figure 3d and S18d for Squares A and B, respectively)
provided further insights into the structure-activity relationship of our planar Au/Ti0,
photocatalysts. As expected, the /QF line scans at all investigated wavelengths (455, 530, 595,
and 660 nm) showed an inversion of trend in comparison to the EQFE curves, corresponding to
the inverse of the Au NPs size (Figure 3d), with the maximum observed at the edge of the Au NP
squares. This result confirmed that smaller particles have higher probability to generate hot
carriers through surface scattering (Landau damping) due to their higher surface to volume
ratio®*. The highest IQF was ~1.6% and was obtained for Square B because of the smaller,

denser and homogeneously distributed Au NPs (Table S1). Interestingly, the /QF values at 660
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nm were always higher than those obtained at 595 nm (closely matching the LSPR) and at 530
nm as the detrimental effect of interband transitions is mitigated at longer wavelengths**. In
contrast, they were lower than the /QF values at 455 nm for Square A, while higher in case of
Square B.

To better explain these observations, we used a consolidated quantum mechanical formalism
developed by Govorov and co-workers (see Methods)*+#4, to compute the generation rates of
both the plasmonic over—barrier hot electrons (that can be approximated as the generation rate of
hot holes surviving recombination at the surface) and the d—holes from interband transitions for
various Au NPs size (Figure 3¢,59,S23-S29 and Table S2, see Supplementary Video 1)
corresponding to the experimental data taken at different position in Square A (Figure 3f,S2-
S5,S12,S15a and Table S1). The theoretical curves highlighted that the experimental EQFEs are a
convolution of the photoactivity due to both d-holes and plasmonic hot holes (Figure 3g). They
are in good agreement with the experimental EQF plots whether we considered the line scan
plots or the action spectra (Figure 3g,h,S30 and S31). Furthermore, Figure 3h shows that the
generation rates for d—holes can reach up to one order of magnitude higher values than those of
plasmonic hot electrons. Considering the ratio between the generation rates of over barrier hot
electrons and d-holes at every position, we observed that for A<650 nm d-holes dominated over
the former hot carriers, while for A>~650 nm the plasmonic hot carriers became predominant over
those related to interband transitions (Figure S31c¢).

However, interband transitions occur in the whole NP volume while hot carriers are
predominantly generated at the surface, thus possibly prevailing under excitation at shorter

wavelengths. This might explain our /QF trends showing higher values at 455 nm (Square A),
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except in the case where the Au NPs were very small and close to 10 nm in average size (Square

B), where the plasmonic /QF at 660 nm assumed the highest values.
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Figure 3. Photochemical quantum efficiency and theoretical modeling. a, External quantum

yield (EQE) map at 595 nm for planar Au/TiO, Square A. b, EQF (left axis, solid lines) along

with absorption (right axis, filled circles) for the same line scan position (center of Y axis) at

different wavelengths for Square A. ¢, EQE (left axis, filled circles) and absorption (right axis,

crosses underlined by solid lines) spectra at the different positions represented in (a). d, Internal

quantum yield (/QF) (left axis, empty circles with solid lines) for the same line scan position
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(center of Y axis) at different wavelengths compared with <1/d> (right axis, solid diamonds with
dotted lines) for Square A. e, Simulated surface charge map excited at the plasmon peak (564
nm) from a single Au NP corresponding to the position 4 in Square A. f, HR-TEM elemental
map of a single NP corresponding to the position 4 in Square A. g, Normalized comparison of
both experimental EQF (filled hexagon and solid line) with the calculated over—barrier hot
electrons (right half-filled circles with dashed line), d-holes (left half-filled circles with dashed
line) and the total of holes (combination of HHs and d-holes, filled circle with solid line)
generation rates at position 4 of Square A. h, Normalized calculated d-holes (left axis, dotted
lines) and over—barrier hot electrons (right axis, solid lines) generation rates spectra
corresponding to the different positions in Square A. i, Schematic of the wavelength—dependent

photochemical mechanism in planar Au/Ti0,.

To extend our methodology to energetically demanding reactions, we investigated both the
plasmonic—driven chlorine and water oxidation, which are also known for their sluggish kinetics
(Table S4). The photoactivity maps previously obtained in Fc(MeOH), and KCI reflected the
detection of the Fc(MeOH)," photoproduced at the Au/Ti0O, surface. In contrast, by using
electrolytes composed by (a) KCl or (b) KCIO,4, we obtained photoactivity maps due to the
detection of (a) Cl, and H,O,/O, or (b) only H,O,/O,, respectively, produced by plasmonic
oxidation reactions (Figure S32). These measurements revealed the possibility to drive
challenging chemical transformations using plasmonic hot holes, despite with lower efficiencies
if compared to the oxidation of Fc(MeOH),. Moreover, such experiments provided insights into
the wavelength—dependent mechanism that changed depending on the investigated reaction, with
the peak efficiency observed for hot holes deriving mainly from interband transitions excited at

455 nm instead that at the LSPR.
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Photoactivity mapping of a single plasmonic Au/TiO, nanodiode

In the next step, we coupled our methodology with the use of a nanoprobe to unlock the hot
carrier reactivity mapping over a single plasmonic hybrid nanostructure with nanoscale
resolution. First, Au NPs were deposited by sputtering on self-standing separated TiO, nanotube
arrays. Afterwards, the nanotubes were scratched from their support (Ti foil) and then dropcasted
onto the TiO,/ITO surface (Figure 4a). The SEM image of a single nanotube and the
corresponding EDS spectra taken at different positions within the nanostructure highlighted the
formation of an Au NPs gradient (Figure S33). HR-TEM images and EDS elemental mapping
(Figure 4b,c and S34-S38) further confirmed the formation of an Au NPs population gradient
from top to bottom of the TiO, nanotubes as a consequence of the tube length (~ 3—4 um). This
feature was observed for all the investigated Au/TiO, nanotubes (Figure 4b,c and S33-S39).
Through this gradient and the presence of a rectifying junction at the Au/TiO,interface, we
expected to observe a diode—like behavior due to the hot charge carrier spatial separation
between the area containing Au NPs and the one with only TiO,. Using a microprobe, we
identified the position (Figure S40a) and correlated it with the photoactivity map (Figure S40b)
of various single nanotubes. Remarkably, by switching to the nanoprobe over specific positions,
we had access to the localized photoactivity map of a single nanostructure (Figure S33a and
Figure S39 for SEM and Figure S33b and S41 for SPECM images, respectively), which revealed
different photocatalytic activity at varying positions over the Au NPs/Ti0, nanotube. The
concentration modification of Fc(MeOH)," in solution directly influenced the measured probe
current. We observed areas with increased or decreased probe current (/7;,) in comparison with
the dark current (Figure S42). Increased Ir;, corresponded to a local decrease of Fc(MeOH)," due

to its reduction by hot electrons from the nanostructure, whereas decreased Ir, corresponded to a
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local increase of Fc(MeOH),* due to Fc(MeOH), oxidation by hot holes from the nanostructure.
The nanostructure position on the TiO,/ITO substrate did not impact the investigation: the
photoactivity due to hot holes was detected where Au NPs were the densest, whereas the one

related to hot electrons was detected where the TiO, nanotube was almost barren of Au NPs

(Figure S33-S41).

Anodized TiO, NTs M‘» Gold coated TiO, NTs e AU NPS 0n TIO, NTs  mmmmmmm AU NPs on TiO, NTs
sputtering annealing dropcasted  (on TiO2/ITO substrate)

EQE (%)
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9 Fc Ferrocene dimethanol
Fc* Ferrocenium dimethanol hv N
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TiO, Nanotube @ Hot electrons Au NPs . t/
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Figure 4. Photochemical nanoscopy of isolated plasmonic photocatalysts: Au—decorated
TiO; nanotubes. a, Fabrication scheme of Au-decorated TiO, nanotubes deposited on TiO,/ITO
substrate. b, HAADF image and ¢, elemental mapping for the Au (red), Ti (blue) and O (green)

elements of a single Au/Ti0, nanotube . d-f, EQF maps of a single nanostructure obtained for
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light excitation at 530 (d), 595 (e) and 660 (f) nm using 4.7, 5 and 4.7 uW power, respectively.
g, Schematic of the hot charge carriers transfer in the plasmonic diode model. The SEM image of

the structure is overlayed on (d-f) at the same scale than EQFE maps.

Furthermore, the plasmonic nanodiode was investigated at different wavelengths (Figure 4d-f
and Figure S41) to highlight the impact of the excitation wavelength on the plasmonic reactivity.
The highest activity due to hot holes was observed at 595 nm, while the lowest was at 660 nm.
Interestingly, the EQFE line scan profiles (Figure S43) revealed similar values for the efficiency
maxima associated to the hot holes and hot electrons. This suggests that the same number of
plasmonic hot holes and electrons survive recombination and participate to photocatalysis.

We propose the following mechanism underlying the observed plasmonic nanodiode behavior.
Upon plasmon decay, hot holes at the surface of the Au NPs oxidize Fc(MeOH),, while hot
electrons injected through the Au/Ti0, Schottky barrier travel by ballistic diffusion (tens of
um)*47 through the length of the TiO, nanotube. Eventually, the latter reach the bottom of the

tube and undergo chemical reaction at the surface, reducing Fc*(MeOH), (Figure 4g).

Conclusions

We realized the in sifu nanoscale mapping of photocatalytic chemical products evolved from
plasmonic photocatalysts with subwavelength resolution. The presented methodology is based on
a unique ensemble of scanning microscopies enabling to build structure—activity relationships
among morphological, optical and photochemical properties. By investigating planar Au/TiO,
photocatalysts and using an approach combining experiments and theory, we demonstrated that
smaller and denser plasmonic nanoparticle arrays present lower absorption, but higher internal
quantum efficiency for hot hole—driven photocatalysis. We found that at lower wavelength the d—

holes played a significant role in photocatalysis, while plasmonic hot holes were predominant at
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longer wavelengths. Notably, the highest photocatalytic quantum yield for the oxidation of
ferrocene dimethanol corresponded to the plasmon peak, whereas energetically and kinetically
demanding reactions like water and chlorine oxidation were driven by d-holes with higher
efficiency. By imaging the photoactivity of a single nanostructure, we showed the possibility to
visualize oxidation and reduction product areas over the same Au/Ti0, nanotube. Our approach
can be extended to a vast variety of chemical reactions by adapting the experimental conditions.
We anticipate that the present methodology can be generalized to a wide range of low—
dimensional materials for energy and sensing, opening to a nanoscale rationale for the design of

efficient photoactive nanomaterials.
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Methods

Planar Au-TiO; nanostructures fabrication. The planar Au-TiO, plasmonic photocatalysts were
prepared on 25x25 mm? ITO coated glass (Ossila, UK). The ITO coated glass substrates were cleaned by
ultrasonication in acetone, ethanol then deionized water for 5 minutes each. A TiO, layer of 30 nm was
deposited by by plasma-assisted atomic layer deposition (ALD, Ultratech/CambridgeNanoTech Fiji 200)
using tetrakis(dimethylamido)titanium as precursor (99% purity, Strem, USA) at 250 °C. An ALD cycle
consisted of 0.1 s of precursor exposure, 5 s purge, 20 s O, plasma exposure (300 W), and 5 s purge of
reaction products. The so-obtained TiO, thin layers were annealed at 450°C (2°C/min) for 2 h to insure
TiO, anatase phase formation. The Au NP arrays were formed upon annealing at 400°C (2°C/min) for 1 h
of a 10 nm thick Au film sputtered through a patterned mask (Micronlaser Technology, USA) divided
into 16x16 squares (around 100x100 pm? spaced by 400 pm).

Au decorated-TiO, nanotubes fabrication. Spaced TiO, nanotubes are prepared on titanium foil by
anodization with a two-electrode electrochemical cell in which Ti foil (0.25 mm thick) is used as a
working electrode and Pt foil serves as counter electrode. Firstly, the commercial Ti foil is washed by
sonication in acetone, ethanol, and distilled water for about 15 min and then dried under a nitrogen
stream. Secondly, the foil is anodized in diethylene glycol electrolyte containing 0.5 wt.% NH4HF, and
3.6 wt.% H,O at an applied voltage of 60 V for 3h at 40°C. After anodization, the sample is washed with
ethanol and dried by a nitrogen stream. Later on, the spaced TiO, nanotubes are annealed under air at
450°C (2°C/min) for 2 h to prepare crystalline TiO, nanotubes. The spaced TiO, nanotubes are coated
with 10 nm of Au then annealed at 400°C (2°C/min) for 1 hour under air. The nanotubes are scratched
from the foil and dispersed in distilled water then drop-casted on TiO,/ITO substrate. The optical
properties of the Au/TiO, nanotubes were investigated at every step of the fabrication by ultraviolet-
visible-near infrared spectroscopy retrieving the absorptance from reflectance spectra measured with an
integrating sphere (Figure S44).

Morphological characterization. A field emission scanning electron microscope (FE-SEM, Hitachi SU

6600, Japan) was used to investigate the nanomaterials morphology. The Au size distribution was
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obtained by ImagelJ applying a filter depending of the observed contrast. The calculated diameter were
retrieved from the area of the NPs measured by ImagelJ by approximating all NPs shape to a
circumference. The composition and morphology of the investigated Au/TiO, systems were verified
through high-resolution transmission electron microscopy (HR-TEM) (Titan G2, FEI), by TEM
measurements and EDS elemental mapping. A BM Ultra-Scan CCD camera (Gatan) was used to capture
the elemental maps. The preparation of lamellae from planar Au/TiO, was carried out with a focused ion
beam SEM (Scios 2 DualBeam, ThermoFisher SCIENTIFIC). The area of interest was coated by
platinum (electron beam deposition) with a gas injection system. The sample was tilted by 52° and the
milling process was performed to obtain lamellae from the bulk samples. The lamellae were undercut and
removed from the bulk material by micromanipulator and attached to the TEM grid. After the welding of
lamellae to the grid, the lamellae were thinned through a step-by-step ion milling process with decreasing
currents until it was transparent to the accelerated electron beam. The Au/TiO, nanotubes were prepared
by scratching the anodized film and dispersed in distilled water then drop-casted on the TEM grid.
Scanning spectrophotometer microscopy (SSM). The optical properties were measured with a
spectrophotometer coupled with the scanning photoelectrochemical microscope position system to locally
investigate the substrate (HEKA Gmbh, Lambrecht, Germany). SSM consists of a white light focused
below the sample and aligned with the spectrophotometer above it to collect the transmitted light. The
illumination beam radius was ~ 10 pm and the lamp used was a Lambda DG 4 Xenon Arc bulb
(wavelength from 330 to 670 nm, Sutter instruments, USA). The absorption maps were generated thanks
to the localized transmission spectra at different XY positions of the sample (every 10 pm). From those
spectra, the absorption values from the wavelength of interest was extracted and combined together
depending of their XY position to form the absorption maps. The LSPR peak from plasmonic
nanostructures were extracted similarly by taking the maximum absorption measured for each spectra.
Due to the white lamp limitation, we were able to investigate wavelengths from 400 to 670 nm.
Scanning photoelectrochemical microscopy (SPECM). The SPECM employed the same optical path

below the sample than SSM to focus the LED light beam (~ 5 um radius) with a 40x objective lens
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(Olympus, Japan) to locally irradiate the sample and drive the photochemical reactions. SPECM
experiments were conducted using an ELP 3 SPECM-FL (HEKA Elektronik GmbH, Lambrecht,
Germany), a PG 618 USB bipotentiostat (HEKA Elektronik GmbH, Lambrecht, Germany) and fiber-
coupled LED lamps with different wavelengths: 455 + 7, 530 + 15, 595+ 40, 660 £ 9, 740 £ 11 and 850 +
15 nm (Thorlabs, USA). The experiments were performed in aerated solution of 0.1 M KCI and 1 mM
Fc(MeOH), (ferrocene dimethanol, FeC,,H;,0,), unless told otherwise. Chemicals were bought from
Sigma Aldrich with the highest purity and used without further purification. Milli-Q water was used for
the preparation of all aqueous solutions. SPECM consists of a four-electrode setup with two working
electrodes (WE): the substrate (WE1, not connected in this study) and the ultramicroelectrode (WE2), a
Ag/AgCl wire used as reference electrode and a Pt wire as counter electrode. Three different
ultramicroelectrodes (from HEKA Elektronik GmbH, Lambrecht, Germany) were used in this work:
Probe 1 (r7=15 um and RG =5), Probe 2 (7= 5 um and RG = 25) and Probe 3 (7= 100 nm and RG =
25). The probe moves in the vicinity of the studied sample to detect the local species concentration in
solution. The light beam and the probe were aligned before measurements. The samples were scanned on
the XY stage while the probe was placed at a constant height (d) using the Z stage. The redox mediator is
oxidized (reduced) from the hot holes (electrons) as follow:

Fc(MeOH), + h™ >Fc* (MeOH), (1)

This locally modifies the concentration of both species (reduced and oxidized) in the vicinity of the beam
position. The probe detects this reaction by reducing (oxidizing) back (substrate generation — tip
collection, SG-TC mode) the species produced by the substrate:

Fct(MeOH); + e~ >Fc(MeOH), ()

The probe is biased at a potential (Er;,) corresponding to the diffusion limited regime (0 and 0.4 V vs
Ag/AgCl for SG-TC and RC modes, respectively), i.e. the plateau in Figure 1d. Thus, the probe current

(I7) corresponds to a steady-state regime and is given by equation 3 in solution (I1) and equation 4 near
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the substrate (I7,5) due to the hindering effect on the diffusion of both the substrate and the probe
(corresponding to negative feedback)?*48:

It =4nFCDry 3)

I ins = 4nFCDrB(RG)Nir(L,RG) @)

where n is the number of electrons involved; F, the faraday constant (96485.33 C/mol); C, the
concentration in Red/Ox species; D, the diffusion coefficient of the Red/Ox species (7.8x10°¢ cm?/s)*; ry,
the probe active part radius; RG, the ratio between the probe insulating part radius and r7; S(RG), the RG
impact on the diffusion to the probe active area and Nir(L), the hindering effect of the near surface on the
probe current with L corresponding to the ratio between the distance probe-substrate (d) and 77. In the
case of redox competition (RC) mode, the probe detects the concentration evolution of Fc(MeOH),
following equation 1. The photochemical map acquisition were done with an XY scan method consisting
of 1001 acquisitions in X and 41 lines in Y. The probe was scanning at determined scan speed (vVy.,,). The
number of acquisitions and lines in XY depends of the map size and the intended resolution. In the case of
400x400 um? maps, an acquisition was made every 0.4 pum in X and 41 lines in Y were measured to have
a step size of 10 pm (diameter of the active part of Probe 1) between each line. In the case of the Au-
decorated TiO, nanotube investigations, the maps consists of 501 acquisitions in X and 51 lines in Y
(meaning 1 acquisition every 20 nm in X and 200 nm in Y). The dark current map is available in Figure
S45. The Z axis position was constant through the scan and was determined by approach curves nearby
the zone of interest thanks to the negative feedback observed due to the TiO, insulating properties.
Because of the background noise for the nanoscale maps, the data were smoothened using the averaging
function for 10 points from origin.

Diffusion model. The diffusion model was simulated with COMSOL Multiphysics using the “Transport
of Diluted Species” physics in a 2D asymmetric mode considers the substrate as an electrochemical object
corresponding to the light beam size (Figure S14a). This simulation model gives information such as the

ratio between the probe current and the substrate current (called collection efficiency, CE, equation 5), the
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probe geometry influence and the impact of the probe-substrate distance on the CE (Figure S14b). In the
case of Probe 1, the CE is considered 100% when the probe nearly touches the substrate due to the
identical probe and light beam size*’ consequently the probe current measured near the substrate is
considered as the substrate current to compare experimental data (approach curves) and simulation data
(see Figure S14c¢). The diffusion profiles (Figure S14d-f, d for d = 40 um, e for d =2 um with the Probe 1
and f for d =2 um with the Probe 3) highlight the impact on the CE from the probe geometry. CE refers
to the ability of the probe to collect species produced by the substrate and is defined as the probe current

divided by the substrate current:

I
CE(%) = 7 X 100 (5)

Su
As presented in Table S3, I, increases when the Probe 1 is closer to the substrate with an increase of
40% for d =5 pm and Iy is higher than the current corresponding to the initial concentration present in
solution due to the recycling effect from the active part of the probe. To avoid this effect, every
measurement with the Probe 1 were done with d > 10 um. From the obtained CE, I, was calculated
thanks to the measured Al. The external quantum efficiency (EQE) and internal quantum efficiency (IQE)
were calculated from the following equations:

Tsup
e

EQE (%) = 7 x 100 (6)
hv

EQE (%)
IQE (OA)) = Absorption (7)

where e is the charge of one electron, P is the light power and hv is the photon energy.

Electromagnetic and hot-carrier simulations. The theoretical modeling was computed with COSMOL
Multiphysics. The system consists of a periodic array of truncated nanospheres on a substrate (Figure S9).
For each sample, a fixed nanoparticle (NP) size and array periodicity were chosen based on the averaged
NPs from Position 1 to 7 in Square A, and are presented on Table S2, along with other relevant geometric
parameters. The incident light intensity was fixed at 10° W/m? and its direction is perpendicular to the

NP-substrate interface, coming up from the bottom, as shown in Figure 1a. The surrounding medium is an
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electrolyte with a dielectric constant equal to 1.8171, while the substrate dielectric constant is 3.69. This
parameter was chosen by considering the substrate an effective medium, taking TiO, and ITO into
account. To begin the computation, the considered electric field inside and outside of the nanostructure
has the following form:

E(r)=E,e ™"+ Ejet™ (8)

The absorption power is then given by

Qubs= ([ ypi - E V) 9)

time
where j is the current inside the NPs. Then, given the light intensity [, the absorption cross section is

expressed as

P abs

Oaps= 7, (10)

Additionally, the optical extinction is a combination of the absorbed and scattered light. Therefore, the
extinction cross section is a sum, as shown below:

Oext(W) = Oaps(®) + Tscar(w) (11

As part of the light absorption process, there is a generation of hot electrons, which occurs near the NP

surface®#4, The rate of this generation is then expressed as

2€’E% 1

rateyg = mfchle,normal(epq))|2ds' (12)

where e is the electron charge, Er is the Fermi energy (5.5 eV for Au) and E ,ormai 1S the normal electric
field. However, in many cases we are more interested in the hot electrons that possess a high enough
energy to overcome an energy potential (AE,,) and therefore, be transferred to another material. The rate

of generation of these types of hot electrons is given by,

2 ezEIZT(hUJ - AEbar) 2
rateHE,over—barrier = 2 h (hw)4 fSNcle,normal(etqb)l dS, (13)

where the energy barrier was given a value of 1 eV in this study. For the interband d-hole mechanism,

the expressions for the rates are given by this equation*3#4:

ACS Paragon Plus Environment



Page 25 of 36

oNOYTULT D WN =

ACS Nano

1 w x
Rated-holes, bulk = 80 m Im Aginterband (a)) 5 J- dV Ew : Ew (14)
NP

Here A&, . ana i the interband contribution to the bulk dielectric constant.

Moreover, the dielectric function used on the computation of the generation rates of hot electrons
incorporates a quantum surface-scattering effect that must be considered in the light dissipation. With this

approach, the local dielectric function is given by

2 2

N
Smetal((*)) = Smetal,bulk((‘)) + o(w :iYD) ol + i(;n +v5) (15)

where €petalpulk 15 the empirical dielectric constant, w,, is the plasmon frequency, yp is the Drude
broadening, and y; is the quantum plasmonic broadening. The last parameter is the one responsible for the
incorporation of the scattering of electrons at the NP surface, which is size-dependent.

Finally, the surface charge distribution maps were also computed with COMSOL Multiphysics with the
following expression

o= Egy(16)

Data Availability
The data that support the findings of this study are available from the corresponding authors

upon request.
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