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Resumo

A nanoeletroquimica une o uso de eletroquimica e nanoparticulas, trazendo as
propriedades unicas da nanoescala, quando comparada aos mesmos materiais em
macroescala, para reacdes e eventos eletroquimicos. Uma interessante propriedade das
nanoparticulas ¢ a ressondncia plasmonica de superficie localizada (LSPR, do inglés
localized surface plasmon ressoance), que da origem a importantes efeitos fisicos, como
geracdo de hot-carries e aquecimento localizado. No entanto, nem todo metal apresenta o
LSPR na faixa visivel do espectro, sendo um desafio trazer sua banda LSPR para a regiao
visivel do espectro. Uma abordagem para tal ¢ combinar diferentes metais com
propriedades cataliticas e plasmdnicas em nanoestruturas hibridas, permitindo uma melhor
captacdo de energia e atividade catalitica em reagdes eletroquimicas mediante excitagdo no
espectro visivel. Esta tese investigou sistematicamente a sintese de nanoflores niicleo-casca
de ouro-rédio (Au@Rh NFs), bem como seu mecanismo de formacao e sua aplicagdo em
nanoeletroquimica. As nanoestruturas exibem a excitagdo LSPR em duas regides da faixa
visivel do espectro devido a banda de extingdo do Au LSPR (548 nm) e a combinagdo da
banda de extingdo do Rh LSPR com as transigdes interbandas do Au (~ 420 nm). Reagdes
eletroquimicas distintas foram escolhidas para avaliar o impacto da excitacdo LSPR na
atividade e/ou seletividade do catalisador. Os resultados mostraram que cada reagao foi
afetada de diferentes formas pelas propriedades cataliticas e plasmonicas das nanoflores.
Uma dependéncia linear entre a atividade e o aumento da concentracdo de rdédio foi
observada no caso da reagcdo de desprendimento de hidrogénio (HER, do inglés hydrogen
evolution reaction). O melhor desempenho das NFs foi com a incidéncia do laser de 533
nm, comprimento de onda que coincide com a banda de extingdo LSPR dos materiais. O
sobrepotencial de reagdo foi reduzido em 40 mV sob excitagdo LSPR e nenhuma mudanga
significativa foi observada apds a irradiagdo de um comprimento de onda fora da faixa
plasmonica dos materiais. Além disso, a atividade das Au@Rh NFs foi notavelmente maior
quando comparada a suas contrapartes monometalicas devido a sua forte adsor¢do de
conformacao de agua interfacial semelhante a gelo. Para os testes eletrocataliticos para as
reacoes de oxidagdo do etanol (EOR, do inglés etanol oxidation reaction) e de reducao de
CO> (CO2RR), as nanoestruturas nao apresentaram uma relacao linear entre concentragao
de rodio e atividade catalitica, como verificado para a HER. A amostra com concentragao
intermedidria de rodio apresentou o melhor desempenho, tanto para EOR quanto CO2RR,
devido a sua maior resisténcia ao envenenamento por carbonaceos, quando comparado ao
catalisador com maior concentragdo de Rh. A EOR foi investigada por métodos
eletroquimicos tanto no escuro quanto no claro, ndo indicando diferenca significativa no
mecanismo de reagdo apos a excitagdo LSPR. Esta observagdo demonstra que a excitagdao
LSPR na reagdo de oxidacao do etanol pode facilitar a cinética da reagdo, em vez de alterar



a etapa limitante da reacdo. O melhor desempenho foi obtido na incidéncia do laser de 533
nm, com aumento de 352 e 36 % na atividade do catalisador ¢ na seletividade,
respectivamente. Por outro lado, o melhor desempenho da nanoflor em relacio ao CO2RR
foi obtido com o laser de 405 nm, que corresponde apenas parcialmente a banda de
extingdo LSPR do Au@Rh. Embora surpreendentemente, esta observacdo esté relacionada
a dessorcao de CO facilitada na incidéncia de luz de 405 nm. A espectroscopia de
impedancia eletroquimica confirmou que a atividade LSPR melhorada deve-se a menor
barreira energética induzida pela luz, que reflete em menor resisténcia a transferéncia de
carga sob excitagao LSPR. Esta tese forneceu um melhor entendimento sobre os parametros
de controle para obter eletrocatalisadores otimizados, bem como no mecanismo de reagoes
eletroquimicas intensificadas por plasmons.

Palavras-chave: nanoeletroquimica, catalise plasmonica, ouro, rodio, nanoflores.
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Abstract

Nanoelectrochemistry brings the advantage of using nanoparticles with unique
properties when compared to their bulk counterparts. Among those properties, there is the
localized surface plasmon resonance (LSPR), which gives rise to valuable physical effects
such as hot-carrier generation and local heating effect. However, not every metal presents
the LSPR on the visible range of the spectrum and, thus, requires specific and costly
apparatus to optimize LSPR outcomes. However, it makes a valuable challenge to tune the
LSPR extinction band toward the visible spectrum through the rational design of
nanoparticles. One strategy is to combine different metals with catalytic and plasmonic
properties in hybrid nanostructures, allowing an improved energy harvesting and catalytic
activity toward electrochemical reactions upon excitation at the visible spectrum. This
thesis systematically investigated the synthesis of gold-rhodium core-shell nanoflowers
(Au@Rh NFs), their formation mechanism, and their application in nanoelectrochemistry.
The nanostructures exhibited the LSPR excitation in two regions of the visible range of the
spectrum owing to the Au LSPR extinction band (548 nm) and, the combination of Rh
LSPR extinction band and Au interband transitions (~ 420 nm). Distinct electrochemical
reactions were chosen to evaluate the LSPR excitation impact on the catalyst’s activity
and/or selectivity. The results showed that each electrochemical reaction was affected
differently by the nanoflowers’ properties and LSPR excitation. A linear dependency was
in activity with increasing rhodium content was observed in the case of hydrogen evolution
reaction (HER). The NF’s best performance was upon 533 nm laser incidence, wavelength
that matches the materials’ LSPR extinction band. The reaction overpotential was reduced
in 40 mV, and no significant change was observed upon irradiation of a wavelength outside
the materials’ plasmonic range. Additionally, the activity of Au@Rh NFs were remarkably
higher when compared to its monometallic counterparts owing to its stronger adsorption of
icelike interfacial water conformation. For the electrocatalytical tests for Ethanol oxidation
reaction (EOR) and COz reduction reaction (CO2RR), the nanostructures showed a distinct
behavior to the catalyst metallic ratio. The sample with the intermediate thodium amount
presented the highest performance due to its higher resistance to CO poisoning when
compared to the catalyst with the highest Rh content. The EOR was deeply investigated by
electrochemical methods both in dark and light conditions, indicating no significant
difference in the reaction mechanism upon LSPR excitation. This observation demonstrates
that the LSPR excitation on EOR might facilitate the reaction’s kinetics, rather than change
the limiting reaction step. The best performance was obtained upon the 533 nm laser
incidence, with an increase of 352 and 36 % in the catalyst activity and selectivity,
respectively. On the other hand, the nanoflower’s best performance toward CO,RR was



obtained with the 405 nm laser, which only matches partially the Au@Rh’s LSPR
extinction band. Although surprisingly, this observation is related to the facilitated CO
desorption upon the 405 nm light incidence. Electrochemical impedance spectroscopy
confirmed that the improved LSPR activity owes to the lower energetic barrier induced by
light, which reflects in lower charge transfer resistance under LSPR excitation. This thesis
provided a deeper inside into the control parameters to achieve optimized electrocatalysts,
as well as into the mechanism of plasmon-enhanced electrochemical reactions.

Keywords: nanoelectrochemistry, plasmonic catalysis, gold, rhodium, nanoflowers.
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1. Introduction

Nanoelectrochemistry is defined as electrochemical events in the nanoscale and/or
the use of nanostructured electrodes'?. The advantage of using materials in the nanoscale is
that they present unique properties and behavior, which are not observed in their bulk
counterparts.® One of them is their larger surface area which leads to a higher number of
active sites available for catalysis.* Moreover, the interaction of noble metal nanoparticles
(e.g., Au, Ag, Cu) and some semiconducting metal oxides nanocrystals with an incident
electromagnetic field results in localized surface plasmon resonance (LSPR).’ LSPR is the
resonant oscillation of nanoparticles’ surface electrons under light irradiation (Figure 1),

giving rise to valuable physical effects®’.

Eletromagnetic Field Plasmonic Nanoparticles

Figure 1 — Resonant oscillation of nanoparticles’ surface electrons under light irradiation

The incident light excites the nanoparticle’s surface plasmons (SPs), which will
eventually decay via radiative (scattering) or non-radiative (absorption) paths®. The
radiative path gives rise to the electromagnetic near-field enhancement, due to the
concentration of the incident light on the nanoparticle’s surface. On the other hand, the non-
radiative path can activate redox reactions via different relaxation processes.”!® One of
them consists of the multiplication of electron-hole pairs produced by electron-electron
interactions, meaning that the excited electrons may transfer energy to non-excited

electrons. This process is fast and is known as hot carriers generation.!! The second is the
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photothermal energy release from the relaxation process of electron-hole pairs. This
happens in a longer timescale, when compared to hot carriers generation, and is derived
from electron-photon interaction.®!? In summary, the LSPR is an important phenomenon in
nanoelectrochemistry as it can drive a variety of chemical and electrochemical reactions via

its remarkable physical effects: hot-carrier generation and local heating effect. '3

In this way, it is also important to optimize the plasmonic effects in the visible range
of the spectrum, enabling the use of solar radiation to excite nanomaterials. Control over
nanoparticles’ size, shape, and composition allows the tuning of the LSPR excitation band,
which is where LSPR effects are driven with the highest intensity, as function of the
incident wavelength.!>"!7 Additionally, combining metals with different properties in hybrid
materials can be advantageous, as it enables the coupling of plasmonic and catalytic metals
in bimetallic nanostructures. The plasmonic metal will act as an antenna, harvesting energy
through the LSPR excitation, and the catalytic metal uses this energy to drive or accelerate
chemical transformations.'® All considered, nanoparticles’ rational design comes as a
powerful tool to develop and optimize catalysts to drive reactions in

nanoelectrochemistry. 2!

It allows state-of-art catalysts with UV-range plasmonic
effect??®, as Pt and Rh, to be combined with metals that present visible range LSPR
excitation (e.g., Au and Ag)**2°, modulating the LSPR extinction band of the material into

the visible range of the electromagnetic spectrum.

Thus, herein the rational design synthesis of a bimetallic material was performed to
be applied as a catalyst to relevant electrochemical reactions: hydrogen evolution, ethanol
oxidation, and carbon dioxide reduction. Reactions with different mechanism complexity
were chosen to enable the investigation of not only the LSPR effect on the activity but also
the catalyst’s selectivity. The hybrid material synthesized here is comprised of Au spherical
nucleus and a dendritic Rh shell, resulting in Au@Rh core-shell nanoflowers (NFs). Gold
was chosen due to its remarkable stability when compared to other metals that present the
LSPR in the visible range of the spectrum (e.g. Ag and Cu)*”-*. On the other hand, rhodium
composes this bimetallic structure owing to its outstanding catalytic performance in front of

a variety of reactions.?”° Moreover, plasmonic hybrid nanomaterials exploring rhodium
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are still limited in the literature®'*. The formation mechanism of Au@Rh NFs was deeply

investigated, as well as its physical-chemical properties.

2.

Goals

Synthesize and optimize different ratios of Au@Rh nanoflowers (Figure 2) and
investigate their mechanism of formation.

Apply Au@Rh nanoflowers toward plasmon-enhanced electrochemical hydrogen
evolution, ethanol oxidation, and carbon dioxide reduction reactions.

Investigate the gold-rhodium ratio influence on the plasmon-enhanced
electrocatalysis of distinct reactions.

Investigate the change in activity and selectivity of the nanostructures over HER,

OER and CO2RR electrochemical reactions upon LSPR excitation.

Figure 2 — Schematic representation of Au@Rh nanoflowers

17



3.  Articles Overview
In this section, an overview of each article will be presented, showing the main
goals and findings of each study, followed by the article itself. The articles are presented in

chronological order and their connection is discussed in each overview.

3.1 Gold—Rhodium Nanoflowers for the Plasmon-Enhanced Hydrogen
Evolution Reaction under Visible Light (Attachment 1)
Author Contribution: The author participated in conceiving the idea with the

supervisor, designing the experiments, performing the analysis, and writing the paper.

Hydrogen is one of the most promising energy carriers to address renewable energy
generation, as it can be obtained from an environmentally friendly path: electrochemical
water splitting. Water splitting consists of H> and O, generation via the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), respectively.>* Although water
splitting has been in focus for several years for a green generation of Ha, it still presents a
high cost, which limits its practical application. In this context, a rational design of
nanocatalyst comes as a strategy to improve catalysts’ performance toward water splitting.
Control over nanoparticles’ size, shape, and composition enables us to decrease the amount
of noble metal necessary to achieve the optimal catalytic activity, owing to the synergic
effect between different metals and exploring more active morphologies.>>” Moreover, the
plasmonic nanoparticles facilitate solar energy harvesting, leading to more efficient solar-

mediated chemical transformations. 3840

In this context, here we explored the synthesis of Au@Rh NFs and probed the
nanostructures as model catalysts to the plasmon-enhanced HER. Their formation
mechanism was investigated using different reducing and stabilizing agents, as well as
reaction time and metallic composition. The optimal synthesis condition was obtained
using ascorbic acid as a reducing agent, and CTAB (cetyltrimethylammonium bromide) and
iodide as stabilizing agents. Three metallic compositions were synthesized: AussRhso,
AugoRhig, and AugoRhio. After unraveling the materials formation mechanism, all metallic
compositions were applied toward HER. The best activity was obtained for AussRhs2, and a
clear dependency on rhodium amount was observed to obtain lower overpotentials. Three

wavelengths were chosen to evaluate the catalyst activity upon light irradiation, which

18



matched partially and completely the LSPR excitation band, 405 and 533 nm, respectively,
and one that was outside the nanomaterial’s LSPR extinction band region, 650 nm. Upon
light incidence, an increase in activity was only obtained for the 405 and 533 nm lasers,
decreasing the overpotential in 40 and 20 mV, respectively, for our best catalyst, AussRhs».
Moreover, in situ Fourier transform infrared spectroscopy (FITR) was performed to better
understand the superior response of the metallic ratio AussRhs». It revealed that this catalyst
has a stronger interaction with the adsorbed water in the icelike conformation, which
facilitates the HER. *! All considered, a mechanism was proposed to the HER on Au@Rh
NFs, both in dark and light conditions. Without light irradiation, Au@Rh NFs
preferentially lead to the adsorption of icelike water, which enables an increased
performance for the bimetallic nanostructure when compared to their monometallic
counterparts, Au and Rh. Under 533 nm laser incidence, hot electrons and holes are
suggested to be generated on Au’s surface. The hot electrons flow to the Rh surface and can

activate the adsorbed water, leading to an increased activity toward HER.
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ABSTRACT: State of the art electrocatalysts for the hydrogen evolution
reaction (HER) are based on metal nanoparticles (NPs). It has been
shown that the localized surface plasmon resonance (LSPR) excitation in
plasmonic NPs can be harvested to accelerate a variety of molecular
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transformations. This enables the utilization of visible light as an energy H,0,4
input to enhance HER performances. However, most metals that are
active toward the HER do not support LSPR excitation in the visible or 4

2

near-IR ranges. We describe herein the synthesis of gold—rhodium core—
shell nanoflowers (Au@Rh NFs) that are composed of a core made up of
spherical Au NPs and shells containing Rh branches. The Au@Rh NFs
were employed as a model system to probe how the LSPR excitation
from Au NPs can lead to an enhancement in the HER performance for
Rh. Our data demonstrate that the LSPR excitation at 533 nm (and 405
nm) leads to an improvement in the HER performance of Rh, which depends on the morphological features of the Au@Rh NFs,
offering opportunities for optimization of the catalytic performance. Control experiments indicate that this improvement originates
from the stronger interaction of Au@Rh NFs with H,O molecules at the surface, leading to an icelike configuration, which facilitated
the HER under LSPR excitation.

KEYWORDS: gold, rhodium, nanoflowers, plasmonic catalysis, hydrogen evolution reaction

B INTRODUCTION

Hydrogen (H,) represents one of the most promising energy
carriers to address challenges related to renewable energy.' H,
production from electrochemical water splitting has attracted
massive interest in the past few years.”’ Although electro-

ing LSPR excitation in the visible range, such as gold (Au) and
silver (Ag), are employed, the use of sunlight as a sustainable
energy source to drive and accelerate chemical reactions
becomes possible.'”'” Unfortunately, metals that are active
toward the HER, such as platinum (Pt), palladium (Pd),

chemical water splitting is straightforward in principle, it only
represents 4% of the global H, production due to its high cost
and low efficiency.”” The water-splitting reaction encompasses
H, and O, production through the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER),
respectively.’ In this context, noble-metal NPs have been
successfully employed as electrocatalysts for H, generation via
the HER, in which Pt-based catalysts represent the state of the
art.””” Nevertheless, due to the associated high costs and low
abundance of noble metals there is a strong drive for further
improving their activity."

Strategies to improve the performance of noble-metal NPs
toward the HER involve size and shape control, bimetallic
compositions, and a wealth of hybrid systems."'~'® It has been
recently established that the localized surface plasmon
resonance (LSPR) excitation in plasmonic NPs can be
harnessed to accelerate and drive a variety of chemical and
electrochemical reactions."*~"” When plasmonic NPs support-

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

thodium (Rh), and iridium (Ir), do not support LSPR
excitation in the visible range, while Au and Ag NPs are not
among the most active metals toward the HER.**™> In this
context, several hybrid materials containing both plasmonic
and catalytic components have been described for the
enhancement of photocatalytic activities toward several
transformations in both solution and gas phases.'”'”**7*
This includes several reduction, oxidation, and coupling
reactions, for example.””™>* This also includes examples of
photoelectrochemical water splitting.”>™*” This strategy
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enables the marrying of plasmonic and catalytic properties, in
which the plasmonic material acts as an antenna harvesting
energy from light through the LSPR excitation and the catalytic
component uses this energy to drive or accelerate a
transformation of interest.*”*" Thus, it becomes clear that
this approach can also be beneficial in the context of improving
HER performances and enabling renewable energy input
(sunlight) and low overpotentials.

We report on the controlled synthesis of gold—rhodium
core—shell nanoflowers (Au@Rh NFs) that are comprised of a
spherical Au nanoparticle (NP) core and a shell containing Rh
branches or small NPs. This material was employed as a model
system to probe how the LSPR excitation from the Au NPs can
lead to an enhancement in the catalytic activity of the Rh in the
shells toward the HER. While this approach has been
demonstrated on several plasmonic—catalytic combinations,
examples containing Rh and exploring the bimetallic plasmon-
enhanced catalytic activity remain limited.***® Nevertheless,
Rh has important catalytic properties toward a wealth of
transformations that would benefit from plasmonic enhance-
ment and control.*”** Although the szfnthesis of Au@Rh
core—shell NPs has been reported,** " applications have
focused on the HER and not on the effect of plasmonic
excitation on HER performances, indicating the need of a
deeper understanding of the HER under light irradiation. Here,
by employing the HER as a proof of concept transformation, it
was demonstrated that the LSPR excitation at 533 nm (and
405 nm) led to an improvement in the HER performance. Our
control experiments indicate that this improvement originated
from the stronger interaction of Au@Rh NFs with H,O
molecules at the surface, leading to an icelike configuration,
which facilitated the HER under LSPR excitation. The catalytic
behavior was found to be dependent on the morphological and
compositional features of the Au@Rh NFs, offering future
opportunities for optimizing the performance by tuning the
morphology, structure, and composition.

B EXPERIMENTAL SECTION

Materials and Methods. All of the reagents were used
without further purification: tetrachloroauric(III) acid trihy-
drate (HAuCl,-3H,0, 99% Sigma-Aldrich), rhodium chloride
(RhCl;, 98%, Sigma-Aldrich), hexadecyltrimethylammonium
bromide (CTAB, C.H,,BrN, 99% Sigma-Aldrich), sodium
citrate trihydrate (C4HsNa;0,-3H,0, 99% Sigma-Aldrich), L-
ascorbic acid (C4HgOg4 >99% BioXtra, Sigma-Aldrich),
potassium hydroxide (KOH, 90% Sigma-Aldrich), sodium
iodide (Nal, 99.5% Sigma-Aldrich), sodium bromide (NaBr,
99% Synth), sodium chloride (NaCl, 99% Synth), poly-
vinylpyrrolidone (PVP, Sigma-Aldrich, MW 10000 g mol "),
tetrabutylammonium bromide (TBAB, C,;;H;BrN, 98%
Sigma-Aldrich), sodium borohydride (NaBH,, 98% Sigma-
Aldrich), hydroquinone (C4¢H4O,, 99.5%, Sigma-Aldrich),
Nafion 5% (C,HF;0,S-C,F,, 15—20%, Sigma-Aldrich), 2-
propanol (C;HO, 99.9% hypergrade for LC-MS LiChrosolv,
Merck), and Carbon Vulcan XC-72R. All aqueous solutions
were prepared with Millipore water (18.2 MQ).

Instrumentation. High-resolution transmission electron
microscopy (HRTEM) images and initial energy dispersive X-
ray (EDX) spectra were taken on a JEOL JEM 2100
instrument operating at an accelerating voltage of 200 kV.
The catalysts were redispersed in isopropanol by centrifugation
and ultrasound bath agitation and then drop-cast onto
transmission electron microscopy (TEM) grids (Formvar/

Carbon Film coated, 200 mesh, Cu) and dried under ambient
conditions. A JEOL ARM300F instrument was used to acquire
high-angle annular dark field (HAADF) scanning transmission
electron microscope (STEM) images and EDX spectrum
images at a 300 kV accelerating voltage. EDX data were
acquired using an Oxford Instruments XMAX 100 detector.
HAADF-STEM images were acquired with an inner detector
semiangle of 77 mrad. UV—vis spectra were recorded on a
Shimadzu UV-2600 spectrophotometer. The samples were
suspended in water and placed in quartz cuvettes with an
optical path of 1 cm. The metallic content of the suspension
and deposited materials was measured by inductively coupled
plasma atomic emission spectroscopy (ICP-OES) on a Spectro
Arcos instrument.

Synthesis of Gold Nanoparticles (Au NPs). First, 30 mL
of distilled water and 300 uL of AuCl,”(aq) (25 mmol L")
were placed in a round-bottom flask and the flask was placed
on a heating plate with stirring at 130 °C. When the mixture
was boiling, 900 uL of a sodium citrate solution (38.7 mmol
L™" or 1%) was added and the reaction proceeded for 10 min.
Finally, the red suspension obtained was washed by successive
rounds of centrifugation and removal of the supernatant and
then concentrated to 4 mmol L™' (concentration given in
terms of Au content). The suspension concentration was
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-OES). The as-produced Au NPs had a
diameter of 14.8 + 1 nm as measured by TEM (Figure Sla).

Synthesis of Rhodium Nanoparticles (Rh NPs) as
Controls for the Electrochemical Studies. A 3.70 mg
portion of NaBH,, 9.3 mg of RhCl;, and 87 mg of PVP 10000
were weighed and transferred to a milling jar. The milling
experiments were conducted with a 14 mL PTFE milling jar
using three ZrO, balls (10 mm, 3.17 g each), giving a ball to
powder mass ratio (bpr) of 95:1. The milling device consists of
a vibrating ball mill with a fixed vibration frequency of 27.5 Hz
(SL-38, SOLAB-Brazil). The Rh nanoparticles were obtained
after 1 h of milling and had a diameter of 2 nm as determined
by TEM (Figure S1b).

Synthesis of Gold—Rhodium Nanoflowers (Au@Rh
NFs). A 0.1 g portion of CTAB, TBAB, or PVP was placed in a
round-bottom flask containing 18.6 mL of distilled water. This
mixture was sonicated for 5 min and heated to 90 °C with
stirring. After 5 min, 1 mL of the previously prepared Au NP
suspension (4 mmol L"), 50 uL of an aqueous Nal, NaBr, or
NaCl solution (0.01 mol L"), and a specific volume (150, 350,
550, or 750 uL) of a RhCl; aqueous solution (20 mmol L™*)
were added to the reaction mixture. The amount of Rh was
varied to investigate how the NF morphology and the
plasmonic—catalytic properties changed as a function of the
Rh content. After S min, 1 mL of ascorbic acid, NaBH,, or
hydroquinone solution (0.04 mol L™') was added, and the
reaction was allowed to proceed for 30 min. The brownish
black solution obtained (Figure S2) was washed by successive
rounds of centrifugation and removal of the supernatant and
deposited on a Carbon Vulcan support by wet impregnation
for further electrochemical measurements. After deposition on
the Carbon Vulcan support, all samples were analyzed by ICP-
OES and the metal loading in all cases was around 2%.

HER Experiments. Electrochemical testing was performed
with an electrochemical cell consisting of a reversible hydrogen
electrode (RHE) reference and a Pt wire as the auxiliary
electrode. The working electrode was a glassy-carbon-disk
electrode (d = 1.5 mm) modified by drop-casting 10 uL of
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Figure 1. TEM and HRTEM images for (a, d) AugRh,, (b, ) Aug,Rhyg, and (c, f, g) AugRhy, NFs. (h, i) HAADF-STEM images for AuggRhs,
NFs. The inset in (h) is the FFT that shows d spacings consistent with {111} (2.2 A) and {200} (1.9 A) lattice planes in Rh, as would be expected
when a particle is viewed along the (110) zone axis. (j) STEM-EDX elemental maps from the region shown in (i) for the AugRh;, NFs. The
elemental distributions of Au and Rh are shown in red and blue, respectively. The scale bar in (i) also applies to (j).

catalyst ink (S mg of the catalyst dispersed in 2 mL of water)
and 5 uL of a Nafion 0.05% solution. The electrolyte was 1
mol L™ KOH solution, and the cell was N,-saturated to avoid
the formation of reactive oxygen species. A hydrodynamic
condition of 1600 rpm controlled by a Pine AFMSRCE RDE
apparatus was used to avoid accumulation of hydrogen bubbles
on the electrode surface. To investigate the catalyst HER
performance, linear potential, triangular potential, and
potential step perturbations were executed and controlled by
a PGSTAT302N Autolab potentiostat/galvanostat. For the
light-driven experiments, modular lasers of 405, 533, and 650
nm of 300, 200, and 390 mW cm ™ power density, respectively,
were positioned 5 cm from the cell. The laser was turned on 5
min before starting the measurement, to avoid power
fluctuation. The perturbation programs were the same as
those under dark conditions. The electrochemically active
surface area (ECSA) was estimated from the electrochemical
double-layer capacitance from each catalyst. Cyclic voltammo-
grams were recorded at several scan rates (10—1000 mV s™")
from 0 to 0.6 Vyye. The double-layer capacitance (Cq) was
calculated from the slope of the current (at 0.30 Vyyp) versus
scan rate linear plots. The Cy values of the catalysts were

divided by the Cy value of pure Carbon Vulcan, as the support
also makes a contribution to the surface area.

In Situ Fourier Transform Infrared (FTIR) Spectrosco-
pYy. An electrochemical thin-layer cell with a CaF, window was
used in the spectroelectrochemical experiments, using a
reversible hydrogen electrode (RHE) as a reference electrode
and Au foil surrounding the working electrode as an auxiliary
electrode. The working electrode was a shiny Au disk (d = §
mm), modified by the same procedure described in the
electrochemical methods. The cell was continuously purged
with N, and the electrolyte used was 1 mol L™" KOH. The
experiments were performed in a reflection absorption setup
(IRRAS) with a Nicolet 6700 spectrometer (MCT-B detector,
gain of 8, 4 cm™' resolution, 64 accumulations), and the
potential perturbation was controlled by a PGSTAT302N
Autolab potentiostat/galvanostat. The open-circuit potential
(OCP) was measured for S min, and potential step
perturbations were applied from the OCP to —0.24 Vyyg
during each spectrum acquisition.

X-ray Photoelectron Spectroscopy (XPS) Experi-
ments. The X-ray photoelectron spectroscopy measurements
were performed with a Specs FlexPS system equipped with a
Phoibos 150 2D CCD detector and a XRS50 X-ray source with
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a nonmonochromatic Al Ka (1486.61 eV) source. The catalyst
ink was drop-casted over a Si substrate, entirely covering the
surface, as no Si signal (the main transition for SiO, is Siy, at
103.3 eV)*” was detected. All spectra were registered in a high-
vacuum chamber at pressures below 107 mbar and were
corrected by the C,; signal (284.5 eV).*»*°

B RESULTS AND DISCUSSION

Synthesis of Au@Rh NFs and LSPR Enhanced HER
Performances. The synthesis of gold—rhodium nanoflowers
(Au@Rh NFs) was performed by a seeded growth approach
using preformed Au NPs as physical templates for the
deposition of different Rh amounts on their surface. Figure
la—c shows TEM images for the Au@Rh NFs obtained by the
addition of 150, 350, and 550 uL of 20 mmol L™' RhCl,,
respectively, to the reaction mixture. The Rh atomic
percentages in the Au@Rh NFs was determined by EDX
and correspond to 10 (Figure 1a), 18 (Figure 1b), and 32 at. %
(Figure 1c). These samples were therefore denoted as
AugRh,, (Figure la), Aug,Rhs (Figure 1b), and AuggRhs,
(Figure 1c). It can be observed that all of the samples were
relatively monodisperse, and the size of the NFs corresponded
to around 19.3 + 2, 22.9 + 2, and 23.8 + 1 nm for samples
AugoRhy, (Figure la), AugRh,g (Figure 1b), and AugRh;,
(Figure 1c), respectively. Histograms of the size distribution
are shown in Figure S3. The increase in size correlates with the
increased amount of RhCl; added to the synthesis and the
higher Rh content in the NPs, indicating the size increase can
be ascribed to an increased Rh deposition at the Au surface.

This is confirmed by HRTEM images for AugRh,, (Figure
1d), Aug,Rh;¢ (Figure le) ,and AuggRhs, (Figure 1f) NFs. All
images show Au cores (~1S5 nm diameter) covered in small Rh
NPs (~2 nm in diameter), with the Au and Rh identifiable by
their lattice fringe spacings (e.g, Figure 1h) or using STEM-
EDS elemental mapping (Figure 1j). Figure 1d reveals that in
the AugoRh;y NFs Rh is present as individual NP islands or
single-crystal branches on the Au surface. At higher Rh
loadings (Aug,Rhs and AugRhy, in Figure 1f and Figure le,
respectively), an increasingly high number of Rh particles or
branches covered the Au NPs, yielding an Au@Rh core—shell
morphology for the NFs at higher Rh content. Although each
individual island/branch appears to be single-crystalline, the
tortuous morphology, as illustrated in Figure 1g for AugRhs,,
suggests this is formed by an oriented attachment of separate
Rh particles. It can be observed that each branch/island at the
surface is <5 nm in diameter and displays lengths of around §
nm. When the Rh content in the NFs was further increased to
generate AugyRh,, NFs (Figure S4), the presence of individual
Rh NPs was detected in addition to the Au@Rh NFs. This
result indicates that, as the Au surface becomes completely
covered with Rh, no further Rh deposition at the surface of the
Au@Rh can take place and the additional Rh NPs remain in
solution.

Figure 2 shows the UV—vis extinction spectra registered
from an aqueous suspension containing the Au NP seeds and
the AugoRh,o, Aug,Rh;g, and AuggRh;, NFs. The Au seed NPs
display a band centered at 522 nm that is assigned to the LSPR
dipolar mode.”" The intensity of this band decreased with the
deposition of Rh on the surface in AugyRh;, NFs, as would be
expected due to the suppression of the Au LSPR extinction
with the deposition of a nonplasmonic metal at its surface. For
Aug,Rh,¢ and AugRh;, NFs, in addition to a further decrease
in the intensity of this band, a red shift to 548 nm and

= Au NPs

— AugRhy,
Aug,Rhg
AuggRhs,

Extinction

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
Figure 2. Extinction spectra obtained from aqueous suspensions

containing Au NP seeds and from Aug,Rh;o, Aug,Rh;s, and AugRhy,
NFs.

broadening of the signal are observed. This can be assigned to
the change in dielectric constant due to the increased Rh
deposition at the surface. As the overall NF size is also
increased, scattering can also contribute to the broadening of
the signal. Importantly, all NFs display extinction signals
characteristic of the Au LSPR in the visible range, despite the
Rh deposition at the Au surface.”” Additionally, an increase in
the intensity in the short-wavelength region from 350 to 400
nm is detected, which scaled with the Rh content and is
assigned to the increasing Rh LSPR in the UV range.s‘?”54 The
signal in this region can also have contributions of Au
interband transitions below 515 nm.

To further investigate the formation mechanism for the
Au@Rh NFs, we performed control experiments to unravel the
effect of I,,~ and different surfactants on the resulting NF
morphology. In the absence of I,,~ ions, the TEM images
(Figure SSa) show a core—shell structure, consisting of the Au
NP seed surrounded by a lower-density, uniform shell layer
containing the Rh NP seeds but no Rh branches. This result
shows that the presence of I~ ions is essential to enable the
formation of Rh-based branches at the surface of the Au NP
seeds. Here, it is plausible that I,;~ can act as a stabilizer of the
Rh surface facets that favor the formation of the branched
morphology via oriented attachment. This was further
confirmed by replacing L,,~ ions by Br,;~ and Cl,;~ in the
synthesis (Figure SSb,c, respectively). While Br,,~ and Cl,q
also promoted the deposition of Rh islands or branches at the
Au NP surface, their morphology was not as uniform and well-
defined as in the case of I,;~ ions. As the interaction of Rh with
halides is expected to increase in the order I” > Br™ > CI-,> it
is plausible that I” would act as a better stabilizer relative to the
other halides for Rh surface facets that favor the deposition of
Rh branches and lead to the morphology of the Au@Rh NFs.

Control experiments replacing CTAB by TBAB (Figure
S6a) and PVP (Figure S6b) did not lead to the formation of
the NFs. This indicates that both CTAB and I,;~ ions are
essential to the synthesis of Au@Rh NFs. The effect of the
reducing agent was also investigated by replacing ascorbic acid
with NaBH, (Figure S6¢) and hydroquinone (Figure S6d). In
both cases, the Au@Rh NF morphology was not detected,
illustrating that the use of a mild reducing agent coupled with
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the use of CTAB and I,;~ ions was imperative to the formation
of Au@Rh NFs. Although iodide and bromide are known for
poising surfaces in catalytic applications, the presence of iodide
was not detected by XPS (Figure S7). Although some bromide
was detected and could influence the activity (decrease HER
performance), it was detected in all samples, indicating that the
chemical environment and, thus, the effect would be the same
in all cases. This indicates that further optimization of the
washing procedure can lead to improvements in the HER
activity.

Table S1 summarizes all the experimental conditions that
were investigated for the synthesis optimization of Au@Rh
NFs. Finally, we monitored the morphological changes and
growth evolution as a function of time by stopping the
synthesis at different time intervals (5, 10, 15, and 30 min) and
analyzing the generated NPs by HRTEM, as shown in Figure
S8 for the sample composition AuggRh,;. As the synthesis time
varied from 5 to 30 min, a gradual increase in the deposition of
Rh small islands or branches at the Au NP surface was
detected, together with the formation of individual Rh NPs
after 30 min. These results indicate that, in addition to the
amount of Rh precursor employed during the synthesis, the
synthesis time can be employed to control the degree of Rh
deposition at the surface of Au NPs.

Having verified the morphology produced during the
synthesis, we then investigated the Au@Rh NFs as model
systems to consider how plasmonic effects can influence the
materials performance toward the HER. The hypothesis is that
the optical/plasmonic properties of the Au core can enhance
the Rh HER performance under visible light illumination via
plasmonic electrocatalysis. For the electrochemical experi-
ments the nanostructures were impregnated in Carbon Vulcan
to increase the material conductivity. The metallic loading (Au
+ Rh) was determined by ICP-OES to be around 2% in all
cases, which for AugRhs, corresponds to 0.06 pg of Rh and
0.14 pg of Au. We performed the experiments at pH 14 to
avoid corrosion and improve the stability of the catalyst.

We started by recording triangular potential perturbations at
50 mV s7' from 0 to 1.2 Vyy (illustrated schematically in
Figure S9a) to evaluate the electrochemical profile for each
material, as presented in Figure S9. Peaks between 0 and 0.2
Vpye were attributed to the H, adsorption—desorption
reaction (Hupd) on Rh°**” and are noticeable in all three
samples tested (AugRh;o, Aug,Rh;g, and AugRhs,). Rh shows
a stronger adsorption of hydrogen in comparison to Au.’®
Thus, as the Rh ratio increases, so does the H,.

Polarization curves at 5 mV s™* from 0.1 to —0.3 Vyyg under
hydrodynamic conditions were recorded with and without light
illumination at the working electrode for Aug,Rh,o, Aug,Rhg,
and AuggRhj, NFs, as shown in Figure 3a. Monometallic Au
and Rh seed NPs were also evaluated as reference materials. A
green laser (533 nm, 200 mW cm™2) was used as the LSPR
excitation source, which was chosen due to its proximity to the
extinction band of the NFs (Figure 2). It can be observed that
the monometallic Au and Rh NPs do not show any difference
in activity in the applied potential range for light and dark
conditions. An increase in the HER activity is observed as the
Rh content of the Au@Rh NFs increases, under both dark and
light conditions (Figure 3a,b). The overpotential at 10 mA
em%gcga (1710) under dark conditions corresponds to 0.25,
0.20, and 0.17 Vyyg for AuggR;o, Aug,Rh s, and AuggRhy, NFs,
respectively. These data indicate that it is only possible to
produce hydrogen in the probed potential range under our
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Figure 3. (a) Polarization curves recorded at 5 mV s™' from 0.1 to
—0.3 Vpyg for Au NPs, Rh NPs, and AugRh;y Aug,Rh;s and
AuggRh3, NFs. Solid traces refer to the curves registered under 533
nm (200 mW cm™>) light excitation, while the dashed traces refer to
the experiments performed in the dark. (b) Current density versus Rh
% for AugyRh)y, Aug,Rhg, and AugRh;, NFs in the presence and
absence of laser illumination (533 nm, 200 mW cm™2). (c) Bar graph
depicting the wavelength-dependent |Al in overpotentials (might -
Ndark 405, 533, and 650 nm with power densities of 300, 200, and 390
mW cm™?, respectively) for Aug,Rh,o, Aug,Rh;q, and AuggRh,, NFs.

experimental conditions when both metals are coupled in the
bimetallic NFs. The LSPR excitation produced by light
illumination led to an enhancement in the HER activity in
the Aug,Rh s and AugRhs, NFs, decreasing the 7, values by
40 and 30 mVyyy, respectively (Figure 3c). This corresponds
to a decrease in 7, values of 20 and 18%, respectively.
Surprisingly, no changes in the 7,, value were detected for the
AugRh;y NFs upon illumination. As the HER studies were
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performed under the same loading of metal (Au + Rh), and the
performance and light enhancement are dependent on the
amount of Rh, it is plausible that the electrode must hold a
minimum critical concentration of Rh so that the performance
becomes high enough to be sensitive to the LSPR excitation.
Under our experimental conditions, our results indicate that
Au@Rh NF catalysts showed a better performance than
Au(111)*° and commercial Rh/C?® in alkaline media.
However, it is important to note that a more precise
comparison would require normalization to the electrochemi-
cally active surface area (ECSA) and other experimental
conditions, such as laser power density. Moreover, the
AugRhy, performance was compared to those of other
reported plasmonic catalysts with comparable overpotentials
and increase in activity under light excitation.'”®' 7% Table S2
presents a summary of the HER performances of various
materials in alkali and acid electrolytes. It is noteworthy that
plasmonic electrocatalysts for the HER are usually reported in
acidic media and a higher overpotential is detected at higher
pH. Nonetheless, acidic media show some drawbacks that
limits their further application, such as corrosion and poor
material stability.

We also investigated the dependence of the HER perform-
ance on excitation wavelength by employing laser irradiation at
405 and 650 nm (300 and 200 mW cm™?, respetively), as
shown in Figure 3c. Neither of these wavelengths is matched to
the main Au LSPR extinction band of the NFs (548 nm). As
was observed for 533 nm excitation conditions, the AugyRh,,
NFs were found to be insensitive to light illumination. For
AugRhjg and AugRhs, NFs, no significant changes in the
overpotential were detected under 650 nm excitation
compared to dark conditions, as expected. However, under
405 nm irradiation, a decrease in the overpotential was
detected for Aug,Rh s and AugRh;,, although it was a smaller
decrease in comparison to that at 533 nm excitation. This
enhancement in HER activity may be due to the partial
contribution from the LSPR excitation tail of Rh at 405 nm
(band maximum in the UV) and interband transitions in Au,
which is reflected in the enhanced extinction seen in the UV—
vis spectra (Figure 2). With regard to the interband transitions,
they are observed for Au NPs in the high-energy regime due to
direct d-to-s electronic excitation.’” It has been reported for
some systems that the higher potential of these transitions can
lead to higher photocatalytic activities relative to the LSPR
(intraband) excitation, as hot electrons can be generated at the
s band and holes can be generated in the d band.®” In this case,
more hot carriers could generated from direct interband
excitation transitions relative to intraband excitations, which
may lead to higher photocatalytic activities relative to LSPR
excitation.”” Therefore, a means to optimize plasmonic—
catalytic performances can be obtained by leveraging these
transitions.

To further confirm that the enhancement of the HER was
due to LSPR excitation (at 530 nm) and interband transitions
(at 40S nm) in the NFs, the on—off j—t transients were
recorded under chopped light illumination at both 533 (Figure
4a) and 405 nm (Figure 4b) for the AugRh;o, Aug,Rh;s and
AuggRh;, NFs. All transients were registered at —0.1 Vyyg,
which is in the Tafel region. It can be observed that all samples
present a fast and reproducible current response to on—off
illumination cycles. The steady currents under light illumina-
tion were wavelength-dependent, being greatest for the 533 nm
excitation. By subtraction of the steady current before (j.u)
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Figure 4. (a, b) On—off j—t transients for Aug,Rh,,, Aug,Rh,g and
AugRh;, NFs recorded at —0.1 Vpye with and without light
irradiation at $33 and 405 nm, respectively. (c) Tafel plots for
AuggRh3, NFs with and without light excitation at 405, 533, and 650

nm registered in KOH 1 mol L™". Laser power densities of 300, 200,
and 390 mW cm™ were used for 405, 533, and 650 nm, respectively.

and after (jig,) the illumination, the photocurrents could be
calculated as 0.15, 0.27, and 0.30 mA cm ™2 g, for AuggRhy,
Aug,Rh g, and AuggRhs,, respectively, indicating an increase in
the photocurrent with the Rh loading.

To gain insights into the mechanism of the HER under light
excitation, the Tafel plots for the AugRhy, NFs with and
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without light excitation were obtained from the quasi-steady-
state polarization curves, as shown in Figure 4c. The HER
mechanism in alkaline medium can be described by the
Volmer, Heyrovsky, and Tafel steps,”® as shown in eqs 1-3.
The values in parentheses refer to the Tafel slope, which comes
from the Tafel equation (17 = a log j), where j is the current
density and a is the Tafel slope.

Volmer step: H,O + ¢~ — H_; + OH™ (1182 mV dec™ ")

(1)

Heyrovsky step: H,O + H 4, + e
— H, + OH™ (394 mVdec™") )
Tafel step: H,y, + H,4, = H, (29.6 mV dec™") (3)

These steps represent competitive processes of adsorption/
desorption of hydrogen atoms occurring at the catalyst surface.
All steps play a key role necessary to obtain excellent HER
performance.”” Without light illumination, the average Tafel
slope corresponded to 89 + 4 mV dec™'. This indicates that
the mechanism cannot be explained by a single rate-limiting
step (Heyrovsky or Volmer) without further kinetic studies.
Intriguingly, there were no significant changes in the Tafel
slopes under light illumination, indicating that the HER
mechanism remains unchanged under plasmonic excitation, in
agreement with previous studies.’® These results therefore
indicate that the LSPR excitation can lead to enhancements in
the HER activity in the Au@Rh NFs, but the HER mechanism
remains unchanged.

Investigating the Role of the Bimetallic NF Compo-
sition over the Water Adsorption Interactions (under
Dark Conditions). It is well-known that HER activity
presents a linear relationship with the electrode working
function.””””" This relation is due to the generation of
adsorbed hydrogen, as presented in the Volmer step and
corroborated by DFT simulations.”* Even though it is in good
agreement with acidic electrolytes, the main problem with this
kind of assumption was that for all these investigations high
vacuum was needed for the experimental setup or assumed for
the simulations. When these proprieties were investigated by a
consideration of more realistic environmental conditions,”
fine-tuning was possible. A volcano plot was obtained in which
several proprieties were considered such as the work needed
for a proton transfer from the outer Helmholtz plane (OHP)
to the inner plane (IHP), the dessolvation of this proton in the
IHP that occurs during the adsorption process, and the charge
transfer energy between the metal and the proton for the
generation of this adsorbate. In this, Au is present in the weak
adsorption branch, presenting a very low activity, while Rh is
close to the volcano top but is already siting at the stronger
adsorption branch. This study has also shown that the increase
in the work function not only affects the adsorption energy but
also influences in the pre-exponential factor of the Arrhenius
equation for the HER. This model, however, does not consider
in detail the electrolyte—electrode interactions and fails to
describe how different materials behave at higher pH values,
since under alkaline conditions, the reactants should be the
protons obtained by the water self-ionization or the water
molecules themselves,”* as shown in eq 1. Since water should
now be considered, it is also important to highlight that the
water adsorption conformation” affects the way the O—H
bond will be more or less easily broken during the Volmer

step.”* The electrochemical activity dependence on the water
adsorption conformation is not new; actually, it was already
proposed by Trasatti’® for the HER, and it has been shown in
the literature that it can affect the electrochemical activity for
different reactions.”°~’® Therefore, it is proposed that the
water structure orientation at the double-layer region will give
insights into investigations on the HER mechanisms.”*

Next, we wanted to investigate how the bimetallic
composition of the NFs (without light excitation) influence
their activities toward the HER. In this case, we were interested
in probing if the bimetallic composition could enable different
adsorption interactions with water that could lead to
improvements in the HER relative to the monometallic NPs.
We performed in situ Fourier transform infrared spectroelec-
trochemistry experiments to gain further insights into the
intermediates involved in the hydrogen evolution reaction.
These experiments were performed for AugRhs, NFs and Au
and Rh NPs, aiming at further understanding the importance
of the bimetallic compositions to the improved HER
performances in the NFs. The in situ FTIR spectra were
recorded under potential step perturbation. Figure Sa shows
the spectra obtained for AugRhy, NFs as a function of the
applied potential (Figure S10a,b shows the Au and Rh NPs
spectral counterparts, respectively). At approximately 1225 and
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peaks at 3512, 3272, and 3637 cm™". The IR background was taken at
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Figure 6. Stark tuning plots and absorbance versus potential plots for deconvoluted bands in the range (a, b) 3240—3320 cm™, (¢, d) 3400—3530

ecm™, and (e, f) 3530—3650 cm™ for Au, Rh, and AuggRh;,.

1154 cm™" two sharp bands are observed, which were assigned
to the asymmetric (v,,) and symmetric () stretching of CF,””
from Nafion. The decrease in the CF, stretching modes with
the potential suggests water incorporation into Nafion.*" The

bands detected at all potentials at approximately 2920

and

2850 cm ™! were attributed to the asymmetric and symmetric

CH, stretching modes of an amine from the

CTAB.*' The

bending mode of the adsorbed water (S(HOH))** was
observed at 1618, 1664, and 1650 cm™' in Au, Rh, and
AuggRhs,, respectively. A lower frequency of S(HOH)
indicates a stronger water adsorption, as the increase in charge
transfer from the oxygen lone pairs decreases the band
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frequency.”® Thus, the AugRhy, NFs showed a stronger water
adsorption in comparison to Rh, indicating that combining
both metals in the nanostructure can improve the catalyst
interaction with H,O. Nonetheless, a direct comparison cannot
be made between the bimetallic NFs and Au NPs, as Au
presents a weaker hydrogen bondin§ strength, leading the
S(HOH) band to a lower frequency.’>*?

The band centered at ~1700 cm™ for Au and Rh NPs
(Figure S10a,b) was assigned to the bending mode of the
adsorbed hydronium cation (§(H;0%)). More specifically, this
corresponds to the interfacial hydronium—water complexes,
such as H;0,", H,0;", and Hy0,*.** Although the hydronium
complex is not usually observed at higher pH due to its low
concentration,® it can be locally produced during the HER
due to the water dissociation process in the electrode at high
pH.* As the IR spectrometer in an IRRAS setup has a small
optical path and poor mass transport, it can facilitate the
observation of reaction intermediates even at low concen-
trations. This band appeared at higher wavenumber in pure Rh
NPs (1720 cm™), indicating a stronger interaction in
comparison to Au NPs (1690 cm™). This bending mode
was not detected for AugRh;, NFs; it could be obscured by
the §(HOH) band. In Au and Rh NPs, the §(H;0") and
S(HOH) bands are symmetrical and well-defined. On the
other hand, the §(HOH) band in AugRh;, had a more
asymmetric profile, with a tail toward higher frequencies at
higher potentials. This could indicate the presence of more
than one band. Nonetheless, as the intensity of this band was
low, a deconvolution was not possible.

Moreover, a large band in the ~3100—3800 cm ™" region was
attributed to the OH stretching mode (¢(OH)) in Figure Sa.
This band was deconvoluted into three bands centered at
~3272, 3512, and 3637 cm ™, with the fitting for AuggRh;, NFs
at —0.12 Vyyp being shown in Figure Sb. Stark tuning
(wavenumber versus potential) and absorbance versus
potential plots are shown in Figures 6.

The Stark plots for Au NPs were constant for all three
bands, and no shift in wavenumber was observed in the probed
potential range. This indicates that the interaction of Au with
adsorbed water is weak for all conformations. The first
deconvoluted band centered at 3249, 3268, and 3289 cm™
(Figure 6a) for Au, Rh and AuggRh;,, respectively, is attributed
to an icelike water conformation (Figure S11b). This water
conformation has a strongly bonded hydrogen, due to the
Fermi resonance of the 5(HOH) binary overtone and the
v(OH).*” The estimated slopes from the Stark tuning plot for
this band (Figure 6a) were —270 and —570 cm™' V™' for Rh
and AugRhs,, respectively. Here, the higher the slope, the
stronger the interaction between the metal and hydrogen,
suggesting adsorption and, consequently, the existence of this
water conformation in the IHP. Therefore, these data suggest
that the presence of both Au and Rh in the bimetallic NFs led
to an even stronger interaction with water in comparison to
both individual Au and Rh NPs. This band increased in
intensity with an increased applied potential (Figure 6b), the
Au absorbance variation being smaller than that for the other
catalysts as a result of the weaker H,O interactions.”® The
stronger interaction of an icelike water structure with the
bimetallic NF could explain its higher catalytic activity in
comparison to monometallic Au and Rh, as the icelike
conformation leads to more aligned and oriented water
molecules that act as sources of protons due to enhanced
water autoprotolysis.”**” In this way, more H,y is formed and
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the Volmer step, which is the initial step and probably one of
the limiting steps toward the HER, can be accelerated. In
summary, the icelike water conformation could contribute to
affecting the electron-transfer chemistry because, as there is
more H,4 in the catalyst surface, the hot electrons could be
injected in the adsorbed water molecules and lead to the
cleavage of O—H. If there is more H,4, this step is then
facilitated.

The second deconvoluted band around 3400 cm™' (Figure
6¢,d) is assigned to hydrogen-bonded water in the bulk,*””° in
which water molecules assume a more flat-lying structure
(Figure S11a). These bands was centered at 3423, 3482, and
3528 cm™ for Au, Rh, and AuggRhs,, respectively, suggesting a
stronger interaction of the water with AugRhy, in comparison
to individual Au and Rh NPs separately, due to its higher
wavenumber. Once more, this band did not shift for Au NPs
over the applied potential range, whereas Rh and AugRhs,
showed a shift to higher wavenumbers with the potential. As
can be seen in Figure 6¢, AuggRhs, also showed a higher slope
in the Stark tuning plot (440 cm™ V™) in comparison to the
Au and Rh NPs (0 and 375 cm™ V7!, respectively), likely as a
result of the stronger interaction. Moreover, the absorbance for
this band (Figure 6d) also increased with potential as a result
of these surface interactions. It was also suggested in the
literature”* that water at the third layer (already OHP) already
presents a bulk conformation. In this way, the cases in which
no Stark effect was observed, this species is probably not
interacting directly with the electrode.

Finally, the third deconvoluted bands (Figure 6e,f) were
centered at 3537, 3628, and 3637 cm™! for Au NPs, Rh NPs,
and AuggRh;, NFs, respectively. These bands correspond to
water in the solvation shell of the potassium ions in the
electrolyte (Figure $11).”%**°" Au and AugRh;, showed a
similar behavior, with small variations for this band (Figure
6e), indicating that the adsorption of solvated K' ions is
weaker for these catalysts. Nonetheless, Rh NPs showed the
highest slope in the Stark plots and wavenumber plots (Figure
6e,f), indicating that the interaction of rhodium with the
solvated complex is much stronger in pure Rh NPs. The
presence of solvated cations on the electrode can hinder the
HER by a steric effect, explaining the higher activity in
AuggRhs, in comparison to Rh NPs.

These results indicate that the bimetallic composition
enables a stronger interaction with water (stronger water
adsorption), leading to higher activities relative to the
monometallic counterparts. The observation of a preferential
water conformation (icelike structure) in the IHP for the most
active catalyst indicates that the electron transfer should be
facilitated by its presence. It has been proposed in the
literature’* that in alkaline media electron transfer and water
self-ionization are simultaneous steps for the Volmer
mechanism. The data presented here help with an under-
standing of the chemical environment and corroborate the
hypothesis presented in the literature about the water
conformation and electrode—electrolyte interaction influence
on Faradaic processes. However, since dynamic spectroelec-
trochemical measurements were not possible due to the setup
limitations, quantitative data could not be achieved.

Moreover, the light excitation can contribute to further
enhance the performance of the bimetallic NFs due to the
plasmonic effect. If we compare the activities between the
bimetallic NFs and the monometallic samples, our data suggest
that the bimetallic composition plays a major role in the
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improvements of performances relative to the LSPR effect, as
the increase in activity from the monometallic samples to the
bimetallic NFs in the dark is more significant than the
additional enhancement provided by the plasmonic excitation.

On the basis of these results, Figure 7 schematically suggests
a mechanism for the enhanced HER performances based on

LSPR

c @ /RE\ . ~ Excitation
9 _

)

4 H;0.4
£

o

o

2 H,

Metall

ice-like structure for H,0,4

Figure 7. Schematic representation of electron transfer pathways that
lead to an enhancement in the HER performances following the LSPR
excitation in the Au@Rh NFs. Under 533 nm excitation, hot electrons
generated from the Au LSPR excitation can flow to the Rh surface,
where they can contribute to the activation of adsorbed H,O species,
leading to a decrease in the overpotential.

the bimetallic composition and plasmonic effects in the Au@
Rh NFs. The bimetallic composition contributes to increasing
the strength of adsorbed H,O at the surface of the NFs, which
preferentially leads to an icelike or interfacial water
conformation, as suggested by the in situ FTIR. This enables
a significant increase in HER performance relative to the
monometallic systems, showing that this conformation is
favoring the electron transfer simultaneously with the water
self-ionization,”””* even in the absence of light excitation.
Under 533 nm light irradiation, hot electrons (and holes) are
generated from the LSPR excitation in Au. These hot electrons
can flow to the Rh surface, where they can participate in the
activation of adsorbed H,O species, thus further accelerating
the HER and leading to a decrease in the overpotential. In this
case, it is expected that this will occur by a photoredox process
in which the hot holes are then harvested by the electrolyte. As
indicated by the Tafel slope, the limiting steps for the reaction
could be Volmer and/or Heyrovsky. Both steps would benefit
from hot-electron injection from the Au@Rh NFs. In the case
of the Volmer step, the hot electrons would facilitate H,4;
generation, whereas in the Heyrovsky step the hot electrons
would directly facilitate the H, formation. It is important to
note that plasmonic catalyst activation has also been reported
in the absence of charge transfer via the formation of transient
negative ion states. Although this possibility cannot be
disregarded herein, the formation of transient negative ion
states can deposit vibrational energy in adsorbed water species
that could, in turn, contribute to help in their dissociation."”
Although the icelike configuration of H,O is associated with
increased performances under both dark and light illumination
conditions, it remains unclear if this state would affect the
charge transfer process or vibrational activation of adsorbed

water species under plasmonic excitation. Interestingly, under
405 nm light illumination, hot carries can be generated both
from the Au interband excitation and from the excitation of the
Rh LSPR (although this wavelength does not match the
maximum Rh LSPR band). Interband transitions, which
produce hot electrons and holes due to excitation from the
d-to-s band in Au, can therefore contribute to improving the
photoelectrocatalytic activity, leading to an acceleration of the
HER, albeit one that is smaller than is observed for 533 nm
light illumination. This indicates that the excitation of
interband transitions in this system can also be employed to
enhance the rates of the HER. However, under our employed
conditions, interband transitions led to a lower enhancement
of the HER relative to the LSPR excitation. It is important to
note that the Au and Rh interface can also play an important
role in the charge transfer and subsequent injection of charges
to adsorbed water species. This is further evidenced by our
simulations on the optical properties (Figure $12), which show
that the regions of larger E-field enhancements, under 533 nm
excitation, are concentrated at the junctions between Rh and
Au. These sites are thus expected to contribute to a large
optical absorption and charge transfer to adsorbed water
species.

B CONCLUSION

We have described herein a facile method for the synthesis of
core—shell Au@Rh (antenna@reactor) NFs comprised of
spherical Au nanoparticles (NPs) and shells containing Rh
islands/branches (smaller than 5 nm). The synthesis was
performed by seeded growth, and the degree of Rh deposition
in the NFs could be tuned by adjusting the amount of Rh
precursor employed during the deposition step or controlling
the synthesis time. The Au@Rh NFs were employed as a
model system to investigate the effect of the LSPR excitation
from the Au NPs and their enhancement toward the HER of
the Rh shells as a function of the NF composition. Our results
demonstrated that the LSPR excitation at 533 nm led to an
improvement in the HER performances. Specifically, NFs
containing 68 Au at. % and 32 Rh at. % (AugRh;,) displayed
the highest performance toward the HER and plasmonically
enhanced HER. Experiments for lower and higher excitation
wavelengths confirmed the role of the LSPR excitation toward
the HER and suggest that the increase in the HER for the
bimetallic NFs relative to the monometallic counterparts was
due to a change in the interaction with adsorbed water
molecules. In situ FTIR spectra suggested that adsorbed water
species assumed an icelike configuration in the bimetallic NFs,
thus facilitating the HER. The results presented demonstrate
that, although Rh only supports LSPR in the UV region,
plasmonic effects due to visible light irradiation can be
harvested to enhance the catalytic activities of Rh, by the
synthesis of hybrid nanomaterials containing Rh coupled with
Au. We believe that the results presented herein provide
insights into the physical and chemical parameters that need to
be controlled to optimize the HER performance in Rh NPs via
plasmonic excitation in the visible range and may inspire the
design and development of Rh-based nanomaterials toward
this and other plasmonically enhanced catalytic applications.
Possible future directions include other NP designs such as
bimetallic systems that enable decreased Rh contents in the
form of alloys or single-atom alloys (containing Rh as the
single-atom components at the Au surface) and an under-
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standing of why Au@Rh NPs lead to a stronger interaction
with water.
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Figure S1 — Transmission electron microscope (TEM) images of (a) Au and (b) Rh NPs used

for the control experiments.

Figure S2 — Photographs of the suspensions containing (a) Au NPs seeds and (b) AussRh3»

NFs. These photos were taken by the author Maria Paula de Souza Rodrigues.
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Figure S3 — Histograms of the size distributions for (a) AugoRhio, (b) Aus2Rhis, (c) AusgRh32

and (d) and AusoRh41 measured from transmission electron microscope (TEM) images of more

than 100 particles.

Figure S4 — Transmission electron microscope (TEM) image for AusoRhs; NFs.
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50 nm

Figure S5 — TEM images of AussRh3> NFs prepared in our control experiments considering the
effect of the halide ion. (a) Synthesised in the absence of Nal and (b,c) by replacing Nal with

NaCl or NaBr (b and ¢ respectively).
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Figure S6 — Transmission electron microscope (TEM) images of AussRh32 NFs prepared in our
control experiments considering the role of CTAB and ascorbic acid. (a) NFs obtained by
replacing CTAB with TBAB and (b) by replacing CTAB with PVP 10,000 as the stabilizing
agent. (c,d) NFs obtained by replacing ascorbic acid with (c) NaBH4 or (d) hydroquinone as

the reducing agent.
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Figure S7 — (a) XPS survey spectra for AugoRhio, AusaRhis, AusgRh3» and Rh and (b-c) high-

resolution spectra for (b) Rh 3d and (c) Au 4f and Br 3d core levels. The survey XPS
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measurements show some signals recurrent in all samples, which are related to carbon, Cxvv
and Cis (1228 and 284.5 eV, respectively)!?; and oxygen, Okrr and O15 (978 and 532 eV)'. The
O signals are consequence of atmospheric O> adsorption during the sample manipulation. The
C signal is attributed to the Carbon Vulcan® used as support for the catalyst. The Rh sample
presented signals of sodium (Nais: 1074 eV, Nakrr: 498 eV)!, nitrogen (Nis: 398 eV)! and
rhodium itself (Rhsa: 313 eV)!. The Na and N came from sodium borohydride and PVP 10,000
used in Rh NPs synthesis as reducing and stabilizing agents, respectively. The Rh 3d region can
be seen with high resolution in Figure S7b. As the Rh amount was small in all samples (< 2
%), the Rh 3d signal had low intensity. Moreover, the baseline was not flat, due to the
contribution of carbon plasmonic signal in this region'. For Rh NPs, two peaks were observed
in the Rhsq region, attributed to Rhsas2 and Rhsgsp transitions at 312.46 and 311.94 eV,
respectively related to Rh(IV) and Rh(0)*. The Rhsq transitions were not seen in the bimetallic
samples, due to the even smaller amount and the low cross-section of these transitions*>. The
main signals observed on the bimetallic samples were related to bromide (Brsp: 181 eV, Brag:
68 eV)! and gold (Auss: 85 €V)!. The Br signals are related to the surfactant CTAB, used in the
synthesis of these materials. Although iodide was used in the Au@Rh NFs synthesis, it is
important to notice that no sample presented signals related to it (main transitions: I3452: 619
eV and Izai2: 630 €V)'. Figure S7¢ shows high resolution spectra of Au and Br transitions. The
Au signals observed were attributed"® to Auarr2 and Ausss and assigned to Au’. The Brig
transitions (Figure S7¢) were symmetrical and centered at 68.3 and 68.5 eV, being both peaks
attributed to Brsasp!. For all Au@Rh ratios, the Brsq transitions are comparable in intensity and
binding energy, meaning that the bromide has a similar physisorption strength in all cases. In
this way, although bromide can act as a limiting factor in the electrode activity’, it is influencing

all Au@Rh ratios in a similar way.
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Table S1 — Experimental conditions employed for the synthesis Au@Rh NFs. Bold text

highlights the condition that has been modified compared to the standard synthesis conditions.

Au Rh Stabilizing agent Reducing agent Halide additive
amount | amount | (14.7 mmol L', 9.3 mL) | (40mmol L', 1 mL) (0.1 mol L,
25uL)
I mL 75 nL CTAB Ascorbic acid Nal
ImL | 175 pL CTAB Ascorbic acid Nal
ImL | 275 puL CTAB Ascorbic acid Nal
ImL | 275uL TBAB Ascorbic acid Nal
ImL | 275uL PVP 10000 Ascorbic acid Nal
ImL | 275uL CTAB NaBH, Nal
ImL | 275uL CTAB Hydroquinone Nal
ImL | 275uL CTAB Ascorbic acid -
ImL | 275uL CTAB Ascorbic acid NaBr
ImL | 275uL CTAB Ascorbic acid NaCl
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Figure S8 — TEM images of the AuRsohs41 NFs that were isolated from the reaction mixture at

different time intervals during the synthesis: (a) 5, (b) 10, (¢) 15, and (d) 30 minutes.
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Figure S9 — Cyclic voltammetries registered in KOH 1 mol L™ at 50 mV s™! from 0 to 1.2 Vrug

for (a) AugoRhio, (b) Aug2Rhig and (¢) AussRh32 NFs. The triangular potential perturbations at

50 mV s! from 0 to 1.2 Vrue is illustrated schematically in the inset to (a).
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Table S2 — HER performance of various reported catalysts in alkaline media and acidic electrolyte media.

Catalyst Electrolyte 1;/;::;];: Light Source A (()(;f:;ll;_(:itgell:gal Overpotential '(l‘;f‘e]l;izg;a Reference

AugsRhs2 IMKOH |27 AutRh o oo flfvs,“?m_z) 40 mV @117001?12?5_2* 84 This work
Au(111) 0.1 M NaOH el;‘:ilg 4o | Nolight source i @?0101?12?5-2 124 [*]
Rh/C commercial 1 M KOH > % No light source - @ 1%113122/;1]2%_2 89.4 [°]
Rh-CN I M KOH 42% | No light source i @4150“32‘2;_2 £ ]
Pt/C 1 M NaOH Not specified No light source - @1 (1)8 E\A/RCH;‘Z - [19]
Cur S@AWLS@Au | 0.5 MH,S0, | +4 70T AU (350302£I\‘§,) 56 mV @ JomiE 118 [
Hmﬁ%/s A@“I;FP 0.5 M H,80, | Notspecified | 300 o rffpenon 50 mV 108 mViae (onset)* | 121 1]
AgNCs 0.5 M H,80, | ot specified (20($gfwm?m-2) 30 mV @31%03112?5_2* i [13]
Mos$ - Pd 0.5 M HaSO, | Notspecified Xiogaﬁp 30 mV 21(3111;‘;{)?’5 38 [4]
Au@Pt NSs 0.5 M H,80, | Notspeeified |yt omp 35mV @ 04;fzziom_2* i [15]
Ag@AWMoS: | 0.5 M H,80, | Notspecified (gzon?% 50 mV 3 Zgnrge\t’)iHE 155 [16]
AuNRs/Co-MOFNs | 0.5 MHS0, | 0017 (;;)(fg\‘;,) 150 mV Signrge\t/)iHE 133 [7]
AwMOFNs 0.1 M KOH 2.2% 15 Ogori\r;/n::m‘z) 21 mV 135 mVrae (onset)* 94 [1]
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. 47 % Iodine Tungsten 258 mVRHE 19
Au@Bi>Ses NFs 0.5 M H2SO4 Lamp 117 mV @ 10 mA cmpcsa* 78 []
Not specified 18 mV ruE 20
Pt/Fe-Au 0.5 M HoSOg4 808 nm 14 mV @ 10 mA cmgeon™ 29 [*°]
: Not specified 87 mVRHE 21
Pd-tipped Au 0.5 M H>SOq4 300 W Xe Lamp 80 mV @ 10 MA cmpcsa?* 105 ']
47 % Pt 39 mV
PtNiCu 0.5MH2S0s | 7.5%Ni | 300 W Xe Lamp 12 mV RIE 24 2]
@ 10 mA cmgcsa™*
45 % Cu
Cu1.75S-Au@S- Not specified 650 nm 115 mVRrue 23
MoS> 0.5 M H250, (1000 mW cm?) 78 mV @ 10 mA cmgeon™ 39 ]
Not specified 721 nm 220 mV rug 24
Au-Au-MoS» 0.5 M HoSOq4 (1000 mW cm?) 40 mV @ 10 mA cmgeon™ 63 [**]

* overpotential under light irradiation

ECSA = electrochemically active surface area

geom = geometric area
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Figure S10 — /n situ FTIR spectra recorded during potential step (Vrug, assigned in the
figure) for (a) Au and (b) Rh NPs. Scale bars on top right refers to 0.05 absorbance
intensity. Deconvoluted ~3400 cm™! band at -0.24Vrug with three fitting peaks for (¢) Au

and (d) Rh. IR background was taken at open circuit potential (OCP).
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Figure S11 — Models of water adsorbed on a metal surface (light grey = metal surface,
red = oxygen, white = hydrogen). (a) hydrogen-bonded water on a surface, (b) ice-like

water structure on a surface, and (c¢) a K" solvated complex.
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Figure S12. Electric field enhancement contours [E|*/|Eo|* calculated by the DDA method
for a single Au@Rh nanoflower composed of a core of spherical Au NPs with 15 nm in
diameter and shells of Rh NPs with 3 nm in diameter. The excitation wavelength used in
the near-fields calculations was 533 nm, and the polarization direction for sphere and
shell along the y-axis. The |E|max’/|Eo|* value was 389.34. We employed a spacing of 0.5
nm for the cubic grid and a medium refraction index of 1.0 (air). The near-fields were
described by a grid of 2.5 x 104 points on the yz plane, the dielectric constants for Au and
Rh were obtained from the literature?>>26. The DDA Convert Tool?” was used to convert
a nanoflower geometry, generated by Blender 3D editor?3, to a collection of dipoles used
by the DDSCAT 7.3 #3in the resolution of 3N complex linear equations system as

implemented by Draine and collaborators.
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3.2 Gold-rhodium nanoflowers for the plasmon enhanced ethanol
electrooxidation under visible light for tuning the activity and selectivity (Attachment
2).

Author Contribution: The author participated in conceiving the idea with the

supervisor, designing the experiments, performing the analysis, and writing the paper.

Ethanol has attracted interest as a promising fuel to be applied in direct liquid fuel
cells, as it is non-toxic, carbon neutral (when derived from biomass — mostly the case of the
Brazilian ethanol matrix), and of easy storage and transportation. ** Ethanol oxidation
follows a two path-way reaction, which consists of the Ci-pathway, or complete oxidation,
and the Cz-pathway, or partial oxidation. In alkaline medium, the complete oxidation leads
to water, CO,, and 12¢°, while the partial oxidation produces acetate (CoH302") and 4e".
Hence, complete ethanol oxidation is preferred, as it achieves a higher energy density when
compared to the partial mechanism*’. However, achieving the C;-pathway is challenging,
owing to the cleavage of ethanol C—C bond**>. Noble metals are the state-of-art catalyst
for ethanol oxidation reaction (EOR), nonetheless, some of them present the disadvantage
of being prone to CO poisonings, such as Pt and Rh. One strategy to improve their stability
in the EOR is to combine Pt and Rh in hybrid nanostructures with metals that are more
resistant to carbonaceous species. 234647 Gold was reported to improve catalysts’ stability in
EOR, and when at the nanoscale, it can also bring the LSPR effect of the material to the

visible range of the spectrum. 454’

All considered, in this part of our studies we used Au@Rh NFs as a model catalyst
toward EOR, exploring their electrochemical properties in dark and light conditions.
Although bimetallic Au-Rh nanostructure has been reported previously>!2, there is limited
literature investigating Au-Rh application in nanoelectrochemistry. In this article we did not
investigate the nanoflower’s synthetic aspects, as it was thoroughly explored previously 2
(attachment 1); the goal here is to explore electrochemical aspects that were not covered in
our previous article. In dark, conditions we observed that AugRhis showed the highest
selectivity to CO», and a current density closer to the one achieved by AussRh3z. Thus, the
intermediate rhodium amount led to the best activity, in contrast to what was observed in its

application toward HER (see attachment 1). This behavior can be explained by AusRhisg
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higher resistance to CO poisoning when compared to AussRhsz, as a result of a lower Rh
content. Further, we performed cyclic voltammetry varying the scan rate to gain
information on the reaction’s adsorption processes. The slopes obtained for plots of peak
current density versus scan rate were the same for all catalysts, both for CO; and acetate
generation. This result indicates that the same adsorption step is the limiting one for all
catalysts, which agrees with the ethanol adsorption being expected to be the limiting
adsorption step. The ethanol adsorption mechanism was also studied, and it can be
described by the Frumkin isotherm. This observation indicates that the long-range repelling
interactions between adsorbed species are significant in our system. Furthermore,
hydrodynamic experiments indicated that ethanol electrooxidation follows an
electrochemical-chemical-electrochemical (ECE) mechanism. For the light experiments, we
used lasers that matched partially (420 nm) and completely (533 nm) the nanomaterial’s
LSPR extinction band, and one outside its LSPR extinction band range, 808 nm. Upon 533
nm laser irradiation, the AugRhig achieved an increase of current density and selectivity to

COz of 352 % and 36 %, respectively, when compared to dark conditions.
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ARTICLE INFO ABSTRACT

Keywords: Direct ethanol fuel cells (DEFCs) are a promising power source, but the low selectivity to ethanol complete

GOld‘ oxidation is still challenging. The localized surface plasmon resonance (LSPR) excitation has been reported to

Rhodium accelerate and drive several chemical reactions, including the ethanol oxidation reaction (EOR), coming as a

glizfnfl?meztalysis strategy to improve catalysts performance. Nonetheless, metallic nanoparticles (NPs) that present the LSPR

Ethanol oxidation reaction excitation in the visible range are known for leading to the incomplete oxidation of ethanol. Thus, we report here
the application of gold-rhodium nanoflowers (Au@Rh NFs) towards the plasmon-enhanced EOR. These hybrid
materials consist of a Au spherical nucleus covered by Rh branches shell, combining plasmonic and catalytic
properties. Firstly, the Au@Rh NFs metallic ratio was investigated in dark conditions to obtain an optimal
catalyst. Experiments were also performed under light irradiation. Our data demonstrated an improvement of
352% in current density and 36% in selectivity to complete ethanol oxidation under 533 nm laser incidence.
Moreover, the current density showed a linear increase with the laser power density, indicating a photochemical
effect and thus enhancement due to the LSPR properties.

to produce CO5. Moreover, a competition between C;- and Cy.pathways
occur [8,9] in the state-of-art catalysts, the noble metal nanoparticles

1. Introduction

Fuel cells represent a promising and clean power source, as they can
convert chemical energy to electrical energy through electrochemical
reactions [1] operating at low temperatures in integrated systems [2,3].
Among the available fuels, ethanol (to be used in direct ethanol fuel cells
— DEFCs), is considered an attractive option for practical application
since it is nontoxic, easy to transport and store, and a carbon neutral
fuel, as it is produced from biomass [4,5]. DEFCs produce energy
through ethanol oxidation, which follows a dual-pathway reaction, as
shown below for alkaline medium [5-7]:

C;-pathway CH3CH,OH + 120H™ — 2CO, + 9H,0 + 12¢~ (complete
oxidation) (@H)

C,-pathway CH3CH,0OH + SOH™ — CH3COO™ + 4¢™ (partial oxidation)(2)

Complete oxidation (Ci-pathway) is preferable, as it leads to a higher
number of electrons or energy density. Nonetheless, achieving the C;-
pathway is challenging as it is necessary to cleave ethanol’s C—C bond

* Corresponding author.
E-mail address: storresi@iq.usp.br (S.I.C. Torresi).

https://doi.org/10.1016/j.electacta.2022.140439

(NPs). Pt-based NPs are the most efficient catalyst reported for the
complete oxidation of ethanol [10-12]. However, as noble metals are
expensive, rare and some, such as Pt, Rh, and Pd, are prone to CO
poisoning, further improvement in their activity is essential to promote
its application towards EOR [13]. One strategy to improve NPs perfor-
mance is to explore hybrid systems, with controlled size, shape, and
composition [14,15]. Moreover, localized surface plasmon resonance
(LSPR) excitation can accelerate and drive several electrochemical re-
actions [16,17]. Gold (Au) and silver (Ag) nanoparticles are known to
have their LSPR excitation in the visible range of the spectrum [18],
which enables the use of sunlight excitation to enhance chemical re-
actions [19,20]. Unfortunately, Au and Ag lead to incomplete ethanol
oxidation (Eq. (2)) [21,22], and the most active metals towards its
complete oxidation (Eq. (1)), such as platinum (Pt), palladium (Pd), and
rhodium (Rh), do not present LSPR excitation in the visible range [23].
Several hybrid materials have been reported that compensate for these
drawbacks by combining plasmonic and catalytic metals to enhance
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catalyst activity and improve various reactions [24-29]. Among them is
also the ethanol oxidation reaction, which exhibits an increased cata-
lytic activity under LSPR excitation [30-33].

We report herein gold-rhodium core-shell nanoflowers (Au@Rh
NFs) as a model system to probe how LSPR excitation from Au NPs might
enhance the activity and selectivity of the Rh shell to the ethanol
oxidation reaction. The material consists of a Au NP spherical nucleus,
covered by Rh branches shell and its controlled synthesis has been
previously reported by our group [34]. Although Au-Rh hybrid mate-
rials have been reported to exhibit plasmon-enhanced reaction rates,
only reduction reactions have been explored [35]. Firstly, we investi-
gated different Au@Rh metallic ratios catalysts towards ethanol oxida-
tion reaction in dark conditions and demonstrated that an intermediate
Rh amount is essential to improve product selectivity and activity. Ex-
periments under light irradiation were also performed and the 533 nm
laser led to a remarkable increase of 352% in current density and 36% in
selectivity to CO4 generation. Additionally, our experiments showed
that the current density shows a linear dependency on the laser power
density, corroborating that the enhancement in activity is due to the
LSPR excitation.

2. Results and discussion
2.1. Au@Rh NFs EOR performance

The synthesis of gold-rhodium nanoflowers (Au@Rh NFs) nano-
structures was performed as described previously by our research group
[34]. Au NPs are used as templates for different Rh amounts deposition.
Fig. 1a-c shows TEM images of the obtained structures by addition of
150, 350, and 550 pL of RhCl3 (20 mmol LY, which are denoted
AUQoRhlo (FigA 1a), Al_lnghlg (Fig. 1b), and Au6th32 (Fig. 1c). The Rh
atomic ratio was determined by EDX. The nanostructures were relatively
monodisperse in all cases, with an average particle size of 19 + 1, 23 +
3, and 24 + 2 nm for AuggRh;(, AugoRh;g, and AuggRhs, respectively.
Fig. S2 shows the UV-vis extinction spectra from aqueous suspensions of
Au seeds, used as templates for Rh deposition, and Au@Rh NFs with
different metallic ratios. Au seeds showed a band centered at 522 nm,
assigned to the LSPR dipolar mode [36]. Upon Rh addition, the LSPR
band showed a decrease in intensity due to the suppression of Au LSPR
by a second metal. For higher Rh ratios, AugosRh;g and AuggRhgsy, the
plasmonic extinction band was broadened and red-shifted, as Rh depo-
sition leads to a change in Au’s dielectric constant and increases the
nanoparticle size. Moreover, an increase in the intensity of the region
from 350 to 400 nm was noticed to be proportional to Rh metallic ratio.
Although Rh presents its LSPR band centered in the UV range of the
spectrum [37,38], it decays in the visible range of the spectrum,
contributing to a higher intensity of the NFs LSPR in this region [34].
Moreover, Au interband transitions might also contribute to the
observed extinction in the region below 515 nm [39].

After the synthesis and characterization, the Au@Rh NFs
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performance for ethanol oxidation reaction (EOR) was investigated. As
monometallic Au and Rh present higher selectivity to different products
(acetaldehyde [40,41] and CO; [8], respectively), we then investigated
how the selectivity and activity would differ for different metallic ratios.
To check the activity of Au@Rh NFs, firstly, triangular potential per-
turbations between 0 and 1.2 E vs RHE/V at quasi-steady-state condi-
tions (1 mV s~!) were recorded for AugsRh;g, before and after ethanol
addition (Fig. 2a). In pure 1 mol L'* KOH electrolyte, an anodic and a
cathodic peak were observed around 0.14 E vs RHE/V, in the positive
and negative sweep, respectively. Those were attributed to the H
adsorption-desorption (Hypq) on Rh, [42,43] and showed an increase in
current density with higher rhodium ratios. The current density in the
absence of ethanol was multiplied by a factor of two to facilitate the
visualization of these peaks (Fig. 2a, in black). After 1 mol L1 ethanol
addition, the electrode rested at open circuit conditions for 5 min. Then,
the electrode was submitted to the same triangular perturbation pro-
gram shown in Fig. 2a, starting at 0.0 E vs RHE/V. In this j/E profile, the
Hypq region was suppressed, suggesting that ethanol adsorbs on the Rh
surface already at OCP, even without potential polarization. The high
OCP observed (~0.6 E vs RHE/V) and the strong interaction of Rh with
oxygenated species [44] support this observation. Ethanol adsorption
could be purely chemical, and/or physical, and strong enough to block
the active sites of the catalyst. The latter, however, seems to be highly
improbable, since Hypq is reported in the literature even for surfaces
blocked by strong physisorption of surfactants [45].

From 0.4 to 1.0 E vs RHE/V, two anodic peaks are observed in the
positive scan at 0.56 (p1) and 0.76 (p2) E vs RHE/V. The first and more
intense one is attributed to the production of CO5 (C;-pathway), whereas
the second one is usually attributed to acetate (Cp-pathway) in an
alkaline medium [8,46-48]. An anodic peak was observed in the reverse
scan (at 0.40 E vs RHE/V) and might be due to incompletely oxidized
carbonaceous species from the forward scan, such as adsorbed CO
[49-51]. Thus, the ratio between the current density of the first oxida-
tion peak in the forward scan (j,1) and the oxidation peak in the back-
ward scan (jp) can describe the catalyst tolerance to carbonaceous
accumulation. In this way, the catalyst that presents the highest j,1/jp
ratio can oxidize ethanol more efficiently leading to a lower accumu-
lation of partially oxidized species [51,52]. We compared the j,1/jp, ratio
obtained for AugoRhig with pure Rh and Pt from the literature
(Table S1). To enable this comparison, the CV was performed in 0.1 mol
L' KOH and 1 mol L™ ! ethanol at 5 mV s~ ! (Fig. S3). Zhu et al. [8]
reported a jp1/jp ratio of 5.73 and 1.62 for Rh and Pt monometallic
nanofilm electrodes, respectively. Lv et al. [53] reported 1.45, 0.76, and
1.45 for Pd-Au, Pd, and Pt, respectively, and Bai et al. [54] reported 5.86
for Pt-Rh nanodendrites. Zhang et al. [48] and Suo et al. [55] reported a
ratio of approximately 7.0 and 5.0, respectively, for Rh/C system. For Au
nanoparticles, Zhou et al. and Feng et al. reported ratios of 2 and 4.8,
respectively. Here, we reported for AugyRh;g NFs a ratio of 13.0, indi-
cating tolerance to carbonaceous accumulation 2 times higher than
monometallic rhodium. As Au is capable of oxidizing more easily CO,

Fig. 1. TEM images for Au@Rh NFs nanostructures varying the rhodium amount AugoRh;( (a), AugoRhyg (b), and AuggRhgs, ().
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Fig. 2. Triangular potential perturbation curves were recorded at 1 mV s~ ! from 0 to 1 E vs RHE/V of AugsRh; g before and after ethanol addition (a) and AuggRh;q,

AugoRh;g, and AuggRhs, with 1 mol L1 ethanol (b).

the bimetallic nanoparticle combining Rh and Au can benefit from this
property, achieving higher activity and stability [51,56]. The EOR j,1/jp
ratios of various catalysts reported on the literature were summarized on
Table S1.

Fig. 2b shows the EOR results comparing all Au@Rh NFs metallic
ratios. The current density increases from AuggRh;¢ to AugaRh;g, which
is expected as Rh is the active metal in this potential range [57]. How-
ever, there was only a small increase in current when comparing
AugoRh;g and AuggRhss, which indicates that the relation between ac-
tivity and Rh content is not linear. Additionally, the peak current density
ratio between the CO, and the CH300™ peaks (jp1/jp2) was calculated to
estimate which catalyst has the highest selectivity toward CO,. Inter-
estingly, the highest selectivity was obtained for AugsRhyg (1.3), fol-
lowed by AuggRhsz (1.2) and AuggRh;o (0.85). Although Rh is
catalytically active towards CO, formation, the jp1/jp2 ratios showed a
volcano behavior. This observation was also verified in the literature for
other Rh-based catalysts [8,44,57]. Due to the strong interaction of Rh
with oxygenated species, reaction intermediates from the ethanol
oxidation reaction may block the surface, decreasing the active site’s
availability and hindering the C—C cleavage [44]. This observation was
confirmed by the comparison of j,1/j, for AugoRhyg, AugoRhig and
AuggRhs, in 1 mol L™! NaOH and 1 mol L™ ethanol. The AugoRhi
showed the highest ratio (12), followed by AugaRh;g (4.6) and AuggRhss
(4.0), indicating that gold contributes to improve the catalyst resistance
to carbonaceous species poisoning [24]. Moreover, there is a minimum
Rh amount necessary for efficient C—C cleavage. This explains the poor
activity of AuggRhjy towards CO, formation. Thus, an intermediate
amount of rhodium is yields the highest activity and selectivity, pre-
venting at the same time poisoning effects.

As it was observed in Fig. 2, the ethanol adsorption on the Au@Rh
NFs is of great importance to the EOR. Thus, we considered the model
proposed by Srinivasan and Gileadi [58] to gain further information on
this process. This model explains adsorption through a
pseudo-capacitance behavior, with the peak current varying linearly as a
function of the scan rate (Eq. (3)). The slope of this fitting is proportional
to the remaining free sites fraction (1-6), the charge transfer coefficient
(I-a), the charge required for the generation of a monolayer of in-
termediates (k), the temperature (T), and Faraday’s and the universal
gas constants (F and R, respectively). The model also predicts that if the
rate determining step (rds) is related to adsorption, the potential at the
peaks should also shift with the scan rate (Eq. (4)). Besides the variables
described for Eq. (3), the rate constant related to the rds must also be
considered (k;). It is noteworthy that Eq. (4) has a Tafel behavior, as the
equation is only valid for irreversible reactions and, E;, and j, present a
Tafel relation (j, « efP) [59,60]. Thus, this Tafel-like equation can
provide insights into the reaction selectivity and kinetics

. (1 —a)kF

J»=01-0) RT v 3
[58]

E - RT k(1—a)F RT Iy @

(—a)F " LRT ' (1—a)F
[58]

In this way, cyclic voltammetries were performed varying the scan
rate from 1 to 1000 mV s~ ! (Fig. S4). As the scan rate increased, the
oxidation peaks not just became more intense, but also shifted to more
positive potentials. The peak current density (j,) and potential (E,) were
taken from the CVs and plotted against the scan rate. The j;, plot is shown
in Fig. 3a, whereas the E;, plot is in Fig. 3b. The slopes obtained for each
plot are summarized in Table 1. The j, versus v plot showed a linear
behavior for p; and py, meaning that for both processes the generation/
consumption of adsorbed intermediates occur and are related to the rds
[58]. Moreover, the slopes for p; and ps are similar in all cases, sug-
gesting that the same adsorption step is limiting these processes.
Therefore, the adsorption of ethanol is expected to be the limiting
adsorption step for both pathways, complete and incomplete ethanol
oxidation [61,62].

E, showed a linear relation with log v, indicating that the kinetic
control also has a key role in the catalyst performance. As Fig. 3b is a
Tafel-like plot, it can give information about charge transfer processes.
Here, smaller slopes indicate a lower energetic barrier towards the EOR.
The slope for p; showed a volcano behavior, in which the lowest slope
was observed for AugsRhig (26 mV dec’l). This result agrees with the
previous discussion of Fig. 2, in which an optimal metallic ratio was
observed to be essential to produce CO,. The p; slope increased with
rhodium amount, indicating an increase in the energetic barrier for the
formation of acetate upon Rh addition. Thus, AuggRh;( presented the
smallest energetic barrier to produce acetate (25 mV dec’l). Interest-
ingly, the slopes for the smallest energetic barrier for CO and CH300™
showed a similar value (~25 mV dec™!), which could indicate the same
rate determining step, which we speculate once again, to be ethanol
adsorption.

We also investigated the ethanol adsorption mechanism by studying
which adsorption isotherm that fits better to our data. To this end, cyclic
voltammetries were performed with varying ethanol concentrations (0
to 1 mol L™1) in the electrolyte. The potential perturbation program
applied here was the same as the one used in Fig. 2 (0 to 1.2 E vs RHE/V,
5mV s~ ). Since the peak current density is directly proportional to the
concentration of species, in this case, adsorbed intermediates, j, was
derived from the CVs and plotted against the ethanol concentration, and
the resulting plots are shown in Fig. 3e. The Frumkin adsorption
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Table 1

Slopes from peak current density (jp) versus scan rate (v) and peak potential (Ep)
versus the logarithm of scan rate (log v) and charge transfer coefficient for p; and
p> formation in Au@Rh NFs.

Catalyst jpvsv E, vs log v

P1 P2 P1 P2
AuggRh1g 9.94 10.1 30.7 25.2
AugyRhig 9.20 8.95 26.4 42.7
AuggRhs, 8.76 8.67 42.8 60.8

isotherm gave the best fit for our system, indicating that long-range
interactions between adsorbed species are present [63]. The isotherm
can be described by Eq. (5) [64], where r is the heterogeneity factor, 6
the coverage degree, K the adsorption equilibrium constant E the po-
tential in which the adsorption takes place, T the temperature and F and
R the Faraday’s and universal gas constants, respectively.

0= (ko) + £ ®)
r r

The obtained values of r were similar for p; and py (15.6 and 16.8 kJ
em? mA™! L7}, respectively), corroborating the idea that the same
adsorbed species are involved in the rds for the formation of both, CO,
and CH300™. Additionally, the obtained values of r are positive, which
indicates repulsive interactions between the adsorbants. Thus, the
adsorption energy increases with the degree of coverage [63], making
adsorption less favorable with increasing 6. Therefore, the kinetics of
ethanol oxidation reaction in Au@Rh NFs should follow the
Butler-Volmer-Frumkin kinetics [65-69]. Although there are differences
in physical interpretation between the regular Butler-Volmer and the
Butler-Volmer-Frumkin kinetic basis, no mathematical changes should

be observed for the Tafel slope.

Until now, all electrochemical data were analyzed considering a
static electrode, which means that possible mass transport limitations
were ignored. To differentiate between mass and charge transfer limited
processes, hydrodynamic experiments were also performed. For that,
once again, the same potential perturbation program described in Fig. 2
was used, but now the electrode was submitted to rotation, which was
changed from 1300 up to 2200 rpm. All CVs continued to show oxida-
tion peaks and, thus, the current density was not limited by diffusional
effects. This behavior was also reported in the literature for electro-
chemical reactions involving adsorbed intermediates [68,69]. To
investigate the mass transport limitations, we first made a Levich j;, vs.
©%° plot (Figure S5) which confirmed that at low rotation rates the
current does not change significantly. However, when the rotation
became higher than 1600 rpm, the current started to drop linearly with
3. This behavior was not expected A possible explanation could be
that different reaction steps would be observed at high and low rotation
rates, which could be explained by an
electrochemical-chemical-electrochemical (ECE) mechanism [70,71].
This model considers the number of electrons, or an apparent number of
electrons, involved in each electrochemical step. As the EOR, a complex
and multi-step reaction is not fully understood, it is difficult to estimate
the number of electrons involved. Thus, we normalized the j, values to
the highest one observed (jpnorm), as the ratio between the peak current
density should be proportional to the number of electrons observed
(Fig. 3d).

The jpnorm Vs. log (1/w) plot shows an interesting behavior, it linearly
increases from higher to lower rotations, where it reaches a plateau, as
expected for ECE mechanisms [70,71]. At lower rotations, the species
have enough time to generate an intermediate which desorbs and can
react chemically, before being further oxidized. After that, with the
increment in the rotation rate, this desorbed intermediate starts to be
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expelled to the bulk of the electrolyte, making its lifetime in the double
layer region too short for its oxidation. This process consequently de-
creases the number of electrons observed and, thus, the oxidation cur-
rent. Besides, the electrochemical-chemical-electrochemical mechanism
predicts a sigmoidal shaped curve, with the plateaus being related to the
differences in electrons involved at high and low rotation rates. How-
ever, this behavior was not observed in the present case, avoiding the
direct application of this model. Once again, the complexity of the re-
action should be highlighted. In the present case, not just an ECE
mechanism with homogeneous chemical steps should be present, but the
role of the desorption step that generates these species should be
considered and expected to be the main reason for the disturbance in the
plot shape.

To gain further insights into the selectivity and reaction kinetics,
Tafel plots (Fig. 4a-b) were derived from the quasi-steady-state cyclic
voltammograms (CVs from Fig. 2b). The Tafel slopes are summarized in
Table S2. The p;-slope relates to the formation of CO,_ It decreased with
a higher Rh amount, achieving a minimum value around 87 mV dec™?
for AugoRhyg and AuggRhsy. On the other hand, AuggRh;o showed a
slope of 100 mV dec™!. Thus, a smaller amount of energy is needed to
observe changes in current for catalysts containing more Rh, suggesting
that they promote faster kinetics towards CO5 generation on Rh. For the
formation of acetate ions (py), the lowest Tafel slope was verified for
AugoRh1g (125 mV dec™), as there are more Au sites available to assist
the Cy-product formation.

The Tafel analysis also leads to another important physical param-
eter, the charge transfer coefficient (). It was derived from Eq. (6),
where R is the universal gas constant, T is the absolute temperature, F is
the Faraday’s constant, and n is the number of electrons transferred
[72].

Anodic Tafel slope = 2.303RT/nF(1 — a) (6)

The charge transfer coefficient gives information about the reaction
reversibility and the different selectivity observed in the individual
cases. The closer n(1-a) is to 1 the more favorable the oxidation reaction
is. Thus, the catalyst for which n(1-a) is closest to 1 shows the highest
selectivity. Although n is unknown, it is expected to be 1, as the prob-
ability for multi-electron transfer is close to zero and the Tafel slope is
expected to be related to the rds. For p;, AugoRh;g and AuggRh3, showed
the highest value of n(1—a), 0.70, followed by AuggRhsp, 0.66
(Table S2), indicating that CO, generation is favorable. Looking at pa,
the highest value was obtained for AuggRh;(, namely 0.47, followed by
AuggRhgy and AugyRh;g, with 0.45 and 0.43, respectively. This indicates
that the C; product generation should be more favorable than the C; for
all the tested materials. Although AugsRh;g and AuggRhgy showed
similar charge transfer coefficients for CO, formation, AuggRhs, has a
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higher selectivity for Co-products. As a higher Rh ratio leads to surface
poisoning by reaction byproducts, the active sites are partially blocked,
hindering the adsorption of ethanol. Hence, it is more difficult to pro-
mote the C—C cleavage and Cy-product formation is favored.

2.2. LSPR enhanced EOR performance

After verifying the catalytic properties of the bimetallic NFs towards
EOR under dark conditions, the influence of plasmonic effects on
Au@Rh NFs performance and selectivity towards the EOR were inves-
tigated. Since AugyRhsp was observed to be the most active and CO,
selective catalyst, it was chosen to evaluate the plasmon-enhanced ac-
tivity. We started by recording triangular potential perturbations at 5
mV s~ ! from 0 to 1.2 E vs RHE/V (Fig. 5a) with and without 420, 533,
and 808 nm laser irradiation. The 420 and 533 nm lasers are within the
plasmonic region of the catalyst, whereas the 808 nm wavelength is
outside the plasmonic range. The photocurrent was calculated for the
catalysts by subtracting the current before (jgark) and after (jigne) light
irradiation and it is shown in Fig. 5b for the peak currents p1 and p2. The
best activity was observed for irradiation with the 533 nm laser. For this
case, the peak current density increased by 340% when compared to
dark conditions, followed by a 301% increase with 420 nm laser irra-
diation. As the 420 nm laser is in the plasmonic tail of the catalyst, a
smaller contribution is expected, which was also found in the experi-
ments. Interestingly, the selectivity also increased with the light inci-
dence. The product ratio (jp1/jp2) increased by 36% under 533 nm laser
incidence and achieved a remarkable increment of 57% under 420 nm
light irradiation. Under 808 nm light irradiation, a smaller increase in
current and selectivity was also obtained (60% and 10%, respectively),
which could be related to a thermal effect. Additionally, the tolerance to
carbonaceous accumulation (j1/jp) also increased under light irradia-
tion. Here, the largest ratio was obtained for 420 nm laser irradiation
(21.3), followed by the 533 nm laser (17.0). This represents an increase
by 63% and 31%, for 420 and 533 nm respectively, in jy1/jp ratio when
compared to dark experiments (jp1/jp of 13.0). The 808 nm laser showed
a ratio (12.3) similar to one obtained for dark conditions (13.0).

To further confirm these observations, the illumination power was
varied (Fig. 5¢). The current density showed a linear dependence of the
peak current on irradiance for the 420 nm laser, whereas an exponential
behavior was obtained for the 808 nm illumination. As the plasmonic
enhancement is a photochemical effect, the current density is propor-
tional to the number of incident photons, in other words, for a given
wavelength, the irradiance [73]. On the other hand, the photothermal
effect presents an exponential relation with the irradiance, as the rate
constant of a chemical reaction with temperature follows an
Arrhenius-type behavior [74,75]. It is important to point out here that

22

214 b Peak 2 m AugoRhyg

o AugRh,
A AuggRhs,

2.0 1

19
d’\ | |
— (9
—18- NOT s s
—_ \,Lr:,(“ 5’_5 o ]

8174
161
151

1.4

1.3

0.79 080 0.81 082 083 084 085 086 087
Potential E vs RHE / V

Fig. 4. Tafel plots of p; (a) and p, (b) for all Au@Rh ratios. All measurements were performed in Ar-saturated KOH 1 mol L1,
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this observation confirms that, under 420 nm laser incidence, the
enhance in activity has a major contribution of the LSPR excitation.
Nonetheless, it is not possible to ignore that the temperature might also
influence, although in a minor proportion.

Based on these results, a schematic mechanism is suggested in Fig. 6
for the ethanol oxidation reaction on Au@Rh NFs. We understand that

Electrochimica Acta 420 (2022) 140439

dark and light conditions follow the same mechanism, as the Tafel slopes
did not change significantly with light (Fig. $6). The higher activity and
selectivity observed might be due to the acceleration of the reaction
limiting step (ethanol adsorption). In dark conditions (Fig. 6a), ethanol
adsorbs onto the Rh surface, which facilitates the C—C bond cleavage
when compared to ethanol oxidation on Au NPs. Then, ethanol can be
oxidized by the catalyst which leads to CO, formation and CO absorp-
tion. As the reaction proceeds, more CO is adsorbed, which hinders
ethanol adsorption on the catalyst surface. Hence, acetate ions forma-
tion competes with CO, production, leading to a lower selectivity.
Although the electronic interaction of Au NPs with Rh might increase
the catalyst resistance to CO poisoning, the interaction of carbonaceous
species with Rh is still strong and hinders the catalyst activity in the long
term (Fig. S7).

Under LPSR excitation, hot electrons are generated in the Au NPs and
transferred to Rh dendritic shell. These hot electrons are then trans-
ferred to the external circuit, promoting charge separation between hot
electrons and holes generated by LSPR excitation. The adsorbed ethanol
is then oxidized by the holes leading preferentially to CO, formation.
Moreover, CO,q might be oxidized as well by the holes, diminishing
carbonaceous poisoning [21]. Intriguingly, 420 nm led to an even higher
selectivity. Besides Rh plasmonic contribution that might contribute to
the increase in activity in this region, Au interband transitions might
also occur. These transitions constitute intrinsic excitation of 5d to 6sp
electrons and can lead to a higher number of holes generated compared
to the LSPR excitation of AuNPs [76,77]. Here, as the current intensity
was higher under 533 nm laser irradiation, more hot carriers are
generated from LSPR excitation than from Au interband excitation and
Rh LSPR excitation. However, these last two modes of excitation might
lead to a higher selectivity due to a better energetic match between the
hot carriers generated and the intermediates adsorbed, as has been re-
ported for other catalysts [77-79].

3. Conclusion

We described here the application of core-shell Au@Rh NFs toward
ethanol electrooxidation, both under dark and light conditions. The
Au@Rh NFs were employed as a model system to investigate how the
selectivity for ethanol oxidation changes with change in metal ratios and
under LSPR excitation. First, under dark conditions, the EOR showed a
clear dependence of selectivity to CO5 on the amount of Rh. An inter-
mediate Rh amount was found to be optimal: AuggRh;g NF with the
highest Rh loading did not lead to C—C cleavage and AuggRh3, with the
lowest Rh amount was more prone to poisoning by byproducts when
compared to the other metallic ratios. In our case, AugoRh;g was the
optimal metallic ratio to obtain a higher selectivity toward CO,. The
EOR reaction on Au@Rh NFs showed a mixed control behavior, kinetic
and diffusional, and follows an ECE mechanism, where the limiting re-
action step is the ethanol adsorption on Rh. Under light irradiation, the
AugyRh; g catalyst showed a remarkable improvement in activity when
compared to dark conditions. Our results demonstrated that the highest
activity was obtained under 533 nm laser irradiation, whereas the
highest selectivity to COz was under 420 nm laser irradiation. The 533
nm laser matches the LSPR excitation maximum of the nanostructure,
whereas 420 nm illumination causes also Rh LSPR excitation and Au
interband transitions. We believe that the results reported here provide
insights into improved catalytic performance, by both optimizing the
catalyst nanostructure and by performing plasmon-enhanced electro-
chemical reactions. These strategies point out directions to design more
efficient catalysts with low noble metal amounts.

4. Experimental section/methods
Chemicals: All chemicals were used without further purification.

Tetrachloroauric(Ill) acid trihydrate (HAuCls-3H0O, 99% Sigma-
Aldrich), rhodium chloride (RhCls, 98%, Sigma-Aldrich),
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hexadecyltrimethylammonium bromide (CTAB, Cji9H42BrN, 99%
Sigma-Aldrich), sodium citrate trihydrate (CgHsNa3O7-3H20, 99%
Sigma-Aldrich), potassium hydroxide (KOH, 90% Sigma-Aldrich), so-
dium iodide (Nal, 99.5% Sigma-Aldrich), Nafion® 5% (C;HF;305S-CoF4,
15-20%, Sigma Aldrich), ethanol (CoHs0, Uvasol®, >99.5%, Merk), 2-
propanol (C3HgO, 99.9% hyper grade for LC-MS LiChrosolv®, Merck)
and Carbon Vulcan® XC-72R. All aqueous solutions were prepared with
Millipore water (18.2 MQ).

Instrumentation: High-resolution transmission electron microscopy
(HRTEM) images and energy-dispersive X-ray (EDX) were taken on a
JEOL JEM 2100 operating at an accelerating voltage of 200 kV. The
catalysts were re-dispersed in 2-propanol by centrifugation and ultra-
sound bath. The samples were drop casted in the TEM grid (Formvar/
Carbon Film-coated, 200 mesh, Cu) and dried under ambient conditions.
The metallic content of the suspension and deposited materials was
measured by induced coupled plasma — atomic emission spectroscopy
(ICP-OES) on a Spectro model Arcos.

Synthesis of gold nanoparticles: In a round-bottom flask, distilled water
(30 mL) and HAuCl, (300 pL, 25 mmol L’l) was added. The flask was
placed on a heating plate with stirring and temperature (130 °C). So-
dium citrate solution (900 pL, 38.7 mmol L™ 1) was added when the
suspension was boiling, and the reaction proceeded for 10 min. The final
dispersion was washed several times and concentrated to 4 mmol L2,
determined by ICP-OES.

Synthesis of gold-rhodium nanoflowers (Au@Rh NFs): The synthesis
followed the procedure already reported in the literature by our research
group [34]. CTAB (cetyltrimethylammonium bromide, 0.1 g) and
distilled water (18.6 mL) were added to a round bottom flask and son-
icated in an ultrasound bath for 5 min. The flask was placed on a heating
plate under stirring and elevated temperature (90 °C) for 5 min. After-
ward, a specific volume (150, 350, or 550 pL) of rhodium chloride so-
lution (20 mmol L™Y), previously prepared gold-citrate nanoparticles (1
mL, 4 mmol L™1), and sodium iodide solution (50 uL, 0.01 mol LY were
added to the flask. After 5 min, ascorbic acid solution (1 mL, 0.04 mol
LY was added, and the reaction proceeded for 30 min. The
brownish-black solution obtained was washed several times followed by
centrifugation to remove the excess of stabilizing agent and other re-
agents. Subsequently, the nanostructures were deposited on Carbon
Vulcan® by wet impregnation for further electrochemical application.
The metal loading was 2% in all cases, determined by ICP-OES.

Electrochemical Experiments: A glass cell was used for the electro-
chemical experiments. The working electrode was a rotating disk glassy
carbon electrode (GCE, d = 1.5 mm) modified by drop casting 28 uL of
catalyst ink (5 mg of catalyst dispersed in 2 mL of distilled water) and 7
uL of Nafion® solution (0.05%). A Au wire and a Hg/HgS04/K2S04
(sat.) served as auxiliary and reference electrodes, respectively. The

potential scale was converted to a pH independent one, RHE, with the
Nernst equation. KOH solution (1 mol L™!) was used as a supporting
electrolyte to which ethanol (0.1 to 1 mol L) was added. The cell was
Ar-saturated to avoid reactive oxygen species formation. To investigate
the catalyst EOR performance, triangular potential perturbation pro-
grams with and without hydrodynamic conditions (controlled by a Pine
Wave Vortex 10) and potential perturbation programs (shown in the
figures) were applied with a Zahner-PP211 potentiostat/galvanostat. All
measurements were normalized to the electrochemically active surface
area (ECSA). The ECSA was estimated from the electrochemical double-
layer capacitance (Cqp) from each catalyst and normalized to the Cg) of
Carbon Vulcan® (~ 9.2 pF cm? &m)- To determine the Cqj, cyclic vol-
tammograms were recorded at several scan rates (10 to 1000 mV s hH
from —0.3 to 0.4 E vs (Hg/HgS04)/V. The Cq was estimated from the
slope of the current at 0 E vs (Hg/HgS04)/V versus the scan rate linear
plots (Fig. S1). For the experiments under light irradiation, 420 and 808
nm lasers (CNI lasers MDL-III-420 and MDL-III-808) with adjustable
power (from 1 to 1500 mW) were applied, as well as a 533 nm modular
laser (200 mW cm’z). The lasers were positioned 5 cm from the working
electrode and were turned on at least 5 min before starting the mea-
surements. The potential perturbation programs used for the light-
driven ethanol electrooxidation were the same as for the experiments
under dark conditions.
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Figure S1. Cyclic voltammetry from 0 to 0.4 and from 0.4 to -0.3 E vs (Hg/HgSO4)/V varying
the scan rate (from 10 to 1000 mV s?) in 1 mol L™* KOH for Aus2Rhs as catalyst (a). Linear

plot of current module versus scan rate of AugoRh1o, Aug2Rh1g, and AussRhz2 (b).
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Figure S2. Extinction spectra of aqueous suspensions containing Au NP seeds and from
AugoRh1o, Aus2Rh1g, and AussRhz2 NFs.



Table S1. EOR the jpi/jb ratio of various reported catalysts.

Catalyst Jp1/jp-1 Electrolyte Ref.
AuszRhisg 13 0.1 M KOH + 1 M ethanol This Paper

Au ligand-protected 2.0 1 M KOH + 1 M ethanol (8]
Au nanodendrites 4.8 0.5 M KOH + 1 M ethanol 81
Rh 5.7 0.1 M KOH + 1 M ethanol (8]

Rh/C 5.0 0.1 M KOH + 1 M ethanol (561

Pt 1.6 0.1 M KOH + 1 M ethanol (8]

Pt 1.4 0.1 M KOH + 0.5 M ethanol (53]

Pd-Au 1.4 0.1 M KOH + 0.5 M ethanol (53]

Pt-Rh 59 0.5 M H2S04+ 0.5 M ethanol (541
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Figure S3. Cyclic voltammetry of Aug,Rhig from 0 to 1.2 E vs RHE/V at 5mV st in 0.1 mol
Lt KOH and 1 mol L™ ethanol.
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Figure S4. Cyclic voltammetry for AuszRhis in 1 mol L ethanol, using KOH 0.1 mol L as

supporting electrolyte, varying the scan rate from 5 — 1000 mV s,
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Table S2 — Tafel slope and charge transfer coefficient for p; and p> formation in Au@Rh NFs.

Tafel Slope n(l-a)
Catalyst [mV dec”]
p1 p2 p1 p2
AugoRhio 100 125 0.59 0.47
AuszRhig 85 135 0.70 0.43
AussRhs2 89 130 0.66 0.45
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Figure S6. Tafel slopes obtained for peak 1 (a) and peak 2 (b) using Aus2Rhg as catalyst with
and without laser irradiation.

045 050
Potential E vs RHE / V

035 040 055 060



80
dark

1@-0.6 Evs RHE/V
70 S

60 -
50 -
40 -

30 1

i/ nA emPecg,

20

10

-10 T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
time/s

Figure S7. j/t transients at -0.6 E vs RHE/V in 0.1 mol L™ KOH and 1 mol L* ethanol for
AuszRhig



3.3 Gold-Rhodium Nanoflowers for the Plasmon Enhanced CO2 Reduction
Reaction under Visible Light (Attachment 3)

Author Contribution: The author participated in conceiving the idea with the

supervisor, designing the experiments, performing the analysis, and writing the paper.

Carbon dioxide is the greenhouse gas that contributes majorly to the climate change
effect, due to its massive emission worldwide. Strategies to mitigate CO> emissions are
urgent, including its efficient capture and conversion.’® The electrochemical carbon dioxide
reduction reaction (CO2RR) is a promising approach, enabling CO> conversion through
renewable energy.’! However, achieving a cost-effective scheme for CO2RR lies in the
development of efficient, selective, and stable catalysts.’?> Additionally, this reaction
presents a complex mechanism, being challenging to elucidate it.>* Nanoelectrochemistry
comes as an interesting strategy to address those challenges, enabling to couple materials
that respond to LSPR excitation with electrochemistry. Improved activity has been reported
for plasmonic catalysts under LSPR excitation to CO2RR, enabling enhanced light-
harvesting and also control of mechanistic pathways and selectivity through light

excitation. >*°

In this way, here we probed our Au@Rh NFs structures as catalyst to the carbon
dioxide reduction reaction, investigating their properties via electrochemical and theoretical
studies. As the catalyst’s physical-chemical and electrochemical properties had been
understood in our previous articles (attachments 1 and 2), here we focused on exploring
the change in selectivity of CO2RR by the LSPR excitation. AusRhis, a catalyst with an
intermediate rhodium amount, was found to be the optimal composition for the CO,RR
when combined with low overpotentials (-0.55 Vrug). This composition was also found to
be optimal in AugRhig application to the EOR (attachment 2), which indicates that this
behavior might be related to its higher resistance to carbonaceous poisoning. The highest
selectivity under light irradiation was obtained for the laser that matched partially the LSPR
excitation band. The selectivity toward CO formation upon 405 nm laser incidence was
almost triplicated at -0.55 Vgrug, whereas the 533 nm laser did not even double the
selectivity. Although surprisingly, this result was explained by a facilitated CO desorption

under a 405 nm laser when compared to a 533 nm laser. This result was determined using a
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microkinetic model simulation. Electrochemical impedance spectroscopy (EIS) was also
performed under LSPR excitation, which, as far as we are concerned, was firstly
comprehensively investigated here. The EIS results showed that the charge transfer
resistance decreased under light irradiation, owing to the smaller energetic barrier with

LSPR excitation.
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ABSTRACT

Bimetallic nanostructures combining catalytic and plasmonic properties are a class of
materials that might possess improved efficiency and/or selectivity in electrocatalytic
reactions. In this paper, we described the application of gold-rhodium core-shell nanoflowers
(Au@Rh NFs) as a model system for the electrochemical CO, reduction reaction. The
nanoparticles consist of a gold nucleus surrounded by rhodium branches, combining Au
LSPR in the visible range of the spectrum and Rh catalytic properties. The influence of LSPR
excitation on the catalytic properties was evaluated for different excitation wavelengths and
various Au@Rh NFs metallic ratios. Our catalysts showed enhanced activity upon LSPR
excitation, demonstrating that LSPR excitation may lead to improved performance even with
alow content of metallic NFs (2 % Au + Rh in Carbon Vulcan®). Electrochemical impedance
spectroscopy (EIS) experiments performed under LSPR excitation suggest that the superior
activity under illumination is related to lower energetic barriers that facilitate the desorption

of adsorbed species compared to dark conditions.

Keywords: gold, rhodium, nanoflowers, plasmonic catalysis, CO> reduction reaction



INTRODUCTION

Carbon dioxide, one of the greenhouse gases, is a major contributor to climate change
worldwide due to the massive use of fossil fuels*?. Therefore, there is an urgent need to
mitigate the increasing CO> concentration in the atmosphere, and the development of
efficient capture and conversion strategies is one possible path to achieve this®*. In this
context, the electrochemical carbon dioxide reduction reaction (CO2RR) seems to be
particularly promising, as it can convert CO; into valuable products using renewable energy,
generating profitable compounds and storing energy®®. Nonetheless, to achieve a cost-
effective scheme for CO2RR, the complex reaction mechanisms need to be better understood,

and efficient, selective, and stable catalysts need to be developed”?.

The rational design of nanoparticles is a powerful tool for the development of new
catalysts, as nanomaterials are versatile and exhibit properties not observed in their bulk
counterparts. By controlling nanomaterials’ size, shape, and composition it is possible to
achieve an improved catalytic performance®!. Additionally, metallic nanoparticles exhibit
localized surface plasmon resonance (LSPR) upon the interaction with an incident
electromagnetic field. The LSPR excitation of nanoparticles results in interesting physical
effects that can promote and accelerate several reactions'°. Even though some catalytic
metals such as Pt and Rh have their LSPR extinction band in the UV range of the
spectrum?®1’ they can be exploited in hybrid nanostructures to tune their LSPR extinction
band range!®2?°, The coupling of metals with plasmonic or catalytic properties, is
advantageous as the visible range LSPR metal improves the nanostructure light-harvesting

capability and the catalytic metal might use this energy to drive and/or accelerate reactions?!-



23, The use of plasmonic catalysts for CO,RR has been reported, giving rise to enhanced

activity and light-harvesting, as well as control of mechanistic pathways and selectivity. >242°

We report here the application of gold-rhodium core-shell nanoflowers (Au@Rh
NFs) for the plasmon-enhanced CO2RR. The nanostructure consists of a Au nucleus with a
branched Rh shell, leading to core-shell nanoflowers. The synthesis of the nanostructures and
the physicochemical properties have been previously reported by our group?’. Gold was
chosen due to its LSPR extinction band in the visible range of the spectrum, whereas Rh
presents remarkable catalytic activity for several reactions. Additionally, examples of Rh-
based catalyst application in plasmon-enhanced chemical and electrochemical reactions
remain limited®®?%28, The Au@Rh NFs were applied as a model catalyst to probe the
plasmon-enhanced CO2RR dependence on the Au/Rh ratio and LSPR excitation wavelength.
We demonstrate that the plasmon-enhanced electroreduction of CO; has a clear dependence
on the Rh amount, achieving its highest selectivity for an intermediate Rh content.
Furthermore, several excitation wavelengths were probed and the highest improvement in
CO production was obtained for 405 nm at small reduction potentials, followed by 533 nm
excitation. Microkinetic model simulations explained the observed behavior demonstrating

that the 405 nm LSPR excitation facilitates CO desorption, improving CO production.

EXPERIMENTAL
Materials and methods

All the reagents were used without further purification. Tetrachloroauric(IIl) acid
trihydrate (HAuCls-3H>0, 99% Sigma-Aldrich), rhodium chloride (RhClz, 98%, Sigma-
Aldrich), hexadecyltrimethylammonium bromide (CTAB, C19H4BrN, 99% Sigma-Aldrich),

sodium citrate trihydrate (CsHsNa3z07.3H20, 99% Sigma-Aldrich), L-ascorbic acid (CsHgOs,



> 99% BioXtra, Sigma-Aldrich), sodium iodide (Nal, 99.5% Sigma-Aldrich), sodium
bromide (NaBr, 99% Synth), potassium carbonate (K2CO3 99.997%, Puratronic®, Alpha
Cesar), Nafion® 5% (C7HF1305S-C2F4, 15-20%, Sigma Aldrich), 2-propanol (C3HgO, 99.9%
hyper grade for LC-MS LiChrosolv®, Merck) and Carbon Vulcan® XC-72R. All aqueous
solutions were prepared with Millipore water (18.2 MQ).

Instrumentation

The high-resolution transmission electron microscopy (HRTEM) images and initial
energy dispersive X-ray (EDX) spectra were taken on a JEOL JEM 2100 operating at an
accelerating voltage of 200kV. The catalysts were re-dispersed in isopropanol by
centrifugation and ultrasonic bath agitation, then drop-casted onto transmission electron
microscopy (TEM) grids (Formvar/Carbon Film-coated, 200 mesh, Cu) and dried under
ambient conditions. UV-VIS spectra were recorded on a Shimadzu UV-2600
spectrophotometer. The samples were suspended in water and placed in quartz cuvettes with
an optical path of 1 cm. The metallic content of the suspension and deposited materials was
measured by induced coupled plasma — atomic emission spectroscopy (ICP-OES) on a
Spectro model Arcos.

Synthesis of gold nanoparticles

Firstly, 30 mL of distilled water and 300 uL of HAuCls (25 mmol L!) were added to
a round-bottom flask and placed on a heating plate at 130 °C with stirring. When boiling,
900 pL sodium citrate solution (38.7 mmol L' or 1 %) were added and the reaction proceeded
for 10 minutes. Finally, the red solution obtained was washed and concentrated to 4 mmol L
!, in terms of gold. The suspension concentration was determined by induced coupled plasma

— atomic emission spectroscopy (ICP-OES).



Synthesis of gold-rhodium nanoflowers (Au@Rh NFs)

The synthesis of Au@Rh nanoflowers followed the procedure reported by our group
in the literature®. 0.1 g CTAB was added to a round-bottom flask with 18.6 mL of distilled
water. This mixture was sonicated for 5 minutes and placed on a heating plate with stirring
at 90°C. After 5 minutes, rthodium chloride solution (20 mmol L™, 150, 350, or 550 pL), 1
mL of previously prepared gold-citrate nanoparticles (4 mmol L), and 50 pL of sodium
iodide solution (0.01 mol L) were added to the reaction mixture. It is important to vary the
rhodium amount to investigate and understand how the plasmonic and catalytic properties
may change with an increasing Rh amount. After 5 minutes, 1 mL of ascorbic acid solution
(0.04 mol L) was added, and the reaction proceeded for 30 minutes. The brownish-black
solution obtained was washed and deposited on Carbon Vulcan® by wet impregnation for

further electrochemical application.
CO: Reduction Reaction Experiments

A three-compartment PTFE (polytetrafluoroethylene) cell was used for the
electrochemical experiments, employing a Hg/HgSO4 KoSOg sat. as a reference electrode and
Au wire as an auxiliary electrode. The potentials were all converted and reported to a
reversible hydrogen electrode (RHE). The working electrode was made by drop-casting four
catalyst layers of 7ul. and one Nafion® 1% solution layer of 7 pL over a glassy carbon
electrode (GCE). 0.1 mol L' CO,-saturated K,COj3 solution was used as electrolyte. To
investigate the catalyst CO,RR performance linear potential sweeps, potential step
perturbations and electrochemical impedance spectroscopy (EIS) were performed by a
Zahner-Zennium-Pro. Gas chromatography (Shimadzu GC-2010 Plus) measurements were

performed online coupled with current step perturbations to investigate the selectivity of each
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catalyst towards the CO>RR. All experiments were performed with and without light
incidence. A schematic of the electrochemical cell is shown in Figure S1. The light-driven
experiments were performed with a white light source (Zahner LSW-1, 350 W m™), and a
tunable light source (Zahner TLS03, 100 mW c¢m™), to investigate specific wavelengths. The
light sources were positioned at a distance of 1 cm from the cell. All results were normalized
by the electrochemically active surface area (ECSA). The ECSA was estimated from the
electrochemical double-layer capacitance (Cai) from each catalyst, which was estimated from
the slope of the current at 0 E vs (Hg/HgSO4)/V versus the scan rate linear plots and

normalized to the Cqa of Carbon Vulcan® (~ 9.2 pF cm2geom) (Figure S2).
Computational details

A microkinetic model for the hydrogen evolution and carbon dioxide reduction
reactions on the Au@Rh NFs was used to calculate the selectivity for CO formation. The
rates for the elementary surface reactions were determined by transition state theory. The
adsorption and desorption rates were calculated using the method proposed by Zhang and co-
workers.?® The free-energies of the intermediates and transition states were calculated using
linear scaling relationships®® and adsorption energies on Rh(111).31-3 The effect of the
potential on the free energies was considered using the computational hydrogen electrode

approach.®* Details of the microkinetic model are given in the supplementary information.



RESULTS AND DISCUSSION

Gold-rhodium nanoflowers (Au@Rh NFs) were synthesized via a seed mediated
growth, using Au nanoparticles (NPs) as a template for Rh deposition. Their mechanism of
formation and detailed physical and chemical characterization was previously reported by
our group?. Figure 1a-c show TEM images of Au@Rh nanoflowers obtained by adding 150,
350, and 550 pL of RhCl3 20 mmol L. Their metallic ratios were determined by EDX and
used to denote each catalyst: AugoRhio (Figure 1a), AugRhig (Figure 1b), and AuesRhz2
(Figure 1c). The nanoflowers were relatively monodisperse in all cases, with an average

diameter of 19 + 1, 23 & 3, and 24 + 2 nm for AugoRh10, Aug2Rh1s, and AussRhzz, respectively.
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Figure 1 - Transmission electron microscope (TEM) images for AugoRh1o (a), Aug2Rh1s (b),
and (c) AuesRhs2 nanoflowers. The inserts in a-c show a higher magnification of the same
sample, in which the scale bar represents 10 nm. Extinction spectra of aqueous suspensions

containing Au NP seeds and from AugRhio, Aus:Rhis, and AuesRhsz NFs (d). Semi-



empirical finite element simulations of extinction spectra for Au NPs, AuzsRhzz, and

AuesRhss, obtained with COMSOL Multiphysics and optical datasets from the literature (e).

Figure 1d shows the UV-Vis extinction spectra of AuNPs and Au@Rh NFs aqueous
suspensions with different metallic compositions, AugRhio, Aug2Rh1g, and AusgsRhzz NFs.
AUNPs exhibit a LSPR extinction band centered at 522 nm, which was assigned to Au
plasmonic dipolar mode®®. The intensity of this band decreased in AugoRhio due to the
suppression of the Au LSPR extinction band by the Rh*® particles. In addition to the decrease
in the band intensity compared to AuNPs, AugRhis and AussRh3> NFs exhibited a broader
and redshifted LSPR extinction band centered at 548 nm, owing to the change in the Au
dielectric constant due to the attached Rh branches®’*. Another factor that contributes to
band broadening is the NF’s greater size when compared to monometallic Au NPs, due to an
increase in scattering*®. Moreover, an increase in intensity with the Rh amount was observed
between 350 to 450 nm, which was assigned to the Rh LSPR extinction band in the UV
range'®!"*. Gold interband transitions might also contribute as they are present below 515

nm.

Figure 1e shows simulated extinction curves of colloidal Au nano-sphere (black) and
colloidal Au@Rh with different compositions, AuzsRhz, (red) and AuesRhss (blue). We
performed the semi-empirical finite element simulations with COMSOL Multiphysics and
applied the optical datasets from the literature*?#*, The simulated structure consisted of a
gold sphere in the center (diameter = 18 nm, dataset from Olmon et al., 2012*%) surrounded
by a variable number of rhodium spheres (diameter = 4 nm, dataset from Arndt et a., 19844
which touched but did not intersect with the gold sphere (inset of Figure 1e). As an

approximation of the surrounding, the nano-spheres and nano-flowers were simulated in a



cube filled with water with a side of length 59 nm.*? To represent AuzsRhz2 and AussRhss,
26 and 50 Rh-spheres, respectively, were randomly distributed over the surface of the Au
sphere to resemble the synthesized structures. The simulated optical spectrum of the pure Au
NP replicates the measured spectrum rather well concerning resonance position and line
progression. The Au@Rh NFs simulated spectra showed a similar redshift when compared
to the Au NP, however, more pronounced for rising amounts of Rh, and no decrease in
reflection. The difference between the simulations and the measured spectra most likely
originates from the deviations of the real boundaries between Au and Rh from the perfect
spherical structure assumed in the simulations. Sharper boundaries lead to stronger plasmonic
effects in comparison with Au-interband transitions occurring at A <450nm. A loss of a sharp
and well-defined interface reduced the plasmonic effect, which explains the strong decrease
of the plasmonic maximum in the measurements in contrast to the sharp peaks of the
simulation. Similarly, the apparent saturation of the redshift with the rhodium content could
also be explained with less spherical rhodium particles that cover most of the surface even at
comparatively small concentrations. Thus, the Rh shape and amount are important to lead to

the observed LSPR spectra obtained here.

After investigating the nanostructure LSPR extinction band, we turned our attention
to the application of Au@Rh NFs as model systems for plasmon-enhanced CO-RR. Here,
we were interested in employing the plasmonic/catalytic properties of the Au core and Rh
branches to enhance CO2RR performance upon visible light illumination. We started by
recording polarization curves at 5 mV s from 0.4 to -0.8 Vrue of the Au@Rh NF electrode
in CO; saturated, 0.1 mol L™ KoCOj3 electrolyte with and without white light incidence

(Figure 2a). For both dark and light conditions, the activity of the Au@Rh NF depended on
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the rhodium content, as the activity increased with rising Rh amount. Under dark conditions,
the overpotentials at 1 mA cm? ecsa (n@1) were -0.48, -0.43, and -0.42 Vrre for AugoRhao,
AugRhis, and AuesRhsz, respectively, indicating a non-linear relation between the
overpotential and the metallic ratio. While the difference in the ng1 for AugRhio and
AugzRhig was 50 mV, it was only 10 mV when comparing Aus2Rhis and AussRhsz.. This
observation can be related to the stronger interaction of rhodium with carbonaceous species
when compared to Au, as a rising Rh content might decrease the available active sites due to
surface poisoning®'t*°. Additionally, all Au@Rh NFs metallic ratios showed enhanced

activity upon LSPR excitation, decreasing the n@1 by 30 mV.
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Figure 2 — Polarization curves at 5 mV s? from 0.4 to -0.8 Vree (the insert shows the
potential program) for AugoRhio, AuszRhis, and AussRhs2 NFs in CO; saturated, 0.1 mol L*
K>COas. Solid traces were recorded under dark conditions, whereas dashed traces were
recorded upon white light incidence of 350 mW cm (a). Tafel plots for AugoRhi1o, Ausz2Rhas,
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and AussRhz2 NFs with and without light irradiation. Squares represent the Tafel plot under
dark conditions, while stars represent it upon light irradiation (b). On-off j-t transients

registered at -0.5 Vrue for AugoRhio, AuszRh1g, and AuesRhs2 NFs (C).

To gain further insight into the reaction mechanism, Tafel plots were derived from
the polarization curves (Figure 2a) and are shown in Figure 2b. Before discussing the Tafel
plots, it is important to point out that its analysis is complex due to the competition between
hydrogen evolution reaction (HER) and CO2RR in the applied potential range and electrolyte.
In general, HER has a Tafel slope from 30 to 120 mV dec? (in an alkaline medium),
depending on the reaction step it is governed by (Volmer, Heyrovsky, or Tafel)*¢4’. On the
other hand, the interpretation of CO2RR Tafel slops is not straightforward as it has a complex
mechanism and, in addition, it is in general accompanied by hydrogen generation*. In our
case, higher Tafel slopes are expected owing to the competition between HER and CO2RR
and low metallic content on Carbon Vulcan® (~2% Au + Rh loading). The Tafel slopes
shown in Figure 2b are 171, 172, and 169 mV dec™ under dark conditions for AugoRhio,
Aug2Rhig, and AuesRha2, respectively. Clearly, the slopes are essentially the same, which
suggests that the limiting reaction step is the same for the three different compositions of
Au@Rh NFs. Upon LSPR excitation the Tafel slopes of the Au@Rh NFs j-U characteristics
decreased by about 20 mV per decade, indicating that light excitation promotes a faster
kinetic and/or favors another limiting reaction step. Again, AugRhio, Aug:Rhig, and
AugsRhs2 NFs showed similar Tafel slopes upon light irradiation (around 150 mV dec™), and

thus no differences in the mechanism seems to appear when changing the metallic ratio.

To investigate the enhancement of CO2RR by the LSPR excitation, on-off j-t

transients were recorded under chopped white light irradiation at -0.5 Vrre (Figure 2c). All
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catalysts showed a fast and reproducible current density response to the on-off irradiation
cycles and good reversibility. Few current spikes were noticed due to the detachment of
bubbles on the surface of the electrode. The photocurrent was calculated by subtracting the
steady current density before (jaark) and after (jiigne) the illumination as 0.10, 0.16, and 0.18
mA cm? gcsa for AugoRh1o, AuszRhis, and AugsRhaz, respectively, indicating an increase in

photocurrent with rising Rh content.

To further confirm that the enhancement of CO2RR was due to LSPR excitation and
to understand its effect on the selectivity of the reaction, online gas chromatography (GC)
was performed at different potentials, with and without LSPR excitation, to identify the
generated products. Hydrogen and carbon monoxide were the only gas products detected by
the GC and no liquid products were detected by nuclear magnetic resonance (NMR). Hence,
the only detectable products of CO2RR on Au@Rh NFs were H, and CO. The CO production
was overall quite low and much lower compared to the one of Hy, resulting in a poor
estimation of the ratio of molecules dissolved in the electrolyte to molecules in the gas phase.
4950 Therefore, we were unable to determine the Faradaic efficiency for H, and CO with a
reasonable precision. Instead, we estimated the effect of LSPR excitation on H> and CO
production by normalizing the peak areas in the gas chromatograms corresponding to CO
and Ho, respectively, to the respective peak area (pa), obtained at -0.80 Vrue under dark

conditions (pa/pag@—-os0)- Figure 3 shows the obtained data for AugRhis (a and c) and
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AussRhz2 (b and d). The graph labels represent the absolute area of CO or H; obtained at each

potential.
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Figure 3 — Normalized peak areas using AuszRhis (a and c) and AuesRhs2(b and d) for Hz
and CO production, respectively upon dark and light conditions (350 mW cm white light
incidence). Graph labels show the absolute CO or H. area obtained at each potential for the

catalysts.

First, focus on the H data (left column in Figure 3). In the dark, hydrogen production
monotonically increases with increasing overpotential. This behavior was observed on all

three different Au@Rh NFs electrodes. Upon LSPR excitation (350 mW cm2 white light),

15



the catalysts AugRhig and AusgRhz. (Figure 3a-b) exhibited enhanced H. production,
whereas no significant change in the H, peak area was observed for AugoRhio (Figure S3a).
Aug2Rhig showed a larger peak area upon light irradiation at all applied potentials (Figure

3a), with an increase in 26 % of the pay, at -0.80 Vrre. AussRhs2 exhibited a higher absolute
pay, at all applied potentials both upon dark and light conditions, when compared to

Augz2Rh1g, which can be related to its higher rhodium content and its ability to catalyze HER.

>1 On the other hand, upon illumination, AussRhs led to a significant pay, increase only for

higher reduction potentials, reaching a maximum increase of 33 % at -0.80 VRrHE.

Consider now the data for CO formation. First, we note that upon illumination,
AugoRh1o also showed no significant change in CO production (Figure S3b). Moreover,
considerable error bars were obtained, as the CO amount generated was small. The catalysts
AugzRh1g and AuesRhs2 (Figure 3c-d) showed an enhancement in CO production mainly for
smaller reduction potentials where the overall H, formation was lower, as well as its
enhancement through illumination. Yet, Aus:Rhis exhibited a higher activity toward CO
production upon illumination for all applied potentials, reaching 206 % increase at -0.5 Vrre
and 137 % at -0.55 Vrne compared to dark conditions. For -0.7 Vrre t0 -0.8 VRrhE, the
difference in pac, under dark and light conditions became smaller, and the increase upon
illumination was around 25 % at this range. AussRh3> showed an enhanced CO production
upon light irradiation from -0.5 to -0.65Vree, i.e. in smaller applied potential range compared
to Aug2Rhig. The highest enhancement in CO production under light conditions was obtained
at -0.5 Vrhg, reaching a 118 % increase in paco, followed by 50 % increase at -0.55 VRrHE.
Note however that AussRh32 exhibits the largest absolute CO production at -0.8 V both in the

dark and under illumination, in contrast to Aus,Rh1s, where it is highest in the dark at -0.7V
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and under illumination at -0.6V. In general, AugRh1g exhibited a higher absolute CO peak
area when compared to AuesRhs2, mainly at higher potentials. As previously discussed, at
higher applied potentials AussRhs> favors the HER due to its major Rh content, thus the pa,

are even lower at this range when compared to AugzRhis.

In summary, the increase in H> and CO production upon light irradiation does not
have a linear relation with Rh content, which was also observed by our group in the
application of Au@Rh NFs for both the ethanol oxidation reaction and the HER®2. AugoRhao
led to no significant enhancement in activity upon LSPR irradiation One possible explanation
iIs that a higher Rh content in Au@Rh NFs improves the lifetime of hot carriers generated at
the gold surface, leading to an improvement in the catalytic activity®***. For CO.RR,
increasing the rhodium content to 18 % (Aus2Rhig) led to a remarkable increase in activity
toward both Hz and CO production, however increasing further the rhodium content to 32 %
(AuesRhs2) promoted a decrease in the LSPR enhancement effect. This non-linear behavior
can be explained by Rh’s strong interaction with carbonaceous species, in which increasing
Rh content might lead to adsorbed CO and blockage of its active sites. AugRhig has an
intermediate Rh content and is less prone to poisoning compared to AuesRh3, due to the

higher Au content.

As Aug:Rhig showed the highest selectivity upon LSPR excitation, we chose this
catalyst to study the dependence of CO2RR activity on the wavelength (Figure 4a).
Therefore, LEDs with distinct wavelengths were chosen as light sources, 533, 420, and 660
nm. The 533 nm best approximates the maximum of the Au LSPR extinction band in the
Au@Rh NFs, while 420 nm matches Au interband transitions and the Rh LSPR band (Figure

1). The 660 nm was chosen since it is outside the nanoflowers” LSPR extinction band range.
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As expected, excitation with 660 nm showed similar CO yield to dark conditions (Figure
S4). Hence, the CO peak area at -0.8 Vrue upon 660 nm LED illumination was used to

normalize all data.

The 402 and 533 nm illumination resulted in superior activity toward CO production
compared to the activity with the 660 nm light excitation, with an increase in pa, by 89 and
36 %, respectively. The dependence of the catalytic activity on the wavelength supports the
assumption that the enhanced activity under illumination can is due to the materials’

plasmonic properties.
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Interestingly, at lower overpotentials, more precisely between -0.5 to -0.6 Vrhe, the
activity obtained upon 405 nm illumination was higher than the one obtained upon 533 nm

illumination. From -0.65 Vgrre both wavelengths exhibited similar CO production
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enhancement, but they were still higher than the CO peak areas obtained upon 660 nm
irradiation. The origin of the higher CO production at smaller applied potentials upon 402
nm light incidence could be that the energetic levels of the hot electrons generated by Rh and
the COagds molecule paired in energy. The CO species generated in the CO2RR adsorb on Rh
surface due to their strong interaction with carbonaceous species. Upon incidence light, the
hot electrons generated in Au and Rh can be injected into the COags molecule and promote
the desorption of the molecule. In this way, the selectivity toward CO formation increases,
and the poisoning effect is reduced. These observations could be corroborated by the degree
of rate control®® of CO formation, determined using the microkinetic model. At all potentials,
the rate of CO formation is completely controlled by CO desorption from the catalyst surface.
The actual value of CO adsorption energy, 1.3 V, 32 was reduced to 1.1 eV in the microkinetic
model to simulate the effect of plasmon-driven CO desorption. The lower adsorption energy
implies faster desorption and increased production of CO, as shown in Figure 4b. The model
with reduced CO adsorption energy estimates CO selectivity of 0.75% at —0.80 VRHE and

5.9% at —0.50 VruEe, While the selectivity is negligible in the original model.

The previous experiments and microkinetic model simulations suggest that the
enhancement in activity upon illumination of the Au@Rh NFs is due to LSPR excitation. To
obtain further insight in the mechanism of rate enhancement through LSPR excitation,
electrochemical impedance spectroscopy (EIS) experiments were performed with Aug2Rhig
electrodes. The applied potential range varied from -0.5 to -0.75 Vrne, While the current was
perturbed from 100 k to 20 mHz. It is noteworthy that the EIS measurement was only
performed after the current achieved a steady state at the respective applied potential. Figure

5a presents Nyquist plots obtained both in dark and light conditions. The data reveal a
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significant decrease of the polarization resistance upon LSPR excitation, indicating that light

contributed to a decrease in the energetic barrier for CO2RR.

400

a CPE

300

n 2
2" Q) eMgegn

T T T
0 100 200 300 400

Z'1 QemPeega

1200

1000 {1 ——Dark y

2

Cepr / WF cM™gesp
(2] [¢:]
o [=]
o o

B

o

o
L

200
T T T
-0.70 -0.65 -0.60 -0.55 -0.50
Potential / Vi e
1000
sood C ]
B Dark
6004 % Light
&
[&]
o' 400
E
o
c
&
200
T T

T T
-0.75 -0.70 -0.65 -0.60 -0.55 -0.50
Potential / Vg e



Figure 5 — Nyquist plot measured (points) and fitted (lines) with the shown electrochemical
equivalent circuit (insert) curve at -0.5 Vrue for AuszRhis with and without a white light
incidence of 350 W cm (a). Fitted effective capacitance (b) and charge transfer resistance

(c) with and without LSPR excitation for Aug2Rhis.

The Nyquist plots were fitted with the equivalent circuit shown in Figure 5a insert,
where Rs describes the electrolyte resistance, Rct the charge transfer resistance, and CPE
(constant phase element) represents the electrode double-layer capacitance. The use of this
imperfect capacitor was necessary owing to the influence of the porous carbon Vulcan® and
nonuniform metallic distribution, a consequence of the low metallic content. Figure 5b
shows the fitted CPE impedance converted to an effective capacitance (Cefr) by Brug’s

1-n

equation®® (Cpfs = CPEn - (Req) ™) versus the applied potential. Although high values of
capacitance were obtained and may not agree with the expected values for Cq, it is
noteworthy that carbon-based materials have high double-layer capacitance, even allowing
their use as supercapacitors. As can be seen in Figure 5b, higher values of Ces are found at
lower overpotentials and reflect a ‘cleaner’ surface with fewer adsorbed species, while lower
capacitances indicate a higher surface coverage degree due to adsorbed species. At lower
overpotential, Cers changed marginally both under dark and light conditions, indicating no
significant differences in the coverage of the catalyst surface. Additionally, upon light
irradiation Cesr Showed a higher capacitance value, suggesting an even cleaner surface, i.e.
less adsorbed species. It can thus be suggested that improved selectivity toward CO, at lower
applied potentials and upon light incidence, is related to fewer adsorbed species on Au@Rh

NFs’ surface. According to microkinetic model simulations, CO desorption is facilitated
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under LSPR excitation, explaining the higher available surface area of the nanoflowers upon

light incidence.

Coming from negative potentials, the first difference in behavior of Cefr between light
and dark conditions was observed at -0.57 Vrue. At slightly more negative potential, Cefr
under light irradiation drops significantly, whereas under dark conditions Cesr remained
constant until -0.63 Vrwre. This behavior followed the CO production behavior observed in
Figure 3Db, in which the difference between pa., upon dark and light became less significant
from -0.70 VrHe ON. Therefore, the decrease in CO production under dark and light conditions
seems to be related to the coverage of the catalyst surface, which, in turn, implies less

available active sites, which can be related to the HER at higher applied potentials.

Figure 5c shows the R dependency on the applied potential for dark and light
conditions. From -0.52 to -0.55 Vrne, there was no significant decrease in the Rt for both
conditions, indicating that those potentials are outside the Tafel region. With increasing
overpotential, the Ret — E profiles showed a linear profile, with slopes of 242.2 and 262.2 mV
dec™ for dark and light conditions, respectively. Once again, the Tafel slopes in the dark and
under illumination were found to be very close, as observed above in Figure 2b, indicating
the difficulty of obtaining CO2RR Kinetics isolated from HER. Interestingly, the Rt
dependence under illumination followed the same behavior as found above for Aug,Rhig CO
production (Figure 3b) and Cet (Figure 5b). From -0.50 to -0.65 Vrhe, Ret Showed values
significantly lower than the values under dark conditions, suggesting that the energetic barrier
towards CO production is lower upon LSPR excitation. However, the LSPR effect does not

affect selectivity significantly for higher overpotentials, where HER suppresses CO
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formation nearly completely. Extrapolating the Tafel plots, we obtained that dark and light

electrodes would intersect their Rct— E profiles at -1.01 Vrhe.

Based on these results, we propose a mechanism for the plasmon-enhanced CO-RR
on Aug2Rh1g NFs that is depicted in Figure 6. We attribute the stronger enhancement of the
reaction currents under LSPR excitation for this metallic composition of the NFs to a
prolonged hot-carrier lifetime when compared to nanoflowers with lower Rh content-. Upon
533 nm illumination, hot electrons and holes are generated in Au, which further flows to the
Rh surface. The hot holes generated in the process flow through the outer circuit. At Rh,
these electrons can activate the adsorbed Hags and COaq leading to Hz and CO, respectively.
However, as Rh interacts strongly with carbonaceous species, its surface can be partially
poisoned by adsorbed CO and CO production will be low. Upon 405 nm illumination, the
excitation of electron hole pairs and their separation follow a similar mechanism. However,
as supported by the microkinetic model simulation, the ‘hotter’ electrons at this illumination
wavelength may facilitate CO desorption, increasing CO production and promoting a cleaner
surface. Hence, CO production enhancement is optimized at 405 nm light incidence. At
higher reduction potentials Hag will be preferentially generated keep the COaq coverage low

and therefore also the enhancement of CO formation low.
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LSPR Excitation

Figure 6 — Schematic representation of the plasmon-enhanced CO2RR in Au@Rh NFs.

CONCLUSION

This investigation aimed at assessing the application of Au@Rh NFs for the CO2RR,
evaluating the change in activity and selectivity of the reaction upon LSPR excitation. The
Au@Rh NFs are interesting catalysts as they combine metals with plasmonic and catalytic
properties in a bimetallic nanoparticle, bringing the LSPR of a catalytically active material
to the visible range of the spectrum. Our results demonstrated that a minimum rhodium
content was important to increase the hot-carrier lifetime upon LSPR excitation, as lower Rh
content did not lead to significant enhancement in catalytic activity. The optimal metallic
composition was achieved for Aug2Rh1g, which showed higher activity upon LSPR excitation
and for a wider reduction potential range. Interestingly, our results showed that Aug2Rhig
highest activity toward CO production was obtained upon 405 nm LED incidence, a region
that corresponds to the Rh LSPR excitation and Au interband transition. Microkinetic model

simulations demonstrated that the hot electrons generated by the 405 nm light facilitated CO
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desorption, improving the selectivity toward CO when compared to illumination with 533
nm light. Moreover, EIS experiments performed during LSPR excitation have shown that the
enhancement in CO2RR activity was related to a lower energetic barrier, as the charge
transfer resistance decreased significantly upon light irradiation. The EIS results have also
shown that the catalyst’s surface upon LSPR excitation was cleaner when compared to its
surface under dark conditions, indicating that the plasmonic effect might also contribute to
more available active sites. We believe that the results provided herein contribute to a deeper
understanding of plasmon-enhanced electrochemical reactions and the way the LSPRs might
act on increasing catalyst activity and selectivity. Yet, there are many open questions related
to the application of plasmonic catalysts in electrochemical reactions, such as generation and
recombination times of electron-hole pairs, which might give important insights for a

possible application of plasmonic nanostructures in electrochemical processes.
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Figure S2. Normalized peak areas of AugoRho catalyst upon dark and light (350 mwW cm
white light) conditions for Hz (a) and CO (b) production.
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Microkinetic simulation

A microkinetic model was constructed to investigate the selectivity for CO formation.

Here we outline the details of the present kinetic model. For the carbon dioxide reduction,

the following mechanism was considered:
ki
CO, + H" + e~ > COOH*
k2
COOH* + H* + e~ = CO* + H,0

kdes,CO

CO*——COo

For the hydrogen evolution reaction, the investigated reactions were:

k
H* +e” SH*
ka
H*+H*+e” —>H;
ks
H* + H* > H}
kdes,Hz

H; —H;

The Kinetics was described by the following equations:

dBcoon
dt

= k;[CO;]6" — k26co0n

Pk k20coon — kaes,cofco

dnco
Fra kges,cofco
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do
—o = kalH*10" — ky[H¥10, — 2Kks6}

dby,
dt

= k4[H*10y 4 ksOf — kqesn,6n,

dnHz — 0
dt — Mdes,HyYH,

ao*
T Kdes,coBco + Kdesn,On, — k1[C0,10* — k3[H*]10" — k565

where 8" and 6 are the fraction of unoccupied and occupied sites, respectively, and

n is the number of moles of X. The initial conditions were:
Bcoon = Oco = Oy = Oy, =nco =ny, =0
[CO,] = 0,125 M
[H*]=10"°M

The differential equations were integrated up to 1 ms, with a 1 ns time step, in Python

using the SciPy LSODA integrator from the FORTRAN library odepack.
The adsorption rates per unit area were calculated using the method proposed by
Zhang and co-workers:

D
kads,X = E [X]A

where D is the diffusion coefficient in water, d is the diameter of X, [X] is the
concentration of X, and A is the area of the adsorption site. For Hz, D = 5.11 x 10~>cm?s™1,

d =289 pm, [H,] =c®°=1mol/L. For CO, D =243x10°cm?s™!, d =376 pm,
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[CO] = ¢® = 1mol/L.A = m(Rg,)? = 13.85A%. The desorption rate constants were

calculated assuming an equilibrium between the adsorption and desorption rates
kges = kqas X exp(_Eads/RT)
For Hz, in Rh(111), E,4s = 0.7 eV, and for CO, in Rh(111), E 45 = 1.3 eV.

The free-energy of the intermediates and transition states were calculated using linear

scaling relationships and adsorption energies on Rh(111).
AES s = 0.69AE ;s + 1.11 eV

The effect of the potential on the free energies was considered using the
computational hydrogen electrode approach. The calculated energy profiles are displayed in

Figures S3 and S4.

1 —
'—
/' \\
& " —_
0 — —ileee — N\ o \ T
.
COZ(aq) “\ “‘ ,'/ \\ ,"
; ‘\ ‘_’ “\ "'
Q \‘ \‘ '1
- -1 - \ . K
(j \‘ .- o'_“ ) S
COOH * N i
-2 - “ ',CO(g)
(Y 4
=—e U = 0 eV versus RHE ‘\ ’,"
U = -0.5eV versus RHE N
=3 — U= -0.8eV versus RHE CO #

Reaction coordinate

Figure S3. Free-energy profile for carbon dioxide reduction at different potentials versus the

reversible hydrogen electrode, according to the computational hydrogen electrode.
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4.  Conclusions

This thesis firstly aimed to study the synthesis of different metallic ratios of Au@Rh
core-shell nanoflowers and investigate their mechanism of formation. Secondly, we aimed
to probe the catalytic activity of nanostructures in nanoelectrochemistry, simultaneously
investigating the influence of LSPR excitation on the nanoflower’s catalytic activity and
selectivity. We could successfully synthesize a hybrid material combining catalytic and
plasmonic metals in a bimetallic nanostructure, shifting the LSPR excitation of the hybrid
material to the visible range of the spectrum. The results indicated that specific reaction
time, metallic composition, reducing and stabilizing agents must be used to obtain the
nanoflowers. The research has also shown an improved activity of the Au@Rh NFs when
compared to their monometallic counterparts in HER, owing to their stronger adsorption of

icelike water configuration.

The results have also shown that electrochemical reactions with different
complexities are affected distinctively by the catalyst’s metallic composition and LSPR
excitation. The nanoflower’s activity to HER showed a linear dependency on the increasing
Rh amount, whereas EOR and CO2RR had their best performance with an intermediate
amount of Rh. This finding emerged from the higher resistance to CO poisoning of the
intermediate nanostructure when compared with a catalyst with higher Rh amounts. The
materials displayed a distinct behavior upon laser irradiation in different wavelengths
according to the electrochemical reactions. HER and EOR had their best activity upon 533
nm laser, which matches Au@Rh NFs’ LSPR excitation band. On the other hand, the
highest selectivity for CO2RR was irradiating the 405 nm laser, owing to the compatibility

of the hot carriers generated with the species adsorbed on the catalyst.

The thesis has provided a deeper insight into the control of physical and chemical
parameters to achieve optimized Rh-based catalyst toward visible range plasmon-enhanced
electrochemical reactions. It may inspire the development of new catalysts based on hybrid
nanostructures combining plasmonic and catalytic metals for application in
nanoelectrochemistry. Although nanoelectrochemistry is a field with some investigative
limitations owing to its complexity, the results here reported have extended our knowledge

of plasmon-enhanced electrochemical reactions mechanism toward reactions of distinct

113



complexities. All considered, work needs to be done to precisely elucidate the LSPR effect
and its application in electrochemical catalysis. This is also a challenge plasmonic catalysis
using conventional thermal solution media. This thesis showed the application of the
nanoflowers to three distinct reactions, nonetheless, it is necessary to investigate how this
could be extended to other electrochemical reactions, and enable a rational relationship
between the nanostructure, properties, electrochemical activity and performance Moreover,
following the same trend as solution-based thermal reactions, the investigation of the
generation and recombination time of electron-hole pairs might give insights into the

application of plasmonic nanostructures in electrochemical processes.
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