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Abstract

Electrocatalysts for energy conversion and power generation systems such as fuel cells are mostly
based on Pt-group metals. Because Pt is a strategic metal, is expensive and scarce, any reduction
of its load in catalyst electrodes can result in cost-reduction of fuel cells and electrodes for other
Pt-catalyzed reactions, e.g. for the hydrogen evolution reaction (HER). This thesis is devoted to
the study of OD and 1D noble-metal-based nanostructures with reduced Pt-load for the
electrooxidation of formic acid and methanol, and the HER. The effect of different parameters on
the electrocatalytic activity is examined with the aim of reducing the mass loading of platinum-

group metals while boosting performance of catalysts.

0D nanoparticles (NPs) are synthesized using sonochemistry in aqueous solutions of noble metal
ions and mixtures thereof. With the help of a simple laboratory ultrasonic device nanoparticles of
AuPd, and PtPd are deposited on nanocarbon and TiN substrates. The mechanisms of noble metal
NP formation on the aforementioned substrates are investigated and discussed in terms of reduction
of noble metal ions by organic radicals that form at cavitation- substrate interface. After
microscopic and structural characterization, the supported NPs are subsequently used for the
electrooxidation of formic acid. It is shown that the electrocatalytic performance very much
depends on the nanoalloy composition with AuPd22 nanoalloy exhibiting highest activity of 400
A/g, and a direct reaction path due to the presence of gold that can prevent catalyst poisoning with

CO.

Crossing over the dimensionality, 1D nanostructures of different morphologies and chemistries
were processed with the aim to boost electrocatalytic activities still more. Self-standing layered
Au/Pd/Au and Au/Pd nanorods with different Pd-layer thickness were synthesized using sequential
electrodeposition in porous anodic aluminum oxide (AAO) template thin films. It is shown that the
electrooxidation of formic acid very much depends on the Pd-layer thickness with thinner layers,
down to 15 nm, being most active. This is explained in terms of the formation of near interface
AuPd alloys via Pd-diffusion into Au, based on the shift of the PdO reduction peak toward more
noble values with decreasing Pd thickness. All the nanostructures show a direct path, suggesting

no poisoning of Pd with CO or other carbonaceous species. Density functional theory (DFT)



calculations were conducted, and provide insights into the role of Au as an oxidant of CO adsorbed

on Pd in the near-interface alloys.

Pt/C is the best and most widely used catalyst for direct methanol fuel cells (DMFCs) that enjoy
an ever-increasing attention for energy conversion. In this thesis, the Pt-loading is reduced first by
adopting a nanotube morphology that is realized via electrodeposition at negative voltages, and
second by alloying Pt with Pd. These approaches permitted the increase in the electrocatalytic
activity to 932 A/gp: (in 0.5 M H2SOs) for an extremely low Pt content of 10 at.% as well as in the
electrochemical surface area (ECSA) to 1358 m?/g. These results are at the upper end of what was
published so far, and were achieved via the enormously higher surface area in contact with the
electrolyte (nanotube morphology) and the ligand effect (alloying Pt with Pd). The results are
rationalized using DFT calculations which show that CO preferentially adsorbs on Pd, thus keeping

the active Pt sites free from poisoning species.

Hydrogen production via water electrolysis using wind and solar power is a promising way for
energy storage from renewables. Hydrogen is produced from aqueous electrolytes via HER in
which noble metal electrocatalysts, prominent among them is Pt, play a key role. In this thesis, Pt
and Pd nanostructures, monolithic and supported on Au-NRs, are processed either via
electrodeposition or magnetron sputtering, and compared as to their electrocatalytic activity. While
the electrodeposited and sputtered monolithic and layered nanostructures show only a moderate
activity towards HER, sputtered Pt and Pd on Au-NRs are characterized by a largely higher activity.
This is explained by the formation of finely distributed Pt(Pd)-NPs on the entire surface of the Au-
NRs thus maximizing the interfacial interaction area between Pt(Pd) and Au. Surprisingly,
sputtered Pd on Au-NRs is shown to surpass sputtered Pt on Au-NRs (Pt is known to be the best
catalyst for HER). For similar nanostructures, the gravimetric current density measured in
0.5 M H2S04 is 313 mA/mg.cm? at -0.1 V for Pt against 480 mA/mg.cm? for Pd. The performance
could be boosted still more by choosing longer Au-NRs as supports for Pd. The mechanisms of
HER are discussed using Tafel-Plots and Tafel slopes. The sputtered Pd/Au nanostructure is
characterized by the lowest Tafel slope suggesting a fast Volmer discharge step followed by a
Heyrovsky recombination mechanism. DFT calculations show that the electronic interactions at
Pd/Au interfaces lead to a more even hydrogen adsorption energies on all sites considered, in
contrast to Au/Pt. This is thought to promote barrier-free hydrogen diffusion and recombination on

Au/Pd surfaces, and should explain the higher activity of sputtered Pd/Au nanostructures. Using



the calculated hydrogen adsorption energies and the exchange current densities obtained from the

linear sweep voltammograms of all the nanostructures investigated, a volcano plot is suggested.






Kurzdarstellung

Elektrokatalysatoren  fiir = Energieumwandlungs- und  Stromerzeugungssysteme  wie
Brennstoffzellen basieren meist auf Metallen der Pt-Gruppe. Da Pt ein strategisch wichtiges, teures
und knappes Metall ist, kann jede Verringerung seiner Beladung in Katalysatorelektroden zu einer
Kostenreduzierung von Brennstoffzellen und Elektroden fiir andere Pt-katalysierte Reaktionen
filhren, z.B. fiir die Wasserstoffentwicklungsreaktion (HER). Diese Arbeit widmet sich der
Untersuchung von 0D- und 1D-Nanostrukturen auf Edelmetallbasis mit reduzierter Pt- Beladung
fir die Elektrooxidation von Ameisensdure und Methanol sowie der HER. Der Einfluss
verschiedener Parameter auf die elektrokatalytische Aktivitdt wird mit dem Ziel untersucht, die
Massenladung von Platingruppenmetallen zu reduzieren und gleichzeitig die Leistung der

Katalysatoren zu erh6hen.

0D-Nanopartikel (NPs) werden mittels Sonochemie in wissrigen Losungen von Edelmetallionen
und deren Mischungen synthetisiert. Mit Hilfe eines einfachen Ultraschallgerdtes werden
Nanopartikel aus AuPd und PtPd auf Nanokohlenstoff- und TiN-Substraten abgeschieden. Die
Mechanismen der Edelmetall-NP-Bildung auf den oben genannten Substraten werden im Hinblick
auf die Reduktion von Edelmetallionen durch organische Radikale, die sich an der Kavitations-
Substrat-Grenzflidche bilden, untersucht und diskutiert. Nach mikroskopischer und struktureller
Charakterisierung werden die beladenen NPs anschlieBend fiir die Elektrooxidation von
Ameisensdure verwendet. Es wird gezeigt, dass die elektrokatalytische Leistung sehr stark von der
Zusammensetzung der Nanolegierung abhingt, wobei die AuPd22-Nanolegierung die hochste
Aktivitdit von 400 A/g und einen direkten Reaktionsweg aufgrund der Anwesenheit von Gold

aufweist, der eine Katalysatorvergiftung mit CO verhindern kann.

Uber die Dimensionalitit hinaus wurden 1D-Nanostrukturen unterschiedlicher Morphologie und
Chemie mit dem Ziel verarbeitet, die elektrokatalytischen Aktivitdten noch weiter zu steigern.
Selbststehende geschichtete Au/Pd/Au- und Au/Pd-Nanostibchen mit unterschiedlicher Pd-
Schichtdicke wurden mittels sequentieller galvanischer Abscheidung in pordsen, anodischen
Aluminiumoxid (AAO)-Templat-Dinnfilme synthetisiert. Es konnte gezeigt werden, dass die
Elektrooxidation von Ameisensdure sehr stark von der Pd-Schichtdicke abhingt, wobei diinnere

Schichten, bis zu 15 nm, am aktivsten sind. Dies wird anhand der Bildung von AuPd-Legierungen



in der Nihe der Grenzflache durch Pd-Diffusion in Au erklért, basierend auf der Verschiebung des
PdO-Reduktionspeaks zu edleren Werten mit abnehmender Pd-Schichtdicke. Alle Nanostrukturen
zeigen einen direkten Weg, was darauf hindeutet, dass Pd nicht mit CO oder anderen
kohlenstofthaltigen Spezies vergiftet wird. Es wurden Dichtefunktionaltheorie (DFT)-
Berechnungen durchgefiihrt, die Einblicke in die Rolle von Au als Oxidationsmittel von an Pd

adsorbiertem CO in den grenzflichennahen Legierungen liefern.

Pt/C ist der beste und am weitesten verbreiteten Katalysator fiir Direktmethanol-Brennstoffzellen
(DMFCs), die eine immer groBBere Bedeutung fiir die Energieumwandlung genief3t. In dieser Arbeit
wird die Pt-Beladung erstens durch die Annahme einer Nanoréhren-Morphologie, die durch
galvanische Abscheidung bei negativen Spannungen realisiert wird, und zweitens durch die
Legierung von Pt mit Pd reduziert. Diese Ansdtze ermoglichten die Erhohung der
elektrokatalytischen Aktivitdt auf 932 A/gp; (in 0,5 M H2SO4) bei einem extrem niedrigen Pt-
Gehalt von 10 at.% sowie die Erhohung der elektrochemischen Oberfliche (ECSA) auf 1358 m?/g.
Diese Ergebnisse liegen am oberen Ende dessen, was bisher verdffentlicht wurde und wurden durch
die enorm hohere Oberflache im Kontakt mit dem Elektrolyten (Nanotube-Morphologie) und den
Ligandeneffekt (Legierung von Pt mit Pd) erreicht. Die Ergebnisse Konnten durch DFT-
Berechnungen erklart werden, die zeigen, dass CO bevorzugt an Pd adsorbiert und somit die

aktiven Pt-Stellen frei von Vergiftungsspezies gehalten werden.

Die Wasserstoffproduktion durch Wasserelektrolyse mit Wind- und Sonnenenergie ist ein
vielversprechender Weg zur Energiespeicherung aus erneuerbaren Energien. Wasserstoff wird
iiber HER aus wissrigen Elektrolyten hergestellt, in denen Edelmetall-Elektrokatalysatoren, unter
denen Pt prominent vertreten ist, eine Schliisselrolle spielen. In dieser Arbeit werden Pt- und Pd-
Nanostrukturen, monolithisch und auf Au-NRs gestiitzt, entweder durch galvanische Abscheidung
oder Magnetron-Sputtern verarbeitet und hinsichtlich ihrer elektrokatalytischen Aktivitdt
verglichen. Wihrend die galvanisch abgeschiedenen und gesputterten monolithischen sowie
geschichteten Nanostrukturen nur eine méBige Aktivitit gegeniiber HER zeigen, zeichnen sich
gesputterte Pt und Pd auf Au-NRs durch eine wesentlich hohere Aktivitét aus. Dies erklart sich
durch die Bildung von fein verteilten Pt(Pd)-NPs auf der gesamten Oberfliche der Au-NRs,
wodurch der Bereich fiir die Grenzflaichenwechselwirkung zwischen Pt(Pd) und Au maximiert
wird. Uberraschenderweise iibertrifft gesputtertes Pd auf Au-NRs nachweislich das gesputterte Pt
auf Au-NRs (Pt ist bekanntlich der beste Katalysator fiir HER). Bei dhnlichen Nanostrukturen

Vi



betriigt die in 0,5 M H2SO4 gemessene gravimetrische Stromdichte 313 mA/mg.cm? bei -0,1 V fiir
Pt gegeniiber 480 mA/mg.cm? fiir Pd. Die Leistung konnte noch weiter gesteigert werden, wenn
langere Au-NRs als Trager fiir Pd gewéhlt worden wére. Die Mechanismen der HER werden
anhand von Tafel-Plots und Tafel-Steigungen diskutiert. Die gesputterte Pd/Au-Nanostruktur ist
durch die geringste Tafel-Flanke gekennzeichnet, was auf einen schnellen Volmer-
Entladungsschritt hindeutet, gefolgt von einem Heyrovsky-Rekombinationsmechanismus. DFT-
Berechnungen zeigen, dass die elektronischen Wechselwirkungen an Pd/Au-Grenzflichen im
Gegensatz zu Au/Pt zu gleichméBigeren Wasserstoff-Adsorptionsenergien an allen betrachteten
Stellen fiihren. Dies soll die barrierefreie Wasserstoft-Diffusion und Rekombination an Au/Pd-
Oberflachen fordern und die hohere Aktivitit gesputterter Pd/Au-Nanostrukturen erkldren. Unter
Verwendung der berechneten Wasserstoff-Adsorptionsenergien und der aus den linearen Sweep-
Voltammogrammen aller untersuchten Nanostrukturen erhaltenen Austauschstromdichten wird ein

Vulkan-Plot vorgeschlagen.
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1 Introduction

1 Introduction

Nanomaterials form the basis of nanotechnology and exhibit key properties that are significantly
different from those on the macroscopic scale, leading to the development of nanoscience in
physics, chemistry, and biology. Nanomaterials demonstrate several applications in wide areas,
such as energy, electronics, and medicine [1,2]. Among all nanomaterials, noble-metal
nanomaterials exhibit unique properties and high stability, making them more attractive for
applications [3-6]. Moreover, noble-metal nanomaterials demonstrate the best electrocatalytic
performance for the oxidation of fuels and the production of clean energy. This electrocatalytic
activity of noble metals can be exploited in energy-conversion devices such as fuel cells, which
convert chemical energy into electric energy, with no pollution, and exhibit efficiency greater than

that exhibited by classical energy production [6-9].

Fuel cells, especially proton-exchange membrane (PEM) fuel cells, are thought to be an
effective solution for preventing greenhouse gases, where hydrogen fed from a hydrogen source
(pure Hz or a hydrogen-containing solution) is oxidized at one electrode, and oxygen from air is
reduced at the other electrode [10]. This oxidation/reduction process is accompanied by charge
transfer and subsequently current density arises. Recent studies revealed that in terms of the activity
of active-metal electrocatalysts, noble metals are on the top of the volcano-like diagram; in
particular, platinum is the most active metal [11], but it is also one of the most expensive, rare
electrocatalysts, which limits its use in fuel cells for large-scale applications; hence, there is an
increased research interest toward the minimization of fuel cell costs [12-14]. Researchers
worldwide are suggesting several solutions to minimize the loading of noble metals and preserve

the same activity as that of platinum.

Hydrogen is mainly produced from fossil fuels, natural gas, or hydrocarbons (such as
gasoline, methanol, etc.); these production methods afford low-purity hydrogen with a high
concentration of impurities (e.g., CO, CO», etc.) and require additional purification [15,16]. The
use of fossil fuels as a source for hydrogen production limits the advantages of hydrogen as a green
energy source, which depends on hydrogen production methods. Electrolysis of water is a green
route for hydrogen production via the hydrogen evolution reaction (HER); it is a highly attractive
method, which can serve as a powerful technique for energy storage that is clean and sustainable,

as well as permit use in even remote and desertic regions.
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Electrocatalytic properties of nanomaterials are considerably affected by their size, shape,
dimension, and composition [17]. The size of nanomaterials can vary from a few nanometers to
hundreds of nanometers, and, as the electrocatalytic activity of nanomaterials is related to the
nanomaterial surface, a small size leads to the increased surface per mass of the nanomaterial. In
addition, the shape of the nanomaterials plays a prominent role in their activity. The use of
nanotubes instead of nanorods can double the active surface of the electrocatalysts [18]. The use of
porous structures also leads to the considerable improvement in the electrocatalytic properties [19].
Nanomaterials can be classified as 0D (i.e., nanospheres, nanocubes, nanostars), 1D (i.e.,
nanotubes, nanowires, nanorods), and 2D (i.e., thin layers) materials. The ability of 1D
nanostructures to grow in an anisotropic manner permits the exposition of low index planes (such
as 111 and 100 planes), thereby strengthening their activity. Hence, 1D nanostructures are more
advantageous than 0D materials, as the cathode and anode in PEMs [20]. The nanostructure
composition (i.e., alloys, core—shell structure, layered structures) is another key factor. The ligand
effect arises in case of multimetallic nanostructures, which changes the electronic environment of

the active materials and decreases the loading of expensive materials.

Nanomaterials can be prepared by two approaches: Top-down (lithography) and bottom-up
(electrodeposition, physical vapor deposition (PVD), chemical vapor deposition, sol-gel,
sonochemistry). The top-down approach involves reduction by the successive cutting of a
macroscale material to achieve a nanoscale material [21]. The bottom-up approach involves the
synthesis of nanomaterials via the stacking of atoms over each other (atom by atom) [21]; this
approach is more advantageous than the former one due to its flexibility in controlling the size and
shape of nanomaterials. In this thesis, the nanostructures were synthesized by three bottom-up

methods: sonochemistry, electrodeposition and magnetron sputtering.

Sonochemistry has been employed in the past and continues to be of immense interest for
the processing of nanoparticles of different materials, which occurs in aqueous solutions containing
an ionic species, a surfactant, and an alcohol (to facilitate the reduction of noble-metal ions) by
using high-power ultrasonic sources [22]. During sonochemistry, the reduction of nanoparticles
occurs via the development of cavitation bubbles in a solution subjected to ultrasonic waves, where
high pressure and temperature in this cavitation bubble afford the best conditions for reactions to
occur via the use of radicals to reduce metal precursors to nanoparticles. Sonochemistry was well

investigated in the past; its general mechanisms are well known and described previously [22].
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Another cost-effective method is the direct deposition of nanomaterials in solid templates.
The dimension, shape, and homogeneity of the nanostructure are controlled by the template. In this
work, anodic aluminum oxide (AAO) template thin films were used to grow noble metal nanorods
(NRs), layered NRs and nanotubes from aqueous electrolytes. As the electrochemical deposition
of nanomaterials into AAO templates was reported in several previous studies [18,23], extension
of the method to nanoalloys and porous nanotubes thereof was attempted and successfully achieved
from appropriate mixtures of the metal precursors, and a set of suitable deposition parameters. The
AAO template manufacturing steps on a substrate (such as glass/silicon) involve the PVD of
heterostructures (adhesion layers and an Al layer), followed by Al-layer anodization, pore

widening, and barrier layer removal [23-25].

The combination of electrodeposition and PVD was employed to synthesize NR supports
for nanocatalysts. Subsequently, the NR supports were introduced into a sputtering chamber, where
small quantities of target materials (nanocatalysts) were magnetron-sputtered under argon.
Magnetron sputtering led to nanoparticle formation and their distribution on top and lateral surfaces

of the NR support, thus maximizing the interfacial contact between the support and nanocatalyst.

Nanostructures are characterized by several techniques, including scanning electron
microscopy, X-ray diffraction, and energy-dispersion spectroscopy. Electrochemical

characterization includes cyclic voltammetry and polarization.

For the in-depth understanding of the electrocatalytic behavior resulting from different
nanostructures, the electronic structure of key contributors in the electrocatalytic process should be
investigated theoretically. The electronic structure is determined from the resolution of Schrodinger
equations for the system (involving interactions between every electron and nuclei in the system)
called several body systems. Density functional theory is a powerful tool for reducing the
Schrodinger equation problem from a large number of variables to one variable, i.e., density. DFT
provides insights into different interactions in materials, particularly charge distribution in systems,
and the interaction between materials and the adsorbate, which could be poisoning intermediates
(CO) or the active molecule (H). The examination and comparison of changes in the interaction
between molecule and materials provide ground explanations for the modification of the

electrocatalytic behavior.

The present work is divided into the following chapters:
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Chapter 1: Introduction to the basics of electrocatalysts and the general concept of fuel cells.
Chapter 2: Presentation of the nanomaterial synthesis methods, i.e., sonochemistry, AAO
template preparation, and nanostructure electrodeposition into AAO templates. A brief
presentation of different characterization methods.

Chapter 3: General concept of density functional theory calculation.

Chapter 4: “Noble metal NPs and nanoalloys by sonochemistry directly processed on
nanocarbon and TiN substrates from aqueous solutions.”

A. Laghrissi, C.-H. Solterbeck, D. Schopf and M. Es-Souni

Ultrasonics - Sonochemistry, 2018, 51, 138-144, DOI 10.1016/j.ultsonch.2018.10.034
Chapter 5: “Layered Au-Pd-Au nanorod catalysts: Pd-layer thickness effects on catalyst
performance.”

A. Laghrissi and M. Es-Souni

International Journal of Hydrogen Energy, 2019, 44, 14918-14926, DOI
10.1016/j.ijhydene.2019.04.105

Chapter 6: “Porous PtPd alloy nanotubes. Towards high performance electrocatalysts with
low Pt-loading.”

A. Laghrissi and M. Es-Souni

Catalysis Science & Technology, 2019, 9, 4355, DOI: 10.1039/c9cy01145e

Chapter 7: “Au-Nanorods supporting Pd and Pt nanocatalysts for the hydrogen evolution
reaction: Pd is revealed a better catalyst than Pt.”

A. Laghrissi and M. Es-Souni
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2 Electrocatalysis

2.1 Introduction

Many chemical reactions, even the thermodynamically favorable ones, do not occur at a significant
rate on their own. For such a reaction to be beneficial a catalyst is often required, which changes
the rate of chemical reactions typically by several orders of magnitude. By definition, a catalyst is
a chemical element that is added to speed up a chemical reaction without any chemical change in
the catalyst [1]. Catalysis is key to the industrial growth of different chemical technologies (e.g.,
fuel cells catalysts, pollutant reduction, water splitting, organic synthesis etc.) [2]. Chemical
reactions always occur with no catalyst modification or with no significant change. Generally,
catalysis reactions are categorized as heterogeneous and homogeneous reactions. In homogeneous
catalysis, the catalyst (i.e., acid, base, ions) added into the reaction is in the same phase as that of
the reaction components (i.e., gas or single-phase liquid). In contrast, in heterogeneous catalysis,
the catalyst is in a phase different from that of the reaction component; a typical example is the

addition of a solid catalyst to a liquid or gaseous reactant.

In the following, emphasis will be placed on heterogeneous catalysis as the main subject of this
thesis. A majority of heterogeneous catalysis reactions occur following the same process detailed

below [3]:

e Reactants are adsorbed on active sites on the catalyst surface.
e Interactions between the active sites and reactants occur, whereby intramolecular bonds are
broken and weakened, affording more reactive species.

e The targeted reaction occurs, and the products are desorbed.

A suitable catalyst should adsorb the reactant sufficiently strongly for a reaction to occur, but
not all too strong for the product to stick on the catalyst surface. During a heterogeneously-
catalyzed reaction, the catalyst is not consumed, but it can be destroyed or deactivated by secondary
molecules, mostly intermediate products. Electrochemical catalysis (electrocatalysis) is a particular
form of heterogeneously catalyzed reactions. In an electrochemical cell comprising electrodes and
an electrolyte the reaction occurs at the electrolyte—electrode (catalyst) interface involving charge

transfer in a Redox system (oxidation/reduction).
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Electrochemistry covers all technologies involving chemistry and electrical charges, e.g.,
corrosion, batteries, electrodeposition, and electrocatalysis [4]. The selection of an electrochemical
electrode is specific to the desired application of the reaction; in particular, when one of the
electrodes is selected as a heterogeneous catalyst, the application is referred to as electrocatalysis,
which involves assisting and accelerating a reaction or enhancing the current density at the
electrocatalyst active sites. Figure 2.1 shows the schematic of an electrocatalytic system.
Electrocatalytic reactions comprise three main steps; first, the reactant is dissolved and adsorbed
on the catalyst surface; second, charges are transferred to help in the reaction of the adsorbed

elements; finally, the desorption of products occurs.

Figure 2.1. Electrocatalytic system comprising heterogeneous electrocatalysts and the reactant.

In heterogeneous catalysis, two main reaction mechanisms are proposed: Langmuir—
Hinshelwood and Eley—Rideal mechanisms; in the former mechanism, the species adsorbed on the
electrocatalyst surface react with each other [5], while in the latter mechanism, only one reactant
is adsorbed and the other reactant is directly sourced from the gas or liquid phase [6]. Figure 2.2
shows the schematic of the electrocatalytic process, which is related to the reaction activation
energy, in the presence of the electrocatalysts used to enhance the rate of a reaction (reaction
products) or the current density (released energy). Suitable electrocatalysts are those that require

low energy for the reactions to occur.
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Figure 2.2. Schematic of the electrocatalytic reaction pathway.

Heterogeneous electrocatalysts have widespread applications, including efficient energy
utilization, chemical energy conversion, and selective reaction pathway. However, challenging
questions still need to be resolved, e.g., the increase in the electrode working life as well as the
search for cost-effective electrocatalyst materials. Guo-Qiang Lu and Andrzej Wieckowski have

highlighted the essential applications of heterogeneous electrocatalysts (Figure 2.3) [7].

Heterogeneous Electrocatalysis
(Research and Products)

Electricity G it R h Chemicals
(fuel cells) -~ -
Palymer Electrolyte \ / \
Muﬂ?m;:::xns Alkaline Fuel Cells Electrocatalytic Bioelectrocatalysis
methanol, DMFC) Hydrogenation
lid oxi ic acid Water NEMC.._\
som:el :e!tljl‘iE fuel cells Electrolysis Catalysis
v
Electrochemical Chlorine
MU";I;IC;‘I)I:I‘MW Reduction of COy Production

Figure 2.3. Practical outcomes of heterogeneous electrocatalytic reactions. The significance of the
research in the categories of electricity generation and chemical production is highlighted [7].



2 Electrocatalysis

2.2 Electrocatalysts in Fuel cells

Although William Grove invented the first fuel cell in 1840, Christian Friedrich Schonbein
discovered the basic principles of fuel cells for the first time in 1839 when he demonstrated the
reverse electrolysis of hydrogen. However, the industrial-scale technological development of fuel
cells started 1 century later, when the space race between the U.S.A and U.S.S.R began in the
1960s. Currently, fuel cells are key in research and industrial fields. Fuel cells convert chemical
energy into electrical energy using fuel that can be produced from intermittent energy sources,
which can be subsequently stored in large quantities. The conversion efficiency into electrical
energy is a key parameter. This technology finds widespread applications (e.g., vehicles and power
generators)” [8-10], and it is an environment-friendly technology because no greenhouse gas
emissions that cause global warming are generated in the process. However, research is still
required with respect to the reduction of costs and increase in the working life. Based on the
materials used, working conditions, and the molecules used as fuel, different fuel cells exist, e.g.,
alkaline fuel cells (AFC), proton-exchange membrane fuel cells (PEMFC), and solid-oxide fuel
cells (SOFC) [11]. This thesis focuses on the direct formic acid fuel cells (DFAFC) and direct
methanol fuel cells (DMFC), which constitute a subcategory of PEMFC. Electrochemical reactions
(oxidation—reduction reactions) occurring in PEMFC enhance the charge transfer, with the help of
other parts of the cell, and the charges flow, affording current density. Figure 2.4a shows a PEMFC.
To produce energy, two gases are injected to the PEMFC: Hydrogen is injected to the anode for
oxidation, and oxygen is injected to the cathode, which undergoes reduction to water. Oxygen can
be replaced by air. The oxidation of hydrogen at the anode affords protons (H") and electrons (e7)
(eq. 2.1). The formed H" circulate in the electrolyte toward the cathode, and the e~ pass through an
external circuit to reach the cathode and produce a current. The oxygen at the cathode combines
with H+ and the electrons from the anode and are subsequently reduced to H>O (eq. 2.2). An

exothermic reaction occurs at the cathode, releasing heat that also can be used.

Anode reaction: H, —» 2H* + 2e~ 2.1
cathode reaction: O + 4H* + 4e~ — 2H,0 22
The resultant equation is as follows:
2H, + 0, —» 2H,0 + electricity + heat 2.3
PEMFC comprise several layers of materials, each of which plays a role in energy

production (Figure 2.4b) [11]:
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Figure 2.4. a) Working principle of PEMFC. b) Schematic of PEMFC elements.

Gas diffusion layers: permit the diffusion of gases up to the active layer; these layers are
composed of microporous materials, generally carbon fibers, and their thickness is between 100
and 500 pm. They are often subjected to hydrophobic treatment to manage the water inside the
fuel cell.

Catalyst layers: are located on each side of the membrane; an electrochemical reaction occurs
at these layers which contain the catalyst that improves the reaction kinetics. These layers must
exhibit three functions: they must exhibit good proton conductivity, permitting the transport of
protons between sites of electrochemical reactions and the membrane; they must exhibit
excellent electronic conductivity for the conduction of electrons to the external electric circuit;
and they must provide facile access to reactive gases, in addition to the possibility of evacuating
reaction products and inert gases (produced H>O, N> of air).

Membrane: is located in the center of the cell; it is an electrolyte composed of an ionic
conductive polymer. It is often perfluorosulfonic acid (PFSA) such as Nafion. These materials

must be electronic insulators and excellent proton conductors.
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2.2.1 Direct Formic Acid Fuel Cells (DFAFC)

DFAFC are a subcategory of PEMFC, where instead of using hydrogen, formic acid (FA) is used
as the fuel, which is directly fed to the anode. Formic acid at room temperature is liquid; thus, the
storage of FA is easier and safer than that of hydrogen. DFAFC convert HCOOH and O» to CO>
and H>O, respectively, and produce an electric current. FA electrooxidation occurs at the anodic
catalyst layer of the fuel cell, and the reaction at the anode (eq. 2.4) produces CO,, H", and e™. In
PEMFC, H" move toward the cathode passing through the membrane and combine with oxygen at
the cathode to form H>O (eq. 2.5), while the electrons pass through an external circuit toward the

cathode, affording the desired electric current.

Anode: HCOOH — CO, + 2H* + 2e~ 2.4
Cathode: 20, + 2H* + 2e™ — H,0 2.5
Overall reaction: 2HCOOH + 0, = 2C0, + 2H,0 2.6

The oxidation of HCOOH to CO:» at the electrocatalyst anode (eq. 2.6) occurs via different
mechanistic pathways (Figure 2.5):

HCOO

formate
pathv% N no CO formation
e direct €

HCOOH PSS, 005

2H*
-H,O -2¢
pathway o oH
-2¢

C
2H*
-2¢”

CO formation

-H,0 +H,0
2HCOOH—> CO0, + CO—> 2CO,
dimer 2H*
pathway -2¢”

Figure 2.5. HCOOH electrooxidation mechanisms along different pathways [12].

e [ndirect pathway: proceeds by the dehydration of HCOOH and the formation of CO molecules
as the intermediate species (called poisoning intermediates) [12].

e Direct pathway: proceeds by the dehydrogenation of HCOOH to directly form CO2[12] without
the formation of poisoning species.

e Formate pathway: starts with an O—H bond-breaking reaction to form an HCOO™ intermediate,

followed by the oxidation of HCOOH™ to CO> [12].
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e Dimer pathway: proceeds with the simultaneous formation of CO; and CO intermediates during

the oxidation of HCOOH [12].

2.2.2 Direct Methanol Fuel Cell (DMFC)

DMEFC is another subcategory of PEMFC. Due to the facile storage safety of methanol compared
with that of hydrogen, as well as its high energy density, methanol (CH3OH) is considered to be an
alternative fuel. Methanol can be completely electrooxidized to CO> at low temperatures with a
sufficient energy density. Methanol can be used in a fuel cell (or DMFC) or after reformation as a
hydrogen source to PEMFC. The electrooxidation of methanol to CO; involves the transfer of six
electrons. There are two acceptable pathways for the electrooxidation of CH3OH: the direct
pathway with no CO formation and the indirect pathway involving the formation of poisoning

intermediate CO.

+OH -H Hcoo,,

% HCOOH, ™ co0p..
&
)
co

CH,OH —3m» CHO,,
>
%
8, -H
2 I CO,4

Figure 2.6. Direct and indirect pathways of CH3OH oxidation [13].

2

The frame reactions in DMFC are as follows:

Anode: CH;0H + H,0 —» CO, + 6H* + 6e~ 2.7
Cathode: 20, + 6H* + 6~ — 3H,0 2.8
Overall reaction: CH;0H +§02 - C0, + 2H,0 2.9

2.2.3. Hydrogen Evolution Reaction (HER)

HER is a complex electrochemical interfacial process between the electrocatalyst and electrolyte
(e.g., water, acid, base, etc.) that follows specific mechanisms depending on the pH, electrocatalyst,
and applied voltage. The HER mechanism involves three steps (Figure 2.7) [14-17]. The first step
involves the electrochemical adsorption of hydrogen (eq. 2.10), followed by desorption. The second
step involves desorption, which can occur between the adsorbed hydrogen ions forming H> (Tafel
reaction, eq. 2.11) or between one adsorbed hydrogen and one free hydrogen ion (Hyrovsky

reaction, eq. 2.12).
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Volmer reaction: H;0* + M + e~ - MH 4 + H,0 2.10
Tafel reaction: 2MH ;5 — Hyp + 2M 2.11
Heyrovsky reaction: MH,;5 + H;0Y + e~ - Hyy + M + H,0 2.12
HZ
[N Tafel step
:’ " Hads+ Hads 9 HZ
u.) J J Hads
Volmer step

H* H*+e > H, 46
Cathode

[ 1) J Hads
-~
3 Heyrovsky step
Cathode Hads“_j oo H*+ Hads te D Hz

Cathode

H* HZ
OR o %°

Figure 2.7. Schematic illustration represents the possible paths for HER [17].

2.3 Overview of electrocatalytic properties of nanoscale materials

Nanoscience is the field of study of nanoscale materials and exploitation of small-sized materials
(from angstroms to hundreds of nanometers). Nanoscale materials (or nanomaterials) can exhibit
different shapes (such as nanospheres, nanotubes, nanowires, nanorods). For current and future
science, as well as technological applications, nanomaterials are of immense interest and increasing
importance. They exhibit peculiar electrical, mechanical, optical, and magnetic properties that
differ from those of bulk materials, and make them irreplaceable for novel applications. Significant
potential has been invested in nanomaterials research to examine additional applications and shape
a new technological future of electronics, biology, medical treatment, optics, energy conversion,
and storage [18-22]. For fuel cell applications, nanomaterials have demonstrated efficiency due to
their increased activity together with decreased electrocatalyst loading. As catalytic reactions occur
on the catalyst surface, which is obviously huge for nanomaterials, the electrocatalytic activity may
be orders of magnitude higher than corresponding bulk materials [22,23]. Besides, the designing
of shape and composition can lead to drastic improvement of the electrocatalytic activity [24-26].

In the following, known electrocatalysts are discussed.
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2.3.1 Platinum group metals nanomaterials

Platinum group metals (PGM) include platinum, palladium, ruthenium, rhodium, rhenium,
osmium, and iridium. These elements exhibit specific properties such as excellent corrosion
resistance and a high melting point; hence, they have demonstrated to be suitable catalysts. This
group of metals includes rare and precious metals. PGM are often found as alloys in nature,
indicating that the production and purification of these elements are expensive. Currently, PGM
are mainly used in electrocatalytic applications; this is a limiting factor for fuel cell production

industries. Figure 2.8 shows the activities of different metals compared to PGM.

Several studies have demonstrated that the use of multi-catalytic materials as a mixture of
PGM and other materials can accelerate the kinetics of oxidation/reduction reactions. Previously,
platinum black was predominantly used as the catalyst in large quantities to obtain suitable
performance; however, high catalyst loading leads to high costs. The first technological solution
involved the use of carbon-supported platinum nanoparticles, leading to the significant reduction
in the platinum loading. In the past decades, several studies have been conducted on multi-metal
catalysts based on Pt and transition metals or PtM (M = Fe, Co, Pd), which afforded key results in

terms of performance compared to pure platinum [27].

For the large-scale development of the fuel cell market, it is crucial to either reduce the
amount of platinum in the catalyst or even eliminate it completely. Various solutions have been
proposed to reduce platinum in fuel cells. However, studies revealed that among pure metals,
platinum exhibits the best performance; hence, additional research has been focused on its partial

replacement.
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Figure 2.8. Volcano-type correlation of the catalytic activities of different metals to the Me—-H

binding energy [28].
2.3.2 Core—shell structures and alloy structures

The electrocatalyst surface is used for electrochemical reactions in FC, while the particle core only
supports this surface or drives the electrons. Core—shell structures demonstrate a solution of
changing the nanoparticle core with inexpensive metals while maintaining the nanoparticle surface
comprising highly active metals such as platinum. A majority of core—shell nanoparticles have been
synthesized with platinum and transition metals as the shell and core, respectively: Such structures
exhibit high electrocatalytic activity with a significant decrease in the amount of precious metals

used.

On the other hand, bimetallic and trimetallic Pt-based alloys are attracting significant
research interest. The electronic states per atom in the 5d band of a platinum alloy are greater than
those in the 5d band of pure platinum. This evolution of the electronic structure undoubtedly affects
the catalytic mechanisms for the transfer of electrons to the aggregate—electrolyte interface.

Currently, the electrocatalysts of platinum alloyed with ruthenium represent good materials.

Here, some examples of core—shell and alloy structures are as follows:
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e Pt@Pd: Choi et al. [24] have reported enhanced catalytic activity by using Pd as the core,
related to the electronic modification of the Pt catalyst when it is in contact with other noble
metals (Figure 2.9a).

e Pt@M, M = Fe, Co, and Ni: Kuttiyiel et al. [25] have examined the use of non-precious
metal nitrides and Pt as the core and shell, respectively, for oxygen reduction reactions
(ORR). Their study demonstrated that the metal nitride core changes the electronic structure
of the Pt catalyst (Figure 2.9b). In addition, the metal nitride apparently increases the
stability of the core—shell structure.

e Pt:M, M =Ti, YV, Fe, Co, and Ni: Stamenkovic et al. [27] have revealed that alloying
transition metals with Pt changes the electronic structure of the alloy and improves the

electrocatalytic activity toward ORR (Figure 2.9¢).

a) - g; 0.4
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S 03
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g 02
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Figure 2.9. a) Mass and specific activities of PtCoN/C, PtFeN/C, and PtNiN/C as well as
commercial Pt/C [24]. b) Specific activity comparison of Pt/C and Pt/Pd/C [25]. ¢) Specific
activities of Pt and Pt3M electrodes expressed as the kinetic current density for ORR at 0.9 V (0.1
M HCIOq4, 333 K) [26].

17



2 Electrocatalysis

One-dimensional (1D) nanostructures such as nanorods, nanowires, and nanotubes exhibit

promising activity and durability as electrocatalysts for applications in PEM fuel cells. Lu et al.

summarized the properties of 1D electrocatalysts and their advantages over 0D electrocatalysts.

Some examples of 1D structures are as follows:

Ni@Pt core—shell nanotube [29]: The as-synthesized porous Ni@Pt core—shell nanotube
exhibited high electrocatalytic properties with a low Pt loading. In 0.5 M H,SO4 + 0.5 M
CH30H, the current density was 1.5 mA/cm? for Ni@Pt (Pt loading of 33.4 pg/cm?), while
it was ~0.7 mA/cm? for Pt/C (Pt loading of 28 pg/cm?). Compared to Pt/C, Ni@Pt NTs
exhibited enhanced activity for the methanol electrooxidation (Figure 2.10a).

Pd-Pt alloys nanowires: Rana et al. [30] reported that Pd73-Pt27 nanowires exhibit activity
10 times greater than that of commercial Pt/C for the methanol oxidation. Such high activity
might correspond to the ligand effects between Pt and Pd. The stability study revealed that
after 1000 cycles, ~100 mA/mgPt is lost from Pd73Ptz7, but it is still considerably greater
than Pt/C. After 1000 cycles, the activity of the PdPt nanowires maintained stability for up
to 4000 cycles, while Pt/C activity kept decreasing (Figure 2.10b).

Pt,Pd nanotubes and nanorods: Previously, Dar et al. [31] reported on Pt
nanotubes/nanorods for methanol electrooxidation: The nanotubes exhibited an extremely
high electrochemical surface area and an enhanced electrocatalytic activity. Pt NTs
exhibited a current density of 128 mA/mg, while Pt nanorods exhibited a current density
four times less than this value. The same research group reported a current density of

300 mA/mg for Pd nanotubes for the oxidation of formic acid.
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Figure 2.10. a) Cyclic Voltammetry and chronoamperometry of Ni@Pt core-shell nanotube
compared to Pt/C [29]. b) Pd73Pt27 stability over cycles compared to Pt/C [30].
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3.1 Sonochemistry
3.1.1 General Concept of Sonochemistry

Ultrasound is defined as acoustic waves with frequencies in the complete range of 16 kHz to 10
MHz. The ultrasonic frequency range is divided into power ultrasound and high-frequency
ultrasound. Power ultrasound involves intensive waves with a low frequency (16—1000 kHz). In
this frequency range, the medium is modified due to cavitation. Modification can be physical (e.g.,
degassing, stripping, etc.) or chemical (change in reactions mechanisms, production of free
radicals). The popular example of power ultrasound applications involves ultrasonic cleaners that
operate at less than 50 kHz. Generally, in Sonochemistry it is unusual to utilize higher frequencies
up to megahertz. Effects of ultrasound on the medium are related to cavitation. Cavitation activity
permits the transformation of low-energy density of an acoustic field into high-energy density in
the vicinity of implosion bubbles [1-4].

Sonochemistry involves the use of ultrasound to produce intermediate reactive species and
accelerate or change the reaction mechanism to obtain products different from those obtained under
typical reaction conditions. The conversion of several chemical reactions as well as to improve the
physical process through cavitation effects, when a system is supplied with sufficient energy
capable of overcoming the cohesive forces of a liquid, where the pressure of the liquid becomes
less than its vapor pressure, cavitation occurs, and then bubbles containing gas and vapor of the
liquid appear. The change in the necessary forces that leads to bubble formation is related to the
properties and purity of the liquid. Four types of cavitation exist: thermal, optical, hydrodynamic,
and acoustic cavitation. When the pressure inside the bubble is greater than the gas pressure, the
bubble surface increases, and the difference in the concentration between the bubble (low
concentration) and liquid (high concentration) forms a driving force for the transfer of matter
toward the inside the bubble: liquid—vapor and dissolved gas diffuse into the bubble. Thus, the
bubble size and transfer surface are larger during the relaxation phase than during the compression
phase. Therefore, the amount of material contained in the bubble increases with time [1-4].
Cavitation bubbles overgrow and then collapse, and their lifetime does not exceed a few cycles of

compression and refraction (Figure 3.1).

21



3 Synthesis and characterization of nanoscale materials

se +|A
=3
LY %ﬂvﬂﬁ%ﬂﬁw
og
o
= 150 B
5 implosion
@ 400
= :i‘ﬂ“.
'E shockwave
&  50-
] rapid
E o} _formatian hot spot  guenching
] 100 200 300 400 500

tima (jus)
Figure 3.1. Schematic representation of cavitation bubble formation, growth, and subsequent

collapse over several acoustic cycles [4].

Sonochemistry occurs during the final bubble growth and collapse. The cavitation bubble
oscillates in an ultrasonic field and reaches high pressure and high temperature. During the growth
of the cavitation bubble, matter is transferred between the liquid zones toward the inside of the
bubble [4]. Dissolved gases from the medium and vapor diffuse in the bubble according to Henry’s
law. By definition, Henry’s law states that at constant temperature, the amount of dissolved gas in
a liquid is proportional to the pressure applied from the gas to the liquid [5]. High temperature and
high pressure are ideal conditions for radical formation. In an aqueous solution, liquid vapor within

the cavitation bubble is dissociated into various products, referred to as water sonolysis.
Henry’s law: C, = p.H , where C; is the maximum gas pressure, p is the partial pressure, and H is

the Henry constant.

3.1.2 Sonochemical Synthesis of Nanoparticles

The cavitation bubble accumulates ultrasonic energy until it reaches a specific size (tens of
micrometers), loses its ability to absorb additional energy and collapses. Bubble collapse occurs in
a short time and is assumed to be adiabatic. At this stage, the bubble accumulates energy in a
localized spot fast, leading to high pressure and temperature at this spot; this spot is called a hot
spot (Figure 3.2). Cooling and heating rates are incredibly high at the hot spot, leading to primary
sonochemistry. Reactions occur inside the bubble, affording crystallite nanomaterials [4]. Besides,
the thin liquid layer surrounding the bubble is exposed to low pressure and temperature, which aid
in the reaction of the non-volatile precursor and production of amorphous or crystalline

nanomaterials, referred to as secondary Sonochemistry [4].

22



3 Synthesis and characterization of nanoscale materials

Primary Sonochemistry Secondary Sonochemistry
Reactions occur inside Radicals diffuse into

bbb P

P ap liguid phase and react.

R* + readants

l

products

hot spot inside
collapsing bubble

Figure 3.2. The hot-spot inside the collapsing bubble and different Sonochemistry processes [4].

Sonochemistry has been widely used for the synthesis of nanomaterials starting either from
volatile or non-volatile precursors. Noble-metal nanostructures are typically prepared from non-
volatile precursors dissolved in a volatile solvent (water) [4]. During this process, the sonolysis of
the solvent vapor affords reductants that can surpass the use of external reducing agents. Water
sonolysis generates highly reactive OH" and H°, which are responsible for redox chemistry.
Furthermore, these reactive radicals can react with organic additives in the solution, generating

secondary radicals R". The process can be summarized by the following equations:

H,0 - H*+ OH°® 3.1
H"+H* - H, 3.2
H*+ OH® - H,0 33
OH®* + OH* - H,0, 3.4
RH (volatile — vapour) - R* + H® 3.5
RH + OH® - R* + H,0 3.6
RH+H* - R"+H, 3.7
M™ +nR* > M° 3.8
M™ +nH* > M° 3.9
mM° - M,, 3.10

Sonochemistry exhibits several advantages for the synthesis of metallic nanomaterials. The
use of a chemical reducing agent is not required. The radicals produced during sonochemical
irradiation serve as reducing agents. Due to the high temperature and pressure in the hot spots,
reaction rates are sufficiently high for small nanoparticles to be formed [4]. The following noble-

metal nanoparticles are synthesized by sonochemistry:
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e Au Nanoparticles:

Kanji et al. [6] reported the sonochemical synthesis of gold nanoparticles from an aqueous
solution containing 1-propanol. Their results showed correlation between the Au(III) reduction rate
and ultrasound frequency (Figure 3.3a). Thus, the size and distribution of nanoparticles also depend
on the ultrasound frequency. Furthermore, nucleation and growth processes were governed by
chemical effects of cavitation and not the accompanying physical effects. The sonochemical

reduction of Au(IIl) in the presence of organics proceeds as follows:

H,0 - OH* +H°® 3.11
RH + OH* - R* + H,0 3.12
RH+H* - R"+H, 3.13
RH — pyrolysis radicals and unstable products 3.14
Au(Ill) + reducing species(H ¢,R ¢, etc.) — Au(0) 3.15

e Pt Nanoparticles:

Mizukoshi et al. [7] prepared Pt nanoparticles from an aqueous solution in the presence of a
surfactant by using high-intensity ultrasound (Figure 3.3b). The presence of a surfactant allows for
the high stability of nanoparticles as it permits homogeneity in their shape and size. During Pt(II)
sonochemical reduction, three reducing species were proposed: Hydrogen atoms; radicals from the
thermal decomposition of the surfactant at the interface between the cavitation bubble and bulk

solution; and radicals formed via OH" or H" with the surfactant.
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Figure 3.3. a) Au(Ill) reduction rate as a function of the ultrasound frequency. TEM micrograph
of Au nanoparticles synthesized after 120 min irradiation with 213 kHz ultrasound. Histogram
showing the size distribution of Au nanoparticles [6]. b) TEM photographs of platinum

nanoparticles prepared by the sonochemical method [7].

3.2 AAO templates
3.2.1 Physical Vapor Deposition

Physical vapor deposition (PVD) is a coating process in which ions, atoms, or molecules are
deposited on a surface. The thickness of the as-produced layer may range from a few nanometers
to hundreds of micrometers. Deposition requires high vacuum conditions. Metallic vapor is derived

from a solid or liquid target by means of heat (evaporation), ionization (sputtering), or a

combination of both.
e Sputtering

Physical sputtering is based on the formation of a discharge between two electrodes. The target
is used as the cathode, while the substrate is used as the anode. DC voltage is applied between two

electrodes under inert gas, mostly argon. Electric discharge ionizes the argon gas atoms and forms
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plasma. Ar" ions are attracted to the target and acquire energy that they release once they come in
contact with the target. This released energy is transmitted to the target atoms that are sputtered
and then deposited on the substrate. To obtain materials with good crystallinity, not only high-
voltage sputtering but also substrate heating is required. To overcome this issue, magnets are placed
under the cathode, which trap electrons, hence move in a cycloidal trajectory and acquire high
energy. The plasma formed in the chamber is then confined and closer to the cathode [8-10]
(Figure 3.4), referred to as magnetron sputtering; it exhibits several advantages, such as a high
ionization efficiency leading to a high sputtering rate at low voltages [9]; low deposition

temperature; and ease of use with a large selection of target materials.

magnetic field lines

azimuthal, closed-drift current
|

magnets

Figure 3.4. a) Schematic of magnetron sputtering [11]. b) Diagram depicting the electron drift on
the top of the target [12].

e Evaporation

Electron-beam evaporation is a high-vacuum evaporation method in which the target material
is placed in a cooled crucible, where it is heated until it evaporates. The cathode filament is heated
by high voltage and generates high-energy electrons. The electron beam is deflected by a magnetic
field and is focused on a crucible [8]. The electrons cause the local melting of the material until its
evaporation due to low pressure. The evaporated material expands in the vacuum chamber and
coats everything in it. The deposition rate can be easily controlled via the control of the applied
power, and electron-beam evaporation can permit deposition at a rate as low as 1 nm/min to a few

micrometers per minute (Figure 3.5).
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Figure 3.5. Schematic of electron-beam vapor deposition.

3.2.2 AAO Template Preparation

In the presence of an acid and electricity, aluminum, as some other transition metals, can be
oxidized to Al>Os. The oxide layer formed during anodization, referred to as anodic aluminum
oxide (AAO), exhibits a porous morphology. Several parameters (electrolyte, temperature, voltage)
can change the aluminum pore characteristics such as density, diameter, interpore distance, and the
order [13-16]. During potentiostatic anodization, the current density behavior exhibits four phases
(Figure 3.6), corresponding to the growth of different Al,O3 layers and pore formation. In phase 1,
the current density sharply decreases due to the splitting of water and aluminum into ions (eq. 3.16-

3.18) [13,16].

H,0 - 2H* + 02~ 3.16
H,0 > HY + OH- 3.17
Al > AB* + 3™ 3.18

O, and OH™ drift toward the anode and react with aluminum, affording an oxide layer of Al>O3
(eq. 3.19); this leads to a low current density (as oxide is less conductive than the metal), followed
by the formation of pore pitches on cracks or weak spots. In phase 2, the oxide layer becomes

porous, and the current density increases, before it stabilizes at a high value; also, O>~ and OH~
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continue the drift toward the anode and release H*, which drift toward the cathode and dissolve

AlOs3 along the way (eq. 3.20) [13,16].
2Al + 3H,0 - Al,03 + 3H, 3.19
Al,05 + 6HT - 2A13* + 3H,0 3.20

Owing to the high H' concentration in the pore bottom, Al,O3 dissolution is more rapid in
the axial direction than in the radial direction, leading to vertical pore growth (Phase 3). For
aluminum foils, this phase 3 controls the pore length. Anodization stops when the necessary length

is acquired.

In this thesis, anodization is maintained on a thin aluminum layer deposited on
heterogeneous underlayers (silicon/Ti/Au/Ti/Al). When there is no more Al metal to be oxidized,
O, and OH™ keep drifting to the anode, reach the Au underlayer, and concentrate at the interface
between AlbO3 and Au (Phase 4). At this stage, water electrolysis transforms water into Oz and
H30" (eq. 3.21-3.22). H3O" drift toward the cathode, while O> forms a bubble between Au and
AlOs, and Al,O3 forms a barrier layer. Anodization is completed at this level, and anodized
aluminum is transferred to a pore-widening bath to open the pores and remove the barrier layer

[13,16]. At that point the immersion time should be sufficient to completely remove the barrier

layer.
60H™ — 0, + 2H,0 + 4e™ 3.21
6H,0 - 0, + 4H;0" + 4e~ 3.22

Figure 3.7. Top-view (a) and cross-section (b) of AAO.
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Figure 3.7 shows the top view and cross-section of AAO templates after anodization and
pore widening. Pore diameter, interpore distance, and pore order are controlled by different
anodization parameters (e.g., electrolyte, voltage, concentration, temperature). The pore widening
step is another parameter for controlling the diameter and interpore distance. Table 3.1 summarizes
some of the optimized combinations of different anodization parameters and pore diameters after

anodization in oxalic acid.

Table 3.1. Pores diameter and interpore distance range for different oxalic acid concentrations [ 14].

Concentration Voltage (V) Interpore Minimum Maximum

M) distance (nm) opening time opening time
(min)/diameter (min)/ diameter
(nm) (nm)

0.1 80 180 48/137 52/156

0.2 70 156 44/123 48/140

0.3 40 103 24/70 28/85

0.6 30 78 21/57 24/61

In this study, anodization was performed using a two-electrode setup, with aluminum and
Pt-foil as the anode and cathode, respectively, in 0.2 M oxalic acid under potentiostatic conditions
of 70 V using an electrochemical workstation (Keithley 2400 SM, Cleveland, OH, USA). Barrier

layers were removed in a 5 wt% phosphoric acid bath at 30 °C for 50 min.
3.2.3 Nanostructure Synthesis using AAO Templates

Chemical electrodeposition of materials from aqueous electrolytes on an AAO template is a cost-
effective method for producing 1D anisotropic ordered structures [15,17,18]. Electrodeposition
occurs on an AAO template where the nanopores are in contact with an electrical underlayer (gold)
and the electrolyte. The materials are deposited on the pores under potentiostatic conditions using
suitable electrolyte and voltage. Nucleation occurs at the bottom of the pores and, through

successive attachment of newly nucleated clusters, starts growing vertically.

Electrodeposition i-t curves recorded during potentiostatic electrodeposition provide
insights into the related electrodeposition mechanism. Figure 3.8c shows the current behavior.
Three important stages are observed in the i—t curve. First, the current increases to the maximum,
indicative of metal nuclei formation, followed by a small drop in the current density due to the

limited diffusion and growth. Then, the current starts to slowly increase due to the diffusion and
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kinetics of nucleation. In the last stage of electrodeposition, the current remains quasi-stable,

indicative of the predominance of kinetics control.

<)
-0.8

-1.0 4 -\
e SSCSEE e ae

-1.2 4

-1.4

Current (mA)

-1.6 4

-1.8

e B e e e e IS B e s e e
0 10 20 30 40 50 60 70 80 90 100 110

Time (s)

Figure 3.8. top view (a) and cross-section (b) of electrodeposited Pt-nanorods after dissolving the

AAO template. c) the recorded current-time curve of the potentiostatic electrodeposition.

Electrodeposition is performed in a three-electrode cell, where the applied voltage is related
to the Ag/AgCl electrode. Pt and AAO/Au were used as the counter and working electrodes,
respectively. Electrodeposition was controlled by a potentiostat (PRINCETON). Table 3.2
summarizes different parameters for metal electrodeposition. Figure 3.8a-b shows the SEM
micrographs of NRs after dissolving the AAO template in NaOH. SEM images reveal ordered self-

standing nanorods, with a homogenous nanorod length.

Table 3.2. Used conditions for Pt, Au, and Pd electrodeposition.

Electrolyte Concentration Voltage (V vs. Time/length
(mM) Ag/AgCl) (s/nm)
Pt-NRs H2PtCls 10 —0.1 100/70
Pd-NRs Cl4PdK> 10 —0.1 for 100s,0.3  150/60
Au-NRs HAuCly 8 0.1 1000/300

30



3 Synthesis and characterization of nanoscale materials

Sputtering
T/Au/Ti
on Si or Glass wafer

- E-beam
evaporation
i ||'l 500 nm Al
Anodization of
Al film
Porous Al203
Al,O,

Removal of template

I

Removal of
Barrier layer
Pore widening

Electrodeposition
of Au into Pores

—

Figure 3.9. Schematic representation of the complete process, from the making of the templates to

the nanorods electrodeposition.

3.3 Characterization methods
3.3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is crucial for nanomaterial characterization. Owing to its
high resolution, SEM provides good knowledge about the morphology, size, and shape of
nanostructures. SEM utilizes an accelerated electron beam, which interacts with the sample in terms
of collisions between electrons and atoms of the sample, leading to radiation emission (such as
secondary electrons, backscatter electrons, Auger electrons, X-rays) [19]. These emitted radiations
are detected by suitable detectors and image processing programs to construct an image of the

scanned area. The electron beam is directed onto the sample surface by an acceleration voltage,
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which controls the penetration depth of the sample. SEM operates in a high-vacuum medium for

ensuring that electrons reach the substrate without interference.

Secondary electrons (SE) are low-energy electrons that are ejected by an incident beam
from the valence or conduction band of atoms and are collected; these collected electrons provide
information about the sample topography [19]. When beam electrons exhibit high energy, they
penetrate the atoms, interact with core electrons, and are ejected as secondary electrons. The atom
needs to find its stability by electron transition to fill the secondary electrons band, leading to the
emission of X-ray radiation [19]. Every atom has its own characteristic X-rays; therefore, the
emitted X-rays provide information about the composition of the scanned sample (energy-
dispersive X-ray spectroscopy). Backscattered electrons (BSE) are incident accelerated electrons
that are elastically reflected or backscattered by the atom. These BSEs are sensitive to the atomic
number of the scanned sample as heavy atoms backscatter electrons more strongly than light atoms,
leading to a difference in the contrast between different areas of the sample (heavier atoms appear

brighter); this provides information about the sample composition [19].

In this thesis, structure morphologies were characterized by high-resolution SEM from
Zeiss (SEM Ultra Zeiss, Germany), equipped with energy-dispersive X-ray spectroscopy from
INCAx-act (Oxford Instruments, UK).

3.3.2 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a material characterization method based on matter—light
interaction by the diffraction of an incident X-ray by matter. It is a non-destructive method and
permits rapid analysis to identify unknown matter, determine its crystalline phase, lattice
parameters, and particle sizes. Diffraction only occurs if the incident X-ray wavelength is of the
same order of magnitude as that of the spacing between crystal planes (d-spacing). When the
material surface is examined by X-rays, the atom electronic cloud is shifted. This displacement
leads to the re-emission of an electromagnetic wave with the same frequency as that of the incident
X-ray (Rayleigh scattering). A regular array of atoms generates an array of scattered waves, which
interfere with each other, completely cancel each other in the most incidence direction (destructive
interference), and amplify each other in some specific incidence directions. By varying the
incidence angle of X-rays, only the direction that obeys Bragg’s law (eq. 3.23) exhibits constructive

interference. By recording the diffraction pattern depending on the diffraction angle, the structure
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of the analyzed crystal can be determined, as crystals always exhibit sharp distinct peaks unlike

amorphous materials, which do not exhibit distinct peaks [20,21].
2d,, sin6=nA 3.23

d is the spacing between the crystal planes, 0 is the incident angle, A is the X-ray wavelength.

In this thesis, all the nanostructures were characterized by XRD on an X’Pert PRO
diffractometer (PANalytical, Holland). The grazing incidence diffraction mode (6 = 1°) helps with
the analysis of thin materials via the minimization of the X-ray penetration depth and thus the

contribution of support substrates. The X-ray wavelength A is 1.5418 A.

3.3.3 Electrochemical Characterization

Applications of electrocatalysts as fuel-cell electrodes require electrochemical testing,
particularly cyclic voltammetry and chronoamperometry. The measurement setup comprises three
electrodes. Electrocatalysts, a Pt foil, and a hydrogen electrode serve as the working electrode,
counter electrode, and reference electrode, respectively. The reference electrode must be as close
as possible to the working electrode to avoid voltage drop. The used hydrogen reference electrode
(Hydroflex from Gaskatel) exhibits a pH-dependent potential difference to the standard hydrogen

electrode (SHE or NHE). This difference at room temperatures is expressed as follows:
Ecorrection = —(0.059-pH) V 3.24
e Cyclic Voltammetry

Electrochemical characterization of different reactions occurring on an electrocatalyst surface
can be performed via the study of the behavior of the measured current as a function of the applied
potential in an electrochemical cell, which is known as cyclic voltammetry. The potential is linearly
varied to the working electrode (electrocatalyst) relative to a reference electrode, and the charge
transfer between the working and counter electrodes is recorded using a potentiostat. The obtained
current—voltage plot is called voltammogram. CV is mostly employed for the examination of
oxidation/reduction events of a chemical substance on electrocatalysts, affording the exact potential
at which the reaction occurs. In addition, CV is a tool for the spectroscopy of other complicated

reactions such as adsorption/desorption and their involved reactions. Therefore, CV is a powerful
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tool for studying different reactions occurring on the electrocatalysts and understanding their
mechanisms. CV is a composition of two cycles of linear sweep voltammetry (LSV), where the
electrocatalyst potential is swept from a starting potential E; to an ending potential E.. Then, a
reversed LSV is swept back to the starting potential Ei. CV is controlled by a potentiostat with a

constant scan rate dE/dt.
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Figure 3.10. Cyclic voltammetry of Pd-NRs in 0.5 M H2SOs.

Figure 3.10 shows an exemplary CV of the Pd electrode in 0.5 M sulfuric acid. In forward-scan
LSV, the increase in the current is observed at 0.26 V, corresponding to the hydrogen desorption
due to one-electron transfer. As the potential is swept more positive, another peak in the current at
~0.88 V is observed due to the oxidation of Pd to PdO. In the backward scan (reverse LSV), the
reduction of PdO occurs at 0.6 V, followed by hydrogen adsorption.

e Chronoamperometry

Chronoamperometry involves the variation of current as a function of time.
Chronoamperometry is performed by maintaining the applied potential on the electrocatalysts and
measuring the anodic/cathodic current. Thus, the Faradic current (current generated from oxidation
and redaction) behavior is recorded as a function of time. For heterogeneous electrocatalysts,
chronoamperometry permits the study of an electrocatalytic process lifetime, namely, at a desired

potential, the lifetime during which electrocatalysts will stay active for the electrooxidation of a
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chemical substance before it loses its activity either by poisoning or becoming unstable

(dissolution)...
e Tafel plot

The Tafel plots show the dependence between the overpotential and current density. The Tafel
analysis leads to understanding of the mechanisms controlling HER by analyzing the Tafel slope
and exchange current density. Generally, the Butler—Volmer equation (eq. x3.25) describes the
current behavior as a function of the voltage of electrochemical redox reactions (cathodic and

anodic reactions) [22]:
Butler-Volmer: j = jo{exp(—afn) — exp((l - a)fn)} 3.25

A is the transfer coefficient, f = F / pr (F is the Faraday’s constant, R is the universal gas constant,

and T is the absolute temperature).

At a negative overpotential, the equation is simplified as follows:

J = Jjolexp(=afn)} 3.26
Then, the cathodic reaction can be expressed as follows:

n = = n(jo) — —n() 327
Moreover, as:

n=a—>blog(j) 3.28
b is the Tafel slope, and Jo is the exchange current density.

3.4 First Principal calculations

Density functional theory (DFT) is a quantum calculation method that is widely used to calculate
electronic structures of matter. DFT provides accurate, predictive results for physical and chemical
properties of matter [23,24]. The general concept of DFT is that the energy of a system can be

expressed as function of electron density; this concept was demonstrated to be accurate by Kohn
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and Sham [25,26]. The use of DFT can simplify the resolution of the Schrodinger equation of
interacting N bodies (N variables) to an equation that depends only on the electronic density. The
electronic density depends on three spatial coordinates. DFT provides a theoretical basis for the
band structure calculation of a system. Studies revealed that the electronic density of a system

permits the calculation of all its ground-state properties.

DFT requires some approximations to determine the energy of a system. Local density
approximation (LDA) is the simplest approximation, which considers the electrons as a local
homogeneous gas [25,26]. LDA is not applicable for a highly inhomogeneous system as it
overestimates binding energies inside molecules and underestimates lattice parameters of crystals.
To overcome limitations of the LDA approximation, gradient generalized approximation (GGA)
considers that the energy is a spatial gradient of the ground-state electron density or exchange
correlation energy instead of treating it as a homogenous function [25,26]. GGA corrects the
estimated binding energies in molecules obtained by LDA, leading to the high precision of system
energies. However, GGA exhibits some limitations for d and f orbitals electrons due to their high

correlation; also, it cannot describe long-range interactions such as van der Waals interactions.

In this thesis, the Quantum ESPRESSO package was used, which is an open-source package
based on DFT in the framework of GGA and projector-augmented wave potentials [27].
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Noble-metal nanoparticles are critical in many applications, including biotechnology and catalysis. Their
synthesis using cost-effective and sustainable methods is therefore the subject of intense research activities.
Moreover, processing of nanoalloys with controlled compositions is highly desirable as nanoalloys that
could exhibit superior properties than monolithic nanoparticles. In this paper, Au-nanoparticles (Au-NPs)
and nanoalloys were processed on nanocarbon and TiN substrates by sonochemistry without the use of
reducing agents. Further a simple laboratory cleaning ultrasonic device sufficed for the processing of NPs
directly from an aqueous precursor solution, with no requirement of a surfactant. The main results were as
follows: the successful deposition of Au-NPs, AuPd-NPs, and PtPd-NPs. Notably, the underlying
mechanisms for the formation of noble-metal NPs were suggested. In the absence of a substrate,
nanoparticles were not formed in solution, indicating that the substrate serves as a mediator for the reduction
of nanoparticles. This is possible if reducing radicals are formed on the substrate surface. The
electrocatalytic activity of AuPd-NPs for the oxidation of formic acid was examined (~4 mA-cm™
corresponding to 400 A/g for AuPd). The high current density is related to nanoparticle size and ligands
effects between Au and Pd.
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The sonochemical processing of nanomaterials in a solution is well established and has been advantageously
used for a variety of nanomaterials and morphologies thereof. In general, high energy and high frequency ul-
trasound is applied to a solution containing the ionic species of the elements to be reduced as well as a certain
amount of reducing chemicals. For further applications such as catalysis washing, filtering, dispersion and

::E? ::: 00 ;lli;)y mounting on or mixing in a substrate are necessary. A sonochemical processing of nanomaterials directly on a
Nenocarbon . substrate could make all these steps obsolete. Herein we show that noble metal and nanoalloy nanoparticles

(NPs) can directly be processed on nanocarbon and titanium nitride surfaces using a simple ultrasound la-
boratory cleaner in aqueous solutions that are free from any reducing chemicals. The process is demonstrated on
Au-NPs and nanoalloys of AuPd and PdPt which form a dense distribution on the substrate surface. To illustrate
the catalytic activity of the NPs, the electrocatalytic performance of one AuPd-nanoalloy is demonstrated. The
results are discussed in terms of reduction phenomena occurring at the interface between the ultrasonic cavi-
tation and the substrate. We think that these reduction phenomena are mediated by the formation of reducing
radicals at the substrate surface that are in turn driven by "OH radicals from water sonolysis. Electrochemical
current measurement at OV seem to support the existence of reducing currents during measurements under

Titanium nitride

chopped ultrasound in an aqueous solution of HAuCl, in comparison to measurements in water.

1. Introduction

It is of common knowledge that nanomaterials are of paramount
importance in many key applications, including catalysis, safety, sen-
sors and biomedical technology [1]. In particular, noble metal nano-
materials have been successfully used in biomedical sensing and cata-
lysis because of their stability in various media and eventually their
biocompatibility. For instance, and to cite only few applications, Au-
nanoparticles (NP) and nanorods (NR) are well established in biomo-
lecular sensing and the detection of trace molecules via surface en-
hanced spectroscopies [2,3], and Pt-NPs are very well known electro-
catalysts in fuel cell technology [4]. A myriad of processing techniques
can be used to process these nanomaterials, e.g via chemical reduction
in solution [5], using template approaches [3,6,7], electron beam li-
thography [8] and many more.

Among the methods cited above, sonochemistry is well established.
It has been used in the past and continues to be of high interest for the
processing of nanoparticles of different materials in a solution. For in-
stance, the review article by Xu et al. [9] describes the different

materials and morphologies that can be obtained by sonochemistry and
general mechanisms underlying reduction from solutions. More speci-
fically, and regarding the nanomaterials of interest to this paper, Au
and Pt NPs were processed in aqueous solutions containing the ionic
species, surfactant and an alcohol (to facilitate reduction of noble metal
ions), using high power ultrasonic sources [10,11]. Mizukoshi et al.
[12] fabricated bimetallic Au-Pd nanoparticles from a solution con-
taining a mixture of the ions, using a very similar procedure. Also,
dendritic Pt@Au-NPs with a narrow size distribution were processed by
applying an ultrasonic treatment to a solution containing both noble
metal ions, ascorbic acid (as reducing agent) and a surfactant [13]. It
appears that noble metal nanoparticles can be successfully processed in
aqueous solutions containing small amounts of reducing agents, and
that the ultrasound energy may be advantageously used to tailor par-
ticle size. However, the handling of the NPs may prove difficult as it
requires centrifugation, filtration and dispersion on a support, e.g. for
catalysis. Furthermore, a surfactant is required in order to prevent ex-
cessive agglomeration of the particles. The question then arises as to
whether sonication of a solution in the presence of a suitable substrate
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could potentially lead to the attachment of NPs onto the substrate
surface. This could afford a method to directly process supported cat-
alysts from an aqueous solution and would make all the necessary steps
of filtration, etc. mentioned above needless. In the present paper we
intend to demonstrate that this is exactly what happens when suitable
substrates are chosen as supports.

Inspired by a recent reading of the paper by Guittonneau et al. [14]
who showed that, mediated by water sonolysis, graphite may be de-
composed by ultrasound down to organic radicals of different chem-
istry, we explored the possibility of attaching Au-NPs on nanocarbon
surfaces while maintaining the ultrasound energy at a moderate level in
order not to damage the surface. We surmised that the formation of
reducing organic radicals on the nanocarbon surface could lead to the
reduction of the Au-ions onto the surface dispensing of other reducing
agents in the solution. The results depicted below demonstrate the
validity of our hypothesis. It is further amazingly interesting to note
that Au-NPs are easily and rapidly (90 s sonication is sufficient to treat a
substrate) attached on to the surface when a nanocarbon substrate is
sonicated in an aqueous solution of HAuCl, using a simple laboratory
ultrasonic cleaner that allows to preserve the pristine surface. We ex-
tend the demonstration of the method to AuPd and PdPt nanoalloys,
and to TiN terminated substrates. As one of the potential applications of
our nanomaterials, we show the outstanding electrocatalytic properties
of the processed AuPd nanoalloy NPs for the electrooxidation of formic
acid. Besides the lack of any similar work reported so far, the novelty of
our approach additionally resides in the simplicity, not least the ver-
satility, of our method, its scaling-up possibility and cost-effectiveness,
as large area substrates are easily modified.

2. Materials and methods
2.1. Reagents and materials

N,N-dimethylformamide (C;H,;NO) was obtained from Carl Roth,
Germany. Goodfellow supplied polyvinylidene fluoride granule and the
TiN target. Ammonium nitrate, multi-walled carbon nanotubes (> 90%
carbon basis) and H,PtCls were purchased from Sigma-Aldrich,
Germany. Sulfuric acid was obtained from VWR chemicals, Formic acid
from Fluka. HAuCl, and K,PdCl, were purchased from aber, Germany.

2.2. Substrate preparation

The processing of nanocarbon films involves different steps that are
described in our previous papers [15,16]. In brief, first a precursor
solution is prepared by dissolving 20 wt% of PVDF in DMF under stir-
ring and heating (65 °C). To promote the formation of pores, 10 wt% of
NH4NO; is added after complete dissolution of PVDF (ca. 1 h). Further
stirring for 2h leads to a clear solution. In the third step 1% of multi-
walled carbon nanotubes (MWCNTs) is added to the solution under
further stirring. The PYDF-MWCNT-films are then dip-coated on mill-
finished stainless steel substrates at a drawing speed of 2 mm/s. Curing
was performed over night at 150°C. The PVDF films thus obtained
contain a high density of macropores [16]. The last step consists in the
pyrolysis of the PVDF-MWCNT-films that is conducted under flowing
nitrogen at 550 °C for 60 min. The resulting films are approximately
2 pm thick and largely preserve the original porosity of the pristine film.
They consist of amorphous carbon interspersed with homogeneously
distributed MWCNT. The mechanisms underlying film formation can be
found in our previous papers [16,17].

The TiN films of approximately 500 nm thickness were deposited on
stainless steel substrates, using magnetron sputtering from a TiN-target
(Goodfellow, UK) in a physical vapour deposition device (PVD75,
Lesker, USA). The substrate temperature was 250 °C and the deposition
rate 0.07 A/s at a power of 220 W.

Sonication experiments were performed using Bandelin Sonorex
RK31 (Schalltec, Germany) bath with an ultrasonic nominal output of
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40 W and ultrasonic frequency of 35 kHz. For the processing of Au-NPs,
the substrate was immersed either in a 2mM or 1 mM solution of
HAuCl, and sonicated for 90 s. For the AuPd and PtPd NPs a 1:1 mixture
of HAuCl, and K5PdCl, (H5PtClg) was used under the same conditions.

UV-Vis spectra were recorded versus H,O, using a spectro-
photometer (Lambda 35, Perkin-Elmer, USA). The sonochemical ex-
periment was conducted in a 1 mM HAuCl, solution, because of ab-
sorption saturation of the AuCl;~ complex at higher concentrations.

The microstructure and morphology of the NPs were characterized
with a high-resolution scanning electron microscope (SEM Ultra Plus,
ZEISS, Germany) operating in the secondary (SE) and energy selective
backscattered (ESB) electron mode. Microanalysis was performed in the
SEM with an energy dispersive X-ray spectroscopy (EDS) package
(INCAx-act, Oxford Instruments, UK).

The structure was characterized by X-ray diffraction (XRD, X'Pert
Pro diffractometer PANalytical, Holland) in grazing incidence diffrac-
tion mode with constant 8 = 1°, using monochromatic CuKa radiation
with & = 1.5418 A and variable scanning range (20). The device has a
full width to half maximum resolution of 0.03".

The electrochemical experiments were performed using an electro-
chemical workstation (ZAHNER IMé6e, Kronach, Germany).

The electrochemical current vs. time measurements during sonica-
tion experiments were performed at OV either in deionized water or a
2mM HAuCl, aqueous solution in a three-electrode set-up with a Pt
mesh and HydroFlex (reversible H; reference electrode) as counter and
reference electrodes, respectively. For the electrocatalytic experiments,
first cyclic voltammetry (CV) measurements, also in a three-electrode
set-up as above, were conducted in 0.5 M H,80,. For formic acid (FA)
electrooxidation, 0.5M HS0,; + 0.5M HCOOH aqueous electrolyte
was used. The potentials are referred to the normal hydrogen electrode
(NHE).

All electrolytes in the electrochemical experiments were saturated
with bubbling nitrogen for at least 30 min before use.

3. Results and discussion

Au-NPs on porous nanocarbon surfaces: When an aqueous solution
containing 2 mM of HAuCl, is sonicated even for longer time, e.g. 3005,
in the absence of a substrate no Au-NP formation is observed, as in-
ferred from the spectrophotometry of the solution which shows only the
transitions of the AuCl,~ complex (Fig. 1) [12] that is in agreement
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Fig. 1. A semi-logarithmic plot of absorbance vs. wave length of 1 mM HAuCl,
solutions sonicated with and without the presence of the nanocarbon substrate
in comparison to the absorbance of the pristine solution. The transitions below
450 nm belong to AuCly~ ions (see Ref. [12] for more detail). The absorption
peak centered at 550 nm is the plasmonic absorption peak of the Au-NPs that
form in the solution.
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Fig. 2. (a) SEM secondary electron (SE) micrographs of the pristine porous nanocarbon surface. (b) SEM SE micrograph of Au-NPs on a porous nanocarbon surface.
(c) High resolution backscattered electron (ESB) micrograph showing the different NP shapes that can be obtained. (d) XRD patterns of a sonicated nanocarbon
substrate in a 2mM solution of HAuCl,. The support is an AISI316 (an austenitic stainless steel).

with previous reports [10-13]. However, in the presence of a porous
nanocarbon substrate, Au-NPs readily form on the surface even after
60 s of sonication. This is demonstrated in Fig. 2 which shows a range of
size distribution of NPs from 10 to 100 nm and various morphologies
from spheroidal to faceted to nanorods. It should also be mentioned
that, additionally, Au-NPs form in the solution, as illustrated in Fig. 1,
where the Au-NP plasmonic peak centered at 550 nm is clearly visible.
Fig. 2d shows the XRD patterns of the modified nanocarbon surface
where the Au reflexions can be distinguished in addition to the
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reflexions of the stainless steel support and the 00 2 reflexion of the
graphitized MWCNTs (the nanocarbon matrix is amorphous as reported
in our previous work [16]). Apart from the 2 0 0 reflexion of Au which
overlaps with the 110 substrate reflexion, all other Au reflexions are
present denoting polycrystalline Au-NPs formation on the nanocarbon
surface.

The method can be extended to process supported nanoalloy NPs
simply from a mixture of aqueous solutions. This is shown in Fig. 3,
exemplary for a PtPd and an AuPd nanoalloy that were fabricated by
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Fig. 3. (a) ESB micrograph of the PtPd nanoalloy NPs on a porous nanocarbon surface and corresponding EDS spectrum (b); (c) shows the EDS spectrum of the AuPd
nanoalloy NPs (micrograph in the inset); (d) XRD patterns in the 20 range of the 11 1 reflexions in grazing incidence mode.

mixing equal volumes of 2mM solutions of H,PtClg and K,PdCl,, and
HAuCl, and K,PdCl,, respectively. The XRD patterns obtained from
AuPd and PtPd nanoalloy NPs in the 26 range of the 111 reflexion are
displayed in Fig. 3d. The broad peaks obtained lie between the corre-
sponding 26 positions of Au/Pd, and Pt/Pd, confirming the formation of
AuPd and PtPd nanoalloys. The Pd and Pt concentration were obtained
using the lattice parameters calculated from the 260 positions of the 11 1
peaks and Vegard’s law. The corresponding nanoalloys are AuPd22 and
PtPd27.

The mechanisms underlying the sonochemical formation of NPs have
been discussed in detail, and mainly involve the generation of highly
reducing radicals, e.g. shown in the reactions (1)~(8) in Ref. [9]. With
respect to noble metal NP formation so far reported, the presence of
organic molecules or surfactants is indispensable for the generation of
NPs in solution [9-13]. In the present paper we show that no NPs are
observed when the aqueous solution is sonicated in the absence of the
nanocarbon substrate, while when it is present, Au-NPs (and nanoalloy
NPs) form both on the surface and in solution. This implies that the
substrate must mediate the reduction of the noble metal ions, following
one of two possible mechanisms. In the first mechanism water sonolysis
that results in the generation of highly reducing radicals ‘OH and 'H in
collapsing cavitation at the substrate surface leads to the reduction of
noble metal ions, as depicted in Reactions (1)-(3). Especially 'H is
characterized by a high reduction potential as derived from the standard
potential of —2.3V at pH = 0 of the redox reaction 'H + le” <> H™.

H,0— 'OH + 'H (€))]
3'H + AuCl,~ — Au® + 3HCI + CI~ 2
nAuw’ — Auf 3)
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The second and more likely mechanism implies a surface mod-
ification of the nanocarbon by collapsing cavitation that could generate
reducing organic species, following reactions (4) and (5) (e.g. Okitsu
et al. [10]). Indeed, a recent report demonstrates that graphite sub-
jected to high power ultrasonic radiation may decompose, yielding in
the last stadium different organic products down to phenols, acids and
CO;, [14]. Although the ultrasonic power used in this work is relatively
moderate and the sonication time rather short, it nonetheless imparts
enough power for the cavitation to create hot spots at the nanocarbon
surface; organic radicals could be generated and the noble metal ions
are thought to be reduced at those hot spots, followed by nucleation
and growth.

‘OH + RH— 'R("'R) + H,0 4)

5)

('R, ""R) are reducing radicals at the nanocarbon surface. "OH is from
water sonolysis. Au nucleation follows Eq. (3).

TiN-terminated substrates have also been tested under the condi-
tions illustrated above. The results obtained (Fig. 4), unambiguously
show that Au-NPs and nanoalloy NPs also attach to the TiN surface
without need of any extraneous reducing agent. A possible mechanism
could be the reduction of noble metal ions with nitrogen containing
radicals, e.g. NH and NH, radicals, accompanied by the oxidation of
TiN. TiN is easily oxidized at temperatures down to 350 °C [18,19],
with the formation of nitrogen. Considering the high temperatures and
pressures inside the cavitation, ‘'OH and "H may react with TiN, leading
to the formation of NH and NH, radicals at the hot-spots of collapsing
cavitation on the surface, thus allowing the reduction of noble metals at
these sites. Following this reasoning, it is expected that other substrates,

(R,'R) + Au®** — AU
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Fig. 4. (a) SEM SE micrograph of TiN surface showing the morphology of the TiN nanocrystallites. (b) Au-NPs attached to TiN surface. (c) BSE micrograph depicting a
“continuous” interface between the TiN and the NPs (arrows). (d) and (e) EDS microanalysis: (d) analysed area, (e) EDS spectrum of Au-NPs on TiN.

such as diamond and DLC (diamond like carbon) coatings as well as
other nitrides and carbides, may also be surface modified with noble
metal ions, opening new perspectives for novel catalysts.

An attempt was made in order to understand what is occurring at
the nanocarbon surface in terms of charges. Fig. 5 shows the current at
0V, measured at the interface between deionized water and the
working electrode (WE), i.e. nanocarbon, against a Pt foil of the same
dimension, and using a standard hydrogen electrode (SHE) as the re-
ference electrode (RE). Before switching on the ultrasound (US) a small
and diminishing negative current is observed. Upon switching on US
the current steeply increases towards positive values and eventually
stabilizes at slightly smaller values. When US is switched off, there is a
jump in the current towards negative values, but the original current is
reached again after a certain, relatively short time. This behaviour is
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reproducible over the time range of the measurement (see black curve,
Fig. 5). This indicates that oxidative processes are taking place at the
interface between water and the WE. We surmise that collapsing cavi-
tation and eventually sonolysis (Reaction (1)) lead to the oxidation of
carbon speciesthe nature of which cannot yet be determined. But ac-
cording to Guittonneau et al. [14] many oxidation products, mainly
carbonate, can form through the action of ‘OH radicals (although the
US power and frequency used in the present work are by no means
matching theirs). When a 2mM HAuCl, is used, we first observe a high
negative current that appears to be stable in the time window shown.
Switching on US results in the reverse behaviour depicted in water
(compare the black and blue curve in Fig. 5), with steep and substantial
decrease (towards negative values) of the measured current at the WE.
The process is repeated several times with similar results. Regardless of
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Fig. 5. Current-time behaviour measured at a potential of 0 V on a nanocarbon
surface under chopped sonication in H,O and 2mM HAuCly. The inset shows a
SEM micrograph of the nanocarbon surface after the chopped sonication in
HAuCl,. A high density of large Au particles is observed. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

the complexity of the system, comparison of the behaviour of the
substrate in water to that in the Au-electrolyte suggests that when US is
on, reductive processes take place at the interface between the nano-
carbon and the Au-electrolyte, and these reductive processes mostly are
related to the Au ion reduction at the nanocarbon surface, as evidenced
by the microscopic observations (see also inset in Fig. 5). Although the
results described above are probably contributed by complex electro-
chemical processes, they nonetheless constitute a first qualitative ex-
planation of what is happening at collapsing cavitation on the substrate
surface and how reduction at these sites occurs.

Finally, we explore the catalytic activity of the processed NPs on
nanocarbon as one of the potential applications of these materials, fo-
cusing on the AuPd22 nanoalloy NPs. We target the electrooxidation of
formic acid, because Pd and its alloys are very well-known catalysts for
this reaction [20,21]. Fig. 6 illustrates the current-voltage (CV) curves
in 0.5M H,S0, (a) and in 0.5M H,SO4 + HCOOH (b). The CV curve in
(a) shows in forward sweep only one oxidation peak corresponding to
the AuPd alloy with an oxidation voltage intermediate between that of
Au (approximately 1V) and Pd (approximately 0.6 V). On backward
sweep, however, we notice two distinct reduction peaks, a behavior
that is known for Pd-alloys with less than 40%Pd [22]. The CV of the
electrooxidation of formic acid (Fig. 6b), shows an extended activity
range from approximately 0.1V to 1.1 V. The forward and backward
sweep curves describe a hysteresis with a smaller peak current density
on backward sweep, while the activity range and the peak positions
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Fig. 7. SEM SE micrographs of AuPd22-NPs attached to a nanocarbon surface:
(a) before, and (b) after the CV and electrocatalytic measurements.

remain very similar. This behavior is specific to the direct oxidation
path and suggests a lower tendency to site poisoning by CO and in-
termediate oxidation species [23]. This might be amenable to the pre-
sence of Au atoms neighboring the active Pd atoms that should promote
the oxidation of CO [24,25]. As to the magnitude of activity, the current
density in Fig. 6b is normalized by the geometric surface area, and al-
ready suggests a high activity, taking into account that only the surface
is modified with the nanoalloy NPs. A cursory estimate of the mass of
metal contained in 0.72cm? (the geometric area used in this work),
using image analysis and an alloy density of 17.69 g/cm® yields a
maximum value of 41 pg, which leaves us with a specific peak current
of 400 A/g that lies in the upper range of what is reported so far for
AuPd nanoalloys [26]. Fig. 7 shows the SEM micrographs of the
AuPd22-NPs before and after the CV and electrocatalytic measure-
ments. Barely a difference between the two surfaces can be noticed
even after multiple sweeps in 0.5 M H,SO, electrolytes and a voltage of
up to 1.2V, which attests to the stability of our electrocatalyst.

4. Conclusions

In the present work a simple sonochemical method is demonstrated
that allows the reduction of noble metal ions directly on nanocarbon
and TiN-terminated surfaces. This reduction occurs in aqueous solu-
tions of the noble metal ions or mixtures thereof, dispensing of any
reducing agent and using a low power ultrasonic device, in the present
case solely a laboratory ultrasonic cleaner. It is postulated that the
formation of reducing radicals in cavitation on nanocarbon and TiN
surfaces is responsible for the observed noble metal and nanoalloy
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Fig. 6. (a) Cyclic voltammetry curves of the AuPd22 nanoalloy in 0.5M H,S0,4. (b) Current density vs. voltage of the AuPd22 sample electrodes in 0.5M
H,S04 + 0.5M HCOOH. The current is normalized by the geometrical surface area. Scan rate: 50 mVs .
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In the previous chapter a cost-effective and sustainable processing method for noble-metal NPs supported
on two different substrates have been presented: “Noble metal NPs and nanoalloys by sonochemistry
directly processed on nanocarbon and TiN substrates from aqueous solutions”. It has been also shown that
AuPd-NPs were characterized by a high electrocatalytic activity for the oxidation of formic acid. In this
chapter, layered 1D nanostructures consisting of Au/Pd/Au and Au/Pd nanorods were processed in AAO
template thin films using sequential electrodeposition in aqueous electrolytes of Au and Pd, and varying the
Pd layer thickness. The main impetus was the higher electrocatalytic properties of 1D nanostructures, and
the outstanding effects of near- interface alloys on them reported in the literature. The main observation is
the increasing electrocatalytic performance with decreasing Pd-layer thickness. Cyclic voltammetry reveals
that the PdO reduction peak is shifted toward the Au reduction peak with decreasing Pd-layer thickness
which indicates the formation of a near-interface PdAu alloy the effect of which is more pronounced when
the Pd-layer thickness is decreased to 15 nm. In thinner layers, a high content of the PdAu alloy over pure
Pd translates in the domination of the PdAu electrocatalytic activity. DFT calculations suggest that Au atoms
in PdAu alloys are an oxidant for the CO adsorbed on the nearest Pd atoms, preventing the poisoning of the

Pd active sites.
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Au/Pd/Au and Au/Pd layered nanorods (NR) with different Pd thickness, down to 15 nm, are
electrodeposited in Si-supported porous anodized aluminum thin film templates. These
structures are, in contrast to Au-Pd core-shells, mechanically relaxed, so that chemical and
electronic interaction effects between Au and Pd are expected to predominate in control-
ling their performance in the electrooxidation of formic acid. The XRD results are
conclusive about the formation of pure metal layers, but a corrugated Au/Pd interface is
revealed by scanning electron microscopy. The CV behavior of the different structures
shows that the PdO reduction peak is shifted towards more noble values as the Pd thick-
ness decreases. Regarding the electrocatalytic oxidation behavior there is a substantial
increase in performance with decreasing Pd-layer thickness. It is further shown that the
Au/Pd/Au nanostructures perform better than the Au/Pd bilayer structure for the same Pd
layer thickness. Also the long term behavior is improved. Both CV and electrocatalytic
behaviors are discussed in terms of interfacial intermixing between Pd and Au at the
nanoscale and a higher interface contribution for thinner Pd layers.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

if one can design Pt-skin structures on a transition metal core,
e.g. using an alloy or an intermetallic compound and heating
them up to drive surface segregation of the noble metal. The

Noble metal catalysts play a prominent role in a variety of
chemical processes, including chemical synthesis and energy
harvesting [1-3]. For instance, fuel cell technology relies
heavily on Pt nanoparticle catalysts or derivative structures
thereof, e.g. alloys, core shell etc. [4-7] for oxygen reduction
reaction (ORR) or methanol electrooxidation. One of the main
motor for developing new catalysts is the necessity to reduce
the Pt-loading, and hence cost, without all too much
decreasing the reaction kinetics. Ngrskov et al. [8] and Ste-
phen et al. [9] show that catalyst performance may be boosted

mechanisms underlying the improvement of catalytic per-
formance that, depending on core and ligand, translates in the
so-called volcano effect were discussed in terms of compres-
sive stresses arising from lattice mismatch between skin and
underlying core and ligand effects. Both entail a change in the
electronic structure of the noble metal, and in doing so miti-
gate the binding energy of intermediate reaction species. The
design of core-shell nanoparticles, e.g. Pt@Ni [10—12], etc., has
consequently seen an upsurge in research activities, although
a large scatter in the results may be noted [13—15].
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In the particular case of interest to the present work,
namely Au/Pd structures and their application to electro-
oxidation, including that of formic acid (FA), there is few
work mainly reporting on core-shell structures [16]. Montes
de Oca et al. [17] report on Au-core-Pd shell nanoparticles
with different Pd layer thickness and discuss their results
with respect to strain effects. Their findings show that, while
highly strained shells (very thin Pd layers, e.g. 1 nm) are
characterized by equal forward and backward current den-
sity (for FA electrooxidation), relaxed structures (thicker Pd
layers) have higher performance but also a higher backward
current density that rather points to an indirect electro-
oxidation path of FA (see below). Overall, however, the elec-
trooxidation performance is better than that of Pd-black. The
authors explain their results with the occurrence of a poly-
crystalline Pd-structure with increasing Pd-thickness, thus
affording more (100) planes with higher electrocatalytic ac-
tivity. This contrasts with another work on similar nano-
structures [18] that reports maximum activity for benzene
alcohol electrooxidation (volcano effect) for one atomic Pd-
layer covering Au. They argue that a minimum number of
Pd atoms on the surface is required for the exothermic
adsorption of the alcohol on the structure. Their results are
rationalized in term of both strain and ligand effects, based
on density functional theory (DFT) calculations. More work
on Au/Pd shows that the thickness of the Pd-shell impacts
the electrocatalytic performance, similarly to the results of
Montes de Oca et al. [17] and Hsu et al. [19]. The shape of the
underlying Au-NPs seems also to influence the electro-
catalytic properties via structure control of the Pd-shell.
Tetrahexahedral Au-cores purportedly promote the forma-
tion of polycrystalline Pd-shells with high index planes that
are claimed to have better activity [20].

Au/Pd nanostructures are most widely applied to the
electrocatalytic oxidation of FA. The overall reaction is given
in Equations (1) and (2):

HCOOH —2H"* + 2~ + CO, )

HCOOH—COqg +H,0—CO, +2H" +2e (2)

The oxidation of FA may follow two different paths [21,22].
The direct path as in Reaction (1) or the indirect path con-
sisting of the dehydration of FA with the formation of adsor-
bed CO as intermediate product, Reaction (2). This results in
specific electrochemical behavior on voltage sweep, e.g. a
strong hysteresis in the forward and backward current den-
sities for the indirect path. Pd catalysts usually behave in
accordance with the direct path while for Pt the indirect path
is rather favored, with consequent poisoning of the catalyst
with site blocking species, among them CO [21].

Regardless of the targeted molecule, boosting catalyst
performance has been in the focus of research in recent years,
and nanomaterials with unusually high performance have
been reported [23-25]. A particular interest has been devoted
to core-shell structures [26-29], and nanoalloys [30,31],
because they entail altering the electronic structure of the
active metal (ligand effect) as discussed above. Such struc-
tures could lead to higher durability of the catalyst while
decreasing the noble metal cost.

However, the brief literature review presented above about
Au-Pd core-shell structure reveals a large scatter in the results
with even contradictory findings, e.g. compare Montes de Oca
et al. [17] and Silva et al. [18]. The question then arises as to
whether electronic coupling (ligand effect), strain effects or
crystallography control the electrocatalytic properties of Au-
Pd nanostructures.

In the present work we explore an alternative structure
based on on-substrate, layered NR of Au/Pd/Au with different
Pd layer thickness, and investigate their electrocatalytic
behavior in acidic FA solutions. The layered NRs of approxi-
mately 100 nm diameter were electrodeposited in an anodized
aluminum oxide template film supported on silicon, using
alternating aqueous baths of HAuCl, and K,PdCl, (Au/Pd/Au).
The Pd layer thickness was adjusted via controlling the
deposition time. This procedure yields, regardless of the Pd-
layer thickness, polycrystalline NRs with very similar struc-
ture. Because of the NR morphology the Pd-layers are relaxed,
so that mechanical stresses are expected to be marginal. This
should allow us to probe the effect of electronic coupling at
the interface between Pd and Au while keeping the other ef-
fects (strain and structure) negligibly small.

Materials and methods
Synthesis and electrochemical measurements

Phosphoric acid 88%, oxalic acid dehydrates 99%, sodium
hydroxide was purchased from Roth, Germany. Sulfuric acid
was obtained from VWR chemicals, Formic acid from Fluka.
And HAuCl, and K,PdCl, from abcr, Germany.

Anodized aluminum oxide (AAO) template films supported
on silicon were processed following the procedure described
in detail in our previous work [32]. Briefly a 500 nm aluminum
film is deposited on an Au/(6 nm)Ti(4 nm)/Si(wafer) hetero-
structure using electron beam evaporation in a PVD device
(PVD75, Lesker, USA). Anodization is conducted in a two-
electrode set-up in 0.2 M aqueous solution of oxalic acid
under potentiostatic condition of 60 V using an electro-
chemical workstation (Keithley 2400 SM, Cleveland, OH, USA).
A Pt foil was used as counter electrode. After anodization,
barrier layer removal and pore widening are conducted in
phosphoric acid (5 wt % in water) for 50 min at 30 °C.

The Au/Pd/Au NRs were grown into the pores by sequential
electrodeposition from 8 mM HAuCl,, and 10 mM K,PdCls
aqueous electrolytes. A three-electrode set-up, with the Au/
AAO template working electrode, a Pt counter electrode and
an Ag/AgCl reference electrode, and an electrochemical
workstation (Princeton Potentiostat/Galvanostat Model 263A,
USA) were operated under potentiostatic conditions. Au is
deposited at 0.1 V. Pd deposition was first initiated at —0.1 V
for 100 s and subsequently the voltage was increased to 0.3 V
for further deposition. After electrodeposition, the AAO tem-
plate is dissolved in NaOH (5 wt % in water) to expose the
nanostructures.

The microstructure and morphology of the NR were char-
acterized with a high-resolution scanning electron micro-
scope (SEM Ultra Plus, ZEISS, Germany) operating in the
secondary (SE) and energy selective backscattered (ESB)
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electron modes. The SEM is also equipped with an energy
dispersive X-ray spectroscopy (EDS) package (INCAx-act, Ox-
ford Instruments, UK).

The NR structure was characterized by X-ray diffraction
(XRD, X'Pert Pro diffractometer PANalytical, Holland) in graz-
ing incidence diffraction mode with constant 6 = 1° using
monochromatic CuKa radiation with 4 = 1.5418 A and a
scanning range between 30° and 50° (20). The device has a full
width to half maximum resolution of 0.03°.

An electrochemical workstation (ZAHNER IM6e, Kronach,
Germany) was used for cyclic voltammetry (CV) measure-
ments. The electrochemical experiments were performed in
0.5 M H,S0, in a three-electrode set-up with a Pt mesh and
HydroFlex (reversible H, reference electrode) as counter and
reference electrodes, respectively. For FA electrooxidation,
0.5 M H,SO, + 0.5 M HCOOH aqueous electrolyte was used. All
potentials were referred to the normal hydrogen electrode
(NHE). The current was normalized by the Pd or metal mass
(Au+Pd) that are obtained from the time-current curves via
integration and using the Faraday equation. The electro-
chemical active surface area (ECSA) was calculated using cy-
clic voltammetry measurements and the PdO reduction peak
(with 424 uC cm™2 as the charge density for the reduction of
one monolayer of PdO [33]). Chronoamperometric experi-
ments (current vs. time) were also conducted at fixed voltages
to probe the long term behavior of the nanostructures.

Computational methods

The ab-initio calculations were performed within density
functional theory formalism implemented in Quantum
espresso package [34], with generalized gradient approxi-
mation (GGA) in the framework of Perdew-Burke-Ernzerhof
(PBE) functional [35], and projector augmented wave (PAW)
potentials. The plane wave basis cut-off energy was set to
400 eV in our calculations. The structure was relaxed using
Broyden—Fletcher—Goldfarb—Shanno optimization method,
with a force convergence of 10 * Ry per Bohr, and an energy
convergence of 10> Ry. A k-point samplings of 5 x 5 x 1
were used for the structure relaxation, while denser meshes
of 10 x 10 x 4 were used for the CO adsorption calculations.
For high accuracy, the energy convergence of 10 ® Ry was
chosen. The structures were modulated by pure Pd, Au/Pd
and 1:1 random mixture of Pd and Au of (2 x 2) unit cell.
Au:Pd and a bilayer Au/Pd with a sharp interface between
Au and Pd are intended to simulate the interface between
Au and Pd in the experimental study. Since CO is a key
poisoning species, CO adsorption energy on the partici-
pating metal atoms was also calculated considering
different adsorption sites based on the usual defi-
nitionE,gs = E(CO — Metal) — E(CO) — E(Metal) .

Results and discussion

The deposited layered structures are listed in Table 1, together
with the corresponding Pd and Au mass obtained by inte-
grating the current-time curves and using the Faraday equa-
tion. It can be seen that two types of layered structures are
investigated: Au/Pd/Au with variable Pd-layer thickness and

Table 1 — The deposited layered structures with their

calculated ECSA and Pd, Au and total mass. In all the
structures the diameter was 100 nm.

Structure Pd Au NRs ECSA
mass mass mass (cm?%/
(mg) (mg) (mg) mgpa)
Pd 350 nm 0.419 0.000 0.419 39.9
Au/Pd/Au 100/150/100 nm 0.312 0.401 0.713 54.7
Au/Pd/Au 100/65/100 nm  0.158 0.385 0.543 66.6
Au/Pd/Au 100/30/100 nm  0.067 0.475 0.542 94.8
Au/Pd/Au 100/15/100 nm  0.025 0.391 0.416 125.4
Au/Pd 110/65 nm 0.162 0.251 0.413 63.8
Au/Pd 100/30 nm 0.053 0.219 0.272 83.7
Au/Pd 100/15 nm 0.029 0.197 0.226 115.1

Au/Pd structures. The latter were processed with the purpose
of gaining insight into interfacial effects between Au and Pd.

Microstructure

Scanning electron microscopy (SEM) micrographs of the NR
structures depicted in Table 1 are displayed in Fig. 1 (see also
the on-line supporting information for EDS mapping, Fig. S1).

Au-underlayer/”’ Si-substrate

Au-layer

Pd-layer
Au-layer

Fig. 1 — ESB micrographs (atomic number contrast at high
resolution) of Pd, Au/Pd/Au and Au/Pd NRs with varying Pd
layer thickness. From top to bottom: a) Pd-NRs, b) Au/Pd/Au
100/30/100 nm; c) Au/Pd/Au 100/15/100 nm; d) Au/Pd 100/
30 nm; e) Au/Pd 100/15 nm.
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It is interesting to notice the corrugated morphology of the
interface between the two metals that is conspicuous in all the
high resolution ESB micrographs. This morphology is probably
contingent on the underlying NR morphology that presents an
irregular shape as can be inferred from the morphology of
both the Au and Pd end caps, but might also suggest
dissolution-substitution processes at the interface during
electrodeposition of the first layers. The XRD patterns shown
in Fig. 2 are, however, conclusive about the formation of the
two pure metals with rather a polycrystalline structure. The
reflections of Au and Pd were assigned according to references
[36,37], respectively. Calculation of peak area ratio of the 200/
111 reflections listed in Table 2 for the different structures
shows similar values lest for the monolithic Pd NR structure
that exhibits a higher value.

Electrochemical behavior

CV behavior

The electrochemical behavior of the Au/Pd/Au layered struc-
tures is compared to that of Pd-NRs in Fig. 3. The CV curves are
shown for the 10th cycle, but little difference as to the peak
positions in comparison to the 1st cycle (on-line supporting
information Fig. S2) is observed, apart from a slight increase in
the peak intensity upon cycling that could be ascribed to the
activation of the Pd-surface, e.g. via the application of
potential.
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Fig. 2 — XRD patterns in the grazing incidence mode

showing the (111) and (200) reflections of Au and Pd in the
different layered structures.
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Table 2 — The ratio of the Pd 200/111 peak area for the
different nanostructures.

Pd 350 nm 0.46
Au/Pd/Au 100/150/100 nm 0.36
Au/Pd/Au 100/65/100 nm 0.34
Au/Pd/Au 100/30/100 nm 0.33
Au/Pd/Au 100/15/100 nm 0.33
Au/Pd 110/65 nm 0.34
Au/Pd 100/30 nm 0.34
Au/Pd 100/15 nm 0.32

Fig. 3 displays the CV curves of the different structures on
backward sweep from 1.6 V. First, the Au-oxide reduction peak
at approximately 1.2 V (on-line supporting information Fig. S3
for monolithic Au-NRs) is observed followed by the main PAO
reduction peak, the position of which is between 0.63 V (Pd-
NRs) and 0.68 V (Au/Pd: 110/65 nm), and appears to depend on
the specific nanostructure and Pd-layer thickness. A weak
peak at more positive voltages can also be seen with its peak
position also being dependent on the specific nanostructure.
Considering that with thinner Pd-layers the Pd/Au interfacial
contribution is more important than in thicker Pd layers, it is
straightforward to infer that the Pd atoms behave differently
depending on whether they are at the interface with Au or in
the Pd “bulk”. The peak at the more positive voltage might
reflect PAO reduction of the Pd atoms that are neighboring the
Au-atoms or building Pd-rich alloys with them at the inter-
face. For thinner Pd layers, the main PdO reduction peak is
displaced to more positive voltage values (towards the Au-
oxide reduction peak) which probably indicates that the Pd
atoms have more Au atoms as neighbors. The additional
reduction hump at still higher voltages might be assigned
either to the reduction of Pd atoms in a gold-rich alloy or to
that of Au-oxide of the Au atoms neighboring Pd atoms. In all
cases these results suggest that diffusion phenomena take
place at the Pd/Au interface, and are to some extent in
agreement with previous findings [38]. Although the XRD re-
sults are conclusive about the formation of separate Au and Pd
layers, they nonetheless do not necessarily exclude the for-
mation of thin alloy layers at the interface that cannot be
detected with XRD because of the known detection limit of the
method. Indeed, earlier investigations of Pd layers on Au
suggest the formation of AuPd alloys at the interface at room
temperature due to the high diffusion coefficient of Pd in Au
[39]. As we should see later, the behavior above may be
rationalized taking into account electronic effects arising from
the interaction between Au and Pd at the interface.

To summarize this section, it can be stated that when the
Pd-thickness is below 100 nm, the voltage of the PdO reduction
peak shifts to higher values, with the appearance of an extra
but weak peak towards the AuOx reduction peak. A rational
explanation of this behavior is to suppose a different chemical
environment of the Pd-atoms at the interface, eventually near
interface alloys that affect the electrochemical behavior the
more the thinner the Pd layers are.

The ECSA shown in Table 1 demonstrates that the layered
structures possess a higher active area than bare Pd which is
amenable to interfacial effects. In comparison with previously
published data, the ECSA values reported for Au@Pd core-shell
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Fig. 3 — Cyclic voltammetry curves in 0.5 M H,SO, for the different structures investigated: the backward sweep with the

reduction peaks of AuOx and PdO and their positions is shown. Scan rate: 50 mV s

-1

nanostructures were 1.4 m?%gpq and 0.06 m?%/gpq for Au@Pd
core-shell nanodendrites and nanocubes, respectively [27],
which are smaller than our results. Dar et al. [40] reported
55.8 cm?/mg for Pd-nanotubes (NTs) which is higher than that
of the Pd-NRs, but the difference resides in the fact that the
inner and outer surface in the NTs are active. Fig. 4 shows the
ECSA/Geometric lateral area ratio vs. Pd-layer thickness. We
estimated the geometric surface, using the lateral surface for
one NR (diameter 100 nm), then we multiplied it by the esti-
mated total number of NRs. The Pd-NRs show that 12% of the
geometric area is active, whereas this value is increased to
43% for Au/15Pd/Au NRs.

Electrocatalytic behavior

The electrocatalytic behavior of the pure Pd-NRs is displayed
in Fig. 5(a). It shows a monotonous increase in activity, start-
ing from approximately 0.1 V, peaks at 0.96 V (peak current

density: 61 A/g), before it is abruptly suppressed at 1.0 V. On
backward sweep, the activity steeply increases at 0.8 V, lead-
ing to a sharp maximum that is smaller than the forward peak
and a substantial hysteresis in the voltage range between 1
and 0.8 V. In the following decrease in activity, the curve
almost overlaps with the forward sweep. This behavior is
similar to what is known for Pd-based electrodes and is
characteristic for the direct path [21,41]. The activity sup-
pression at voltages higher than the peak voltage has been
attributed to the adsorption of site blocking OH species [21] or
the reduction of CO, (generated from the direct path) to CO
[42]. That the adsorption of oxygen-containing species is
responsible for catalyst deactivation may be inferred from the
backward sweep, where reactivation abruptly starts when the
reduction of PdO is initiated, and the maximum occurs at
almost exactly the same voltage of the reduction peak, see
Fig. 3.
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The electrocatalytic behavior of the Au/Pd/Au layered
structures, also displayed in Fig. 5, largely depends on the
thickness of the Pd-layer, but overall the electrocatalytic
activity is enhanced (see also Table 3). This can be first
explained by the higher ECSA values of the layered struc-
tures. For the smallest Pd thickness (15 nm), Fig. 5(b), the
activity starts at small voltages below 0.1 V with a first peak
close to 0.2 V, probably denoting activation via hydrogen
desorption. The activity slightly decreases before it starts to
increase again and peaks at 0.53 V with a peak current
density of 334 A/gpq, before it starts decreasing with, how-
ever, a slightly higher slope than in the forward regime. The
electrocatalytic activity spans a voltage range from
approximately 0.1 V—-0.9 V. In the backward sweep the ac-
tivity starts steeply at 0.82 V, describing a somewhat broad
hysteresis at the beginning and peaks at the same voltage of
forward sweep with, however, a slightly lower peak current
density value. Further decreasing the voltage results in a
descending curve that overlaps with the ascending one, lest
for the first peak observed on forward sweep. When the Pd
thickness is increased to 65 nm, Fig. 5(b), the peak values
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Fig. 5 — Current density (current normalized by the Pd-mass) vs. voltage of the sample electrodes in formic acid; (d) shows

the forward peak current density as function of the Pd layer thickness. Scan rate: 50 mV s

-1
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results rather suggest a behavior that is more Pt than Pd
like, particularly for their unstrained structures (CS3 to
CS10 and Pd-NPs). They, however, show that the current
density of FA oxidation increases with increasing Pd mass
ratio in the nanostructure, which is in line with the critical

Table 3 — Characteristic values derived from Fig. 5 for the

electro-catalytic oxidation of formic acid in acidic
solution (0.5 M H2S04+0.5 M HCOOH).

Forward peak Current Backward peak Current

Density in A/gpq

Density in A/gpq

Pd thickness mentioned above. Returning back to our re-

B D T e e LT sults, we observe that further increase in the Pd-layer
100/150/ 108 (at 0.81 V vs NHE) 103 (at 0.76 V vs NHE) K . )
100 am thickness (150 nm) drastically changes the electrocatalytic
100/65/ 193 (at 0.63 V vs NHE) 190 (at 0.61 V vs NHE) behavior towards that of monolithic Pd-NRs, compare
100 nm Fig. 5(a) and (b). We also notice that the activity curve is
100/30/ 251 (at 0.66 V vs NHE) 233 (at 0.64 V vs NHE) shifted to higher voltages (see Table 3), but overall the ac-
100 nm tivity is increased over that of the monolithic structure with
10%3)5/ 234 (360 83 VivsiNHE) 283/(aE0 48ViVSINFIE) peak values that increase with decreasing Pd-layer
nm .
Au/Pd 150 (at 0.54 V vs NHE) 133 (at 0.52 V vs NHE) uckaicss, .
110/ As already mentioned above, the present results show that
65 nm the interfacial Pd-atoms largely impact the electrocatalytic
Au/Pd 208 (at 0.61 V vs NHE) 200 (at 0.62 V vs NHE) behavior of the layered structures. These atoms prove to have
100/ a higher activity as can be inferred when we compare the
30nm specific activity of the layered structures to that of the
A‘;/;(; S13 CE0 S0NRE ) 22 (D VST monolithic Pd-NRs. However, we also notice that when bulk
A5 Pd-atoms predominate as in the thicker Pd-layers, the elec-

decrease to approximately half the values of the previous
structure (see Table 3), but there is little change as to the
overall behavior, except for a shallower hysteresis. These
results suggest that the Au/Pd interfaces play a major role
in the electrocatalytic activity of Pd, resulting in improved
behavior in terms of hysteresis, activity range and peak
voltages, despite the fact that not all the Pd-sites are
available. This is impressively demonstrated by the elec-
trocatalytic behavior of the bilayer Au/Pd (100/15 nm, 100/
30 nm and 110/65 nm) structures that are characterized by a
lower peak activity than the corresponding Au/Pd/Au
structure (Fig. 5(c)). This implies that the chemical in-
teractions between the Pd and Au atoms at the interface
control the electrocatalytic activity and may be rationalized
in terms of changes in the electronic environment of those
atoms. We contrast our results with those reported in pre-
vious work on Pd thin layers on polycrystalline Au sub-
strates [42] and strained Pd nanoshells on Au core
structures [17]. Thin Pd layers ranging from 1 monolayer
(ML) to 17 ML are reported with increasingly higher activity
up to 4 ML, before decreasing to slightly lower peak values
(10-17 ML) [42]. But the overall behavior, e.g. hysteretic
behavior and peak positions are very similar to those
observed in the present work which is a further support of
the higher activity of interfacial Pd atoms. That in their case
the 1 ML Pd sample performed less than thicker films might
be rationalized in terms of insufficient Pd surface sites
because of the well-known high diffusion rate of Pd in Au
(see above). Their work also suggests that a critical Pd layer
thickness is necessary in order to boost the electrocatalytic
activity of the layer system. This probably allows more
surface sites to be occupied by Pd atoms while ensuring a
long enough interaction range between them and the un-
derlying Au atoms. Such an assumption is corroborated by
DFT calculations (see supplementary information). In
contrast, our results largely differ from those reported for
strained Pd shell on Au core nanostructures [17]. Their

trocatalytic behavior tends to be more like that of Pd. In all
cases the direct path, i.e. the dehydrogenation path, charac-
teristic of Pd, operates for the electrooxidation of FA. But dif-
ferences are to be outlined: activity suppression is progressive
in the case of the thin Pd-layers (15, 30 and 65 nm), denoting a
progressive site blocking with either so-called spectator spe-
cies [21], or CO that is claimed to arise from the reduction of
CO, (from the direct path) [42]. In contrast, for the thicker
layers there is a sharp drop in activity with its complete sup-
pression at approximately 1-1.1 V. We may infer from these
results that the dynamics of FA electrooxidation are very
much dependent on the electronic environment of the Pd
atoms, particularly those with Au neighbors that are thought
to form a near interface/surface alloy. DFT calculations pub-
lished recently predict that such near surface alloys might
show improved activity for CO, reduction and FA electro-
oxidation [43].

160 ——Pd350nm  VVp=0.8 AulPd
Au IPd/Au —-=10015nm VNp=0.6
140 ———100/15/100 nm V/Np=0.6 —-—100/30 nm V/Vp=0.6
——100/30/100 nm VIVp=0.6 —-—110/65 nm V/Vp=0.7
1204 ——100/65/100 nm V/Vp=0.6

Current Density (Algpy)

T T T T T
100 200 300 400 500 600

Time (s)

Fig. 6 — Chronoamperograms with current densities
(current normalized by the Pd mass) vs. time in

0.5 M H,;S0, + 0.5 M HCOOH at specificvoltage ratios, V/Vp,
where Vp is the forward peak voltage of the structure
considered.
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Considering the chronoamperometric results at fixed
voltages below the peak maximum of the structure (see Figs.
5), Fig. 6, it can be seen that all the structures with thinner
Pd layers exhibit a slower decrease in the activity than thicker
Pd layers and monolithic Pd-NRs. For the thinnest Pd-layers of
15 and 30 nm and the bilayer structure, the activity remains
constant with time. Because the contribution of the interface
in these structures is higher than that of the thicker Pd layers,
the neighboring Au atoms must play a key role in preventing
activity suppression of the catalyst, e.g. via promoting the
oxidation of poisoning species. DFT calculation used to
rationalize our results, using 1Aw:1Pd alloy to model the
interfacial Pd atoms, show that the higher electrocatalytic
performance of the NRs is not controlled by the adsorption of
CO since the adsorption energy is more stable in AuPd than Pd,
but rather by the impact of Au atoms in the oxidation of
adsorbed CO [44] (a detailed description of the DFT results can
be found in on-line supporting information).

Conclusions

Supported layered Au/Pd/Au and Au/Pd NRs with different Pd
layer thicknesse were processed using sequential electrode-
position in an AAO template film on Si. The electrochemical
behavior of these nanostructures and their performance for
the electrooxidation of FA in an acidic solution is investigated
in comparison to monolithic Pd NRs. The results show the
formation of distinctive polycrystalline Pd and Au structures
with no preferential orientation. A corrugated Au/Pd interface
morphology is observed, regardless of Pd layer thickness. The
CV behavior very much depends on the Pd layer thickness.
Particularly, the PdO reduction peak voltage is displaced to
more noble voltages as the Pd layer thickness decreases. The
electrocatalytic behavior also depends very much on the Pd
layer thickness and the specific nanostructure (Au/Pd/Au or
Au/Pd) with increasing performance as the Pd layer thickness
decreases. In all cases the electrooxidation performance of FA
is higher than that of monolithic Pd NRs and follows the direct
path. Further, the performance of Au/Pd/Au was found to be
higher than that of Au/Pd bi-layer structures, stressing the
impact of the Au/Pd interface on the catalyst properties. As
the Pd layer thickness becomes very small, e.g. 15 nm, the
electrocatalytic performance drastically increases, but also
the long term behavior is improved. These results are inter-
preted in terms of chemical interaction between Pd and Au at
the interface.
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Fig. S1 — EDS mapping showing Pd (Green) and Au (bleu) layers.
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Density Functional Calculations:
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Fig. S4 — (a) Density of state calculations of (2x2x1) slab with a 1:1 Au:Pd mixture with adsorbed CO
on different sites, including bridge sites; the corresponding adsorption energies are also shown; (b)
the map of the charge density, (c) the difference between charge density of the system and the
superposition of the charge density of neutral atoms.

For the sake of rationalizing the results above, and because CO can be considered as the
main poisoning adsorbent, we conducted DOS calculations of CO adsorption on different sites of
a (2x2x1) slab with a 1:1 Au:Pd random mixture (see also the experimental section). The results
show that the bridge sites (CO bridging Pd-Au) are more stable than the top site (Eass = -2.05 eV),
Fig. S4. The calculated adsorption energies are slightly more negative than in the case of the Pd
slab whereas CO adsorption on Au top site is higher than the value of -0.86eV reported for pure
Au [1]. More calculations assuming a bent CO bridge configuration towards the Pd atoms prove to
be even more stable (Fig. S5). When CO is adsorbed on top sites (either Au or Pd), e.g. Au:Pd-
CO(1) and Au:Pd-CO(2) the charge transfer occurs only with one atom, whereas for the bridge site
a charge sharing is taking place with the nearest 2 atoms, Fig. S4b. Also the charge distribution in
the space is not intense and not concentrated in one region as in the case of the top site. This is

clearly seen by comparing the charge accumulation and charge depletion plots of both sites.
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However, the charge density contours pertaining to the bridge site do not mean that CO transfers

fewer charges to the metal than in the case of the top site. Rather the transfer is shared with the

surrounding atoms (nearest neighbor atoms). Similar results are obtained with a slab containing a

Pd layer on top of an Au layer (Fig. S6).
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bridge configuration towards the Pd atom, (b) the charge density, (c) the difference between charge
density of the system and the superposition of the charge density of neutral atoms.
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The calculated adsorption energies suggest that CO adsorption, preferably on bridge sites,
is favored for intermixed Au:Pd layers and Au/Pd bilayers over Pure Pd. This behavior can be
rationalized taking into account charge transfer from Pd to Au that should increase the ability of
Pd to accept charges from C, which in turn increases the CO-Pd interaction, as schematically
depicted in Fig. S7. These results, however, also imply that the presence of Au atoms should rather
impart a high poisoning rate to the Au-Pd catalysts, which contrasts with the experimental findings
described above. This means that other dynamics are governing FA electrooxidation than CO

adsorption alone.

Pure Pd Au:Pd

w é !m's & u*nt,, %

(w y "/tl FTWW
!w # o Sl ‘ wll )
© -

Fig. S7 — A schematic of the charge transfer between CO and metal atoms for pure Pd and mixed
Au:Pd.

Previous studies had shown that gold tends to adsorb oxygen species (O, O2) [2,3],and is a
potent catalyst for CO oxidation [3]. The reaction between O» and CO is described by the

bimolecular Langmuir-Hinshelwood mechanism, Equations 2-5:

CO + * — COads (3), see also Fig. S8(a)
O2+* — O2ads (4), see also Fig. S8(b-c)
COads + O2.ads — OCOO44s +* (5), see also Fig. S8(c)
OCOOads — CO2 + Oads (6), see also Fig. S8(d)

Oads can also react with another CO molecule to form CO,. This means that even if Au promotes
CO adsorption on the nanostructure, it at the same time plays an important role as an oxidation

agent for the adsorbed CO, and reduces the poisoning, in accordance with the experimental results.
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Fig. S8 — A schematic of bimolecular Langmuir-Hinshelwood mechanism in Au:Pd.
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For electrocatalytic applications, the surface area of electrocatalysts is one of the important factors for
increasing their activity: Increasing the surface area to the mass unit requires the tuning of the nanostructure
shape. Compared to nanorods, tubular nanostructures exhibit a higher area due to the reduction of the bulk
matter. The thinner the tubes walls, the lesser the loading of the electrocatalysts. Porosity can considerably
increase the surface area of the electrocatalysts. In this paper, nanotubular structures are combined with
porous ones, leading to porous nanotubes. Given the importance of the electrocatalyst composition to reduce
the loading of expensive noble metals, such porous nanotubes were composed of PtPd alloys. The
electrocatalytic performance of porous PtPd for methanol electrooxidation was investigated for several
contents of Pt down to 5% Pt: The electrocatalytic performance was dependent on a Pt content with a
maximum at 10% (ECSA of 1358 m?/gmeaiand 932 A/gp). This activity is even greater than that observed
with Pt black, while the Pt content is comparatively low. The underlying mechanisms involve the increase
in the surface area by the porous nanotubular structure, followed by preventing the poisoning by

intermediate carbonaceous species that preferentially adsorb on Pd protecting the Pt active sites.
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The electrochemical properties of Pt-based 1D electrocatalysts reported so far prove to be superior to
those of known 0D nanomaterials. Particularly, the combination of Pt and Pd either as nanoalloys or Pt-
coated Pd nanotubes (NTs) demonstrably boosts the catalyst performance. This provided the main impetus
for the present work. The porous PtPd-NTs are processed into the nanopores of anodized aluminum oxide
(AAO) template films using electrodeposition from an electrolyte containing appropriate concentrations of
Pt and Pd ions and a small amount of a non-ionic surfactant. The range of PtPd alloys investigated is from
95 to 0 at% Pd. The deposition conditions allow diffusion-kinetics controlled growth along the AAO nano-
pore walls. The NTs with a wall thickness of approximately 15 nm exhibit closely-knit nanoparticles that are
separated by mesopores. The salient result of this work is the strong dependence of the electrochemical
properties on the Pt content with a maximum of 10 at% Pt. Below and beyond this value, both the electro-
chemical active surface area (ECSA) and the specific electrocatalytic activity towards methanol electro-
oxidation substantially decrease. The best ECSA values obtained amount to 138 m? gmeta(l. Even for the 5
at% Pt alloy, the ECSA value obtained is higher than that of Pt-black and pure Pt-NTs. These results are
unsurpassed in comparison to similar nanostructures. The catalytic performance for methanol electro-
oxidation also behaves in the same way with a maximum of 932 A gp * for the 10 at% Pt alloy NTs. Our re-
sults show a practical way to boost the catalyst performance while keeping the Pt content low. They are
discussed in terms of structure and morphology effects, and rationalized using DFT calculations that show
that in a Pd50: Pt50 mixture, CO preferentially adsorbs on Pd top-sites, due to charge transfer from Pd to
Pt, thus keeping the active Pt sites free from intermediate adsorbates.
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The advantages of 1D over 0D electrocatalysts have been
highlighted in various reports,"® because they afford out-
standing properties as cathode and anode materials for appli-
cations in direct methanol fuel cells (DMFCs).* This holds
particularly for Pt-based materials that are among the most
widely used catalysts in DMFCs. However, the scarcity of Pt
and consequently its prohibitively high price is an important
cost position that certainly hampers the widespread use of
these fuel cells. Therefore, emphasis in research activities has
been placed in the last decade on minimizing Pt-loading, par-
ticularly via alloying Pt with less noble transition metals. The
review articles by Lu et al.® and Koenigsmann et al.> summa-
rized the research done so far on 1D nanostructures, includ-
ing 1D nanoalloys. The advantages of 1D over 0D/C Pt cata-
lysts are intimately related to their anisotropic growth which

Institute for Materials & Surface Technology, University of Applied Sciences, Kiel,
Germany. E-mail: mohammed.es-souni@fh-kiel.de

 Electronic supplementary information (ESI) available. See DOIL 10.1039/
c9cy01145¢

This journal is © The Royal Society of Chemistry 2019

possess the highest catalytic activity. In terms of Pt-alloy
electrocatalysts, major advantages - that also hold for 0D -
arise from the often-discussed ligand effect which alters the
electronic environment of the active Pt atoms, and makes
them less prone to poisoning.®® While alloys of Pt with 3d
transition metals (Fe, Ni, and Co) might present cost advan-
tages, their lack of stability in oxidizing chemical environ-
ments constitutes a serious impediment to their use.'*** For
instance, PtCo NWs were processed by Liu et al.®® to take ad-
vantage of the preferential dissolution of Co in phosphoric
acid and in this way generate porous Pt-NWs. Even though a
number of 1D binary and ternary alloys were proposed which
purportedly had high performance and stability,"*'* pure Pt
or Pt and Pd based alloys still constitute the catalysts of
choice. The outstanding properties of their 1D nanostructures
and their resistance to site blocking species are well
established.””

Particularly, PtPd-nanoalloys have seen a flurry of research
activities,'*? because of their promising potential as cata-
lysts for the oxygen reduction reaction (ORR). Pd is also a
precious metal but its cost is about one-third that of Pt.

Catal. Sci. Technol., 2019, 9, 4355-4364 | 4355
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Further, Pt and Pd have similar electronic structures and very
close atomic radii which result in the formation of solid solu-
tions, particularly in the case of nanoparticles.>® With respect
to their electrocatalytic properties, PtPd nanostructures show a
peculiar composition-dependent behaviour. Depending on the
catalytic reaction, the highest mass activities were reported for
Pt-lean alloy NPs down to 9% Pt for formic acid electro-
oxidation,>" 14% for the ORR,'® and approximately 66% Pt for
methanol electrooxidation.”® As for 0D, the properties of 1D
nanostructures are also affected by size, morphology, and
chemistry. For instance, Koenigsmann et al.® demonstrated
that Pt NWs with a diameter of a few nanometers are largely su-
perior to Pt-NTs in their ORR activity. Replacing Pt with Pd in
PtPd (50:50) only moderately decreases the performance while
decreasing the material cost. The higher performance of the
NWs was ascribed to surface contraction inherent to nanoscale
structures and ensuing electronic properties. Further, promot-
ing porosity in catalyst nanostructures is an efficient measure
to increase the electrochemical active surface area. Mostly, po-
rous nanostructures were generated via galvanic replacement
and selective dissolution of a less noble metal in an alloy.>* >’
Porous Pt-NRs were processed by Li et al.*® using electrodeposi-
tion in track-etched polycarbonate membranes and a Pt-
electrolyte containing a surfactant. Their results show that po-
rosity allows for the increase of the electrochemical active sur-
face area (ECSA) to approximately 46 m* g, '. Moderate mass
activities for methanol electrooxidation were obtained by them
in perchloric acid electrolyte. Moreover, porous Pt-NTs and Pt-
coated Pd-NTs were reported using galvanic displacement of Ag
and partial displacement of Pd by Pt, respectively,”’ with ECSA
values in excess of 100 m* g™ and large mass activities. In the
present communication, supported porous Pt and PtPd alloy
NTs were fabricated using electrodeposition at a negative volt-
age, and using a surfactant. It will be shown below that the
method yields reproducible results in terms of alloy composi-
tion, morphology and pore distribution. As will be discussed
later, the nanostructures exhibit a huge ECSA and mass activity
that are strongly dependent on the Pt-content of the alloy. A sa-
lient result of this work is the mass activity and ECSA peaks ob-
served at 10PtPd (Pd-10 at% Pt). Lower or higher Pt contents
lead to smaller values, but even at 5PtPd, both values are sub-
stantially higher than those of pure porous Pt-NTs. The critical
Pt content of 10 at%, at which an ECSA of 100 m? gpea * and
a specific mass activity of 835 A gy ' in sulfuric acid (138 m”
Zmetal - and 932 A g " in perchloric acid) are obtained, allows
us to propose catalysts with low Pt contents that are expected
to substantially decrease catalyst cost. Moreover, our processing
method can be applied on a large scale on any catalyst support
which should make any further processing steps, e.g. suspen-
sion, mixing with carbon materials, etc., unnecessary.

2. Experimental
2.1. Synthesis and electrochemical measurements

The following chemicals were used as purchased: methanol,
phosphoric acid 88%, oxalic acid dihydrate 99%, and sodium

4356 | Catal Sci. Technol, 2019, 9, 4355-4364
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hydroxide (Roth, Germany); sulfuric acid (VWR chemicals,
Germany); perchloric acid (Fluka chemicals); H,PtCl; and
Brij58 (Sigma-Aldrich, Germany); K,PdCl, (ber, Germany);
carbon monoxide gas (Westfalen A.G, Germany).

Anodized aluminum oxide (AAO) template films
supported on silicon were processed following the proce-
dure described in detail in our previous work.***® Briefly, a
500 nm aluminum film is deposited on an Au(6 nm)/Ti(4
nm)/Si(wafer) heterostructure by electron beam evaporation
using a PVD device (PVD75, Lesker, USA). Anodization is
conducted using a two-electrode set-up in 0.2 M aqueous so-
lution of oxalic acid under potentiostatic conditions of 70 V
using an electrochemical workstation (Keithley 2400 SM,
Cleveland, OH, USA). A Pt foil was used as a counter
electrode. After anodization, barrier layer removal and pore
widening are conducted in phosphoric acid (5 wt% in wa-
ter) for 50 minutes at 30 °C.

The PtPd-NRs and porous PtPd-NTs were grown into the
AAO channels of the AAO template film via electrodeposition
from appropriate volume fractions of 10 mM H,PtCls and 10
mM K,PdCl, aqueous electrolytes (Table S1f). For porous
NTs, 3 wt% of non-ionic surfactant Brij58 was added to the
solution. Porous Pt-NTs and porous PtPd-NTs were deposited
at —0.5 V. The plain PtPd-NRs were deposited at -0.1 V. Depo-
sition was performed using a three-electrode set-up, with a
Au/AAO template working electrode, a Pt counter electrode
and an Ag/AgCl reference electrode, under potentiostatic con-
ditions using an electrochemical workstation (Princeton
Potentiostat/Galvanostat Model 263A, USA). After electrodepo-
sition, the 1D nanostructures were exposed by dissolving the
AAO film in an aqueous solution of NaOH (5 wt%) at room
temperature. This step takes up to 30 minutes. Subsequently,
the nanostructures were thoroughly washed with distilled wa-
ter followed by washing several times with ethanol; it should
be pointed out that these multiple washing steps are neces-
sary in order to remove residual Brij58, if any.

The microstructure and morphology of the NTs were
characterized with a high-resolution scanning electron
microscope (SEM Ultra Plus, ZEISS, Germany) operating in
the secondary (SE) and energy selective backscattered (ESB)
electron modes. The SEM is also equipped with an energy
dispersive X-ray spectroscopy (EDS) package (INCAx-act, Ox-
ford Instruments, UK), and a scanning transmission micros-
copy detector. For the STEM investigations, the nanostruc-
tures were carefully scratched from the surface and
suspended in water, before “fishing” them with a Cu-TEM
grid and mounting on the STEM sample holder. The STEM
was operated at 30 kV.

The NT structure was characterized by X-ray diffraction
(XRD, X'Pert Pro diffractometer PANalytical, Holland) in graz-
ing incidence diffraction mode with constant § = 1° using
monochromatic CuKa. radiation with / = 1.5418 A and a scan-
ning range between 30° and 50° (2¢). The device has a full
width at half maximum resolution of 0.03°. The interplanar
spacing dy;; was calculated from the 111 peak position
(20111), after Lorentzian fitting.

This journal is © The Royal Society of Chemistry 2019
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An electrochemical workstation (ZAHNER IM6e, Kronach,
Germany) was used for cyclic voltammetry (CV) measure-
ments. The electrochemical experiments were performed in
0.5 M H,S0,, and 0.1 M HCIO, using a three-electrode set-up
with a Pt mesh and HydroFlex (reversible H, reference
electrode) as counter and reference electrodes, respectively.
For methanol electrooxidation, 0.5 M H,SO, + 0.5 M CH;0H
aqueous electrolyte was used. All potentials were referenced
to the normal hydrogen electrode (NHE). The current was
normalized by the Pt or metal mass (Pt + Pd) that are
obtained from the time-current curves via integration and
using the Faraday equation (Table 1). The electrochemical ac-
tive surface area (ECSA) was calculated using cyclic
voltammetry measurements via the integrated charge of the
underpotentially deposited hydrogen (Hypa) region after
double-layer correction (with 210 uC cm ™ as the charge den-
sity for Hypa.>**%). The ECSA obtained with the Hypq method
was compared to that using CO-stripping for the 10PtPd alloy
NTs. For this purpose, the 0.5 M H,S0, solution was first sat-
urated with CO (after the usual bubbling with nitrogen). Sub-
sequently CO was adsorbed onto the catalyst at 0.4 V for 10
min, and the CV curve was recorded starting from 0.4 V to
prevent hydrogen adsorption. The ECSA was calculated con-
sidering that the oxidation of CO involves 2 electrons.

2.2. Computational methods

The ab initio calculations were performed within the density
functional theory formalism implemented in the Quantum
Espresso package,*® with generalized gradient approximation
(GGA) in the framework of the Perdew-Burke-Ernzerhof
(PBE) functional®” and projector augmented wave (PAW) po-
tentials. The plane wave basis cut-off energy was set to 400
eV in our calculations. The structure was relaxed using the
Broyden-Fletcher-Goldfarb-Shanno optimization method,
with a force convergence of 10™* Ry per Bohr and an energy
convergence of 10° Ry. k-Point samplings of 5 x 5 x 1 were
used for the structure relaxation, while denser meshes of 10

Table 1 The deposited nanostructures with their calculated ECSA, and
Pt, Pd and total mass

Porous PtPd NTs

ECSA ECSA
Metal Pt mass (ml gmmf'] (m“’ gmm{')

Pt-Content  mass (mg) (mg) (HS0,) (HC1Oy)
5 at% 0.2417 0.0121 60.1 F=3
10 at% 0.2305 0.0231 100.3 137.7
18 at% 0.2359 0.0424 88.5 —
23 at% 0.2271 0.0476 84.2 91.3
43 at% 0.2924 0.1257 47.4 —
100 at% 0.1610 0.1610 34.6 49.5
PtPd NRs, ECSA in H,S0; in m® g '
17 at% 0.2172 0.0593 37.3
41 at% 0.2661 0.1491 20.6
69 at% 0.3614 0.2902 12.7
100 at% 0.3742 0.3742 17.6

This journal is © The Royal Society of Chemistry 2019
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x 10 x 4 were used for the CO adsorption calculations. For
high accuracy, an energy convergence of 10 ® Ry was chosen.
The structures were modulated by pure Pd, pure Pt, and a 1:
1 random mixture of Pd and Pt slabs of a (4 x 4 x 2) unit cell.
Most papers predict that the hollow site is preferred for CO
adsorption on transition metals, while experimental studies
prove that CO adsorbs at the top site.*® The PBE functional
can overcome the underestimation of the CO preference of
low-coordination sites. Hence we focused on the top site as
the preferred site for CO adsorption. The density of states
and the CO adsorption energy on the participating metal
atoms were calculated with the adsorption energy being cal-
culated based on the usual definition E,qs = E(CO/metal) -
E(CO) - E(metal).

3. Results and discussion
3.1. Processing and microstructure characterization

Fig. 1 shows the SEM micrographs of the Pt and PtPd NTs,
and Fig. 2 shows the EDS spectra and EDS mapping of a PtPd
alloy NT sample. Plain NRs are also shown for comparison in
the ESIT (Fig. S1). Fig. 1a is a top-view micrograph revealing
the NT morphology with an NT wall thickness of approxi-
mately 15 nm. The inner tube diameter is approximately 65
nm. The porous characteristic of the NTs can be seen in
Fig. 1b-d. Estimates of the pore size using the STEM micro-
graphs in Fig. 3 yield a range between 2 and 3.5 nm. Further,
a close look at Fig. 3 unveils a NT wall structure akin to a

Fig. 1 SEM micrographs using the ESB mode (atomic number contrast
at high resolution): (a) top view of the nanotubes. It shows the
corrugated morphology of the NTs and suggests that the NTs are
composed of NPs (see the main text for the discussion of the
formation mechanisms of the NTs); (b and c) cross-section of the NT
array showing their porous characteristic along their length; (d) an iso-
lated NT (notice the rough morphology of the walls and their particu-
late characteristic).
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Fig. 2 (a) EDS spectrum of 43PtPd alloy NTs. The Si peak belongs to
the substrate; (b and c) EDS mapping showing the homogeneous
distribution of Pt (b) and Pd (c).

basket-weave structure having the
closely-knit nanocrystals.

Fig. 4 shows the XRD spectra of the Pt and PtPd NTs. The
alloy composition is determined from the d,;, interplanar

spacing, assuming that Vegard's law holds for this system

mesopores between

View Article Online
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which is pretty much verified with the linear dependence of
di11 = f(Xp). The composition is slightly different from EDS
analysis (Table S17), due to the difference in the analysed
areas (XRD probes macroscopic volumes while EDS probes
only microscopic ones). Using the Scherrer formula, the crys-
tallite size amounts to 1.5 nm, assuming a shape factor, K =
1. A similar result of 1.6 nm was also obtained for the plain
NRs. Further, the XRD results show the predominance of the
111 peak, but the ratio of the 200 peak area to that of 111 is
roughly constant for all alloy NT compositions (Table 2). This
also holds for the plain NRs. This structural similarity is im-
portant for a meaningful comparison of the electrocatalytic
properties of the different alloys.

Considering the NT morphology obtained, we may infer
that nucleation first occurs at the bottom of the pores (Au-
electrode) and growth accrues from the nucleated clusters/
NPs by attachment of newly formed NPs. Growth occurs verti-
cally along the pore walls which are thought to act as hetero-
geneous nucleation sites. The result is akin to a vertically
growing film on a substrate wall. The formation mechanisms
of the porous NTs may further be discussed considering the
time-current curves recorded during electrodeposition that
are shown in Fig. 5 for Pt and PtPd alloys, and assuming
complete wetting of the AAO pore channels (which is the
case, because otherwise we wouldn't have electrodeposition
in the pores). In the case of Pt-NTs, the current first increases
with time culminating in a sharp maximum that denotes the
formation of a high density of Pt nuclei. This regime is
followed by a drop in the current that is generally an indica-
tion of diffusion-limited nucleation and growth because of

Fig. 3 STEM micrographs of PtPd NTs. The NTs were scratched from the sample surface and mounted on a TEM grid for STEM analysis.
Regardless of alloy NT composition, all the micrographs illustrate the porous characteristic of the NT walls. Notice also the closely-knit NPs with a

basket-weave structure displaying mesopores (arrows).
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Fig. 4 (a) XRD patterns in the 20 range of the 111 reflection in grazing incidence mode; (b) Pt concentration obtained from the calculated lattice

parameters and Vegard's law.

solute depletion at the particle-electrolyte interface (due to
nucleation and growth). At longer times, the current slowly
increases again. In this regime, diffusion and kinetics control
of nucleation proceeds.’® A quasi-steady state regime follows
where kinetics control predominates. Normally at high
overpotential, where the driving force for nucleation and
growth is large, agglomeration of NPs occurs leading to larger
NPs and/or dendritic growth.’®*" This is not the case in the
present work, because the surfactant stabilizes the nuclei via
the formation of micelles. At low Pt content (e.g. 10 at%), nu-
cleation proceeds at low current over a longer lapse of time
in comparison to pure Pt, leading to a broad maximum; a
short diffusion limited and a steady state regime follow. This
suggests that the kinetics of nucleation and growth of PtPd-
NPs is more sluggish than in the case of Pt. With increasing
Pt content, the nucleation and growth are even more sluggish
that the diffusion-controlled regime is suppressed, meaning
that the ion concentration at the electrode interface remains
almost constant. We presume that the electrodeposition of
PtPd is controlled by the degree of interaction between the
Pd and Pt ions at the electrolyte-substrate interface. How-
ever, more studies are necessary in order to elucidate the

Table 2 The ratio of the 200/111 peak area for the different Pt
concentrations

Porous PtPd NTs

5 at% 0.24
10 at% 0.28
18 at% 0.22
23 at% 0.21
43 at% 0.26
100 at% 0.31

Plain PtPd NRs

17 at% 0.23
41 at% 0.27
69 at% 0.27
100 at% 0.30

This journal is © The Royal Society of Chemistry 2019

electrodeposition mechanisms of PtPd alloys. In all cases, the
NT microstructure remains unchanged, because of the effect
of the surfactant in limiting the NP growth. Fig. S2f shows
electrodeposited Pt from a Brij58-free electrolyte. The porosity
is reduced, with the formation of shorter NRs for the same
deposition time. A schematic of the electrodeposition mecha-
nism is shown in Fig. 6.

3.2. Electrochemical properties

The electrochemical active surface area (ECSA) results are
summarized in Fig. 7 that comparatively shows the ECSA of
the porous NTs and the plain PtPd NRs. In Fig. 7b, the ratios
of the ECSAs of the PtPd alloy NTs to those of pure Pt are
shown. Noteworthy is the high ECSA ratio of the porous PtPd
NTs to Pt-NRs which culminates at approximately 10 at% Pt.
This shows that making porous PtPd NTs is an efficient way
to substantially increase the ECSA in general. Moreover, the
ECSA ratio of the same PtPd NTs to porous Pt NTs also shows
a substantial increase with decreasing Pt content which

-
<
E
-
£
g
3 451 Pt content in PtPd
o : 10%
-5.0 —18%
-5.5 43%
60 —100%

T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (s)

Fig. 5 The chronoamperometric curves corresponding to the
potentiostatic electrodeposition of the Pt and PtPd NTs at -0.5 V (see
the main text for discussion).
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Fig. 6 A schematic of the deposition steps of the NTs from an
electrolyte containing 3 wt% Brij58, and corresponding micrographs.
(1) The NPs surrounded by Brij58 are nucleated on the bottom of the
pore walls; (2) the newly formed NPs attach to the already formed NPs
along the pore walls. This process involves mesopore formation; (3)
and (4) the process proceeds under kinetics control; (5) NT deposition
is finished and the AAO template is dissolved to expose the NTs.

—_—
50nm 50nm 50nm
—_— — —

points the way to better, Pt-lean catalysts. It should be pointed
out that the metal mass in our work is calculated from the
Faraday equation by integrating the deposition current vs.
time, after subtracting the charge corresponding to the hydro-
gen evolution at -0.5 V (Fig. S3t). Because the charge neces-
sary for the metal deposition is an accurate measure of the
tiny masses, down to few micrograms, usual in electro-
catalysis experiment, this entitles us to claim that our results
are accurate inasmuch as any uncertainties related to
weighing very small masses can be precluded (even high pre-
cision laboratory balances are not precise enough for
weighing such masses, unless a quartz microbalance is used).

A salient feature in Fig. 7 is the existence of an ECSA
maximum at 10 at% Pt with a value of roughly 100 m>
Zmetal | that is approximately twice the values reported for
Pt-black.”> Even the 5 at% Pt alloy is characterized by a
higher ECSA than pure porous Pt-NTs and Pt-black. The
ECSA of NTs with Pt contents higher than 10 at% first

View Article Online
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smoothly decreases, followed by a steeper decrease between
23 and 43 at% Pt, and saturates at higher Pt values. It goes
without saying that the values of the Pt-NRs are smaller
than those of the NTs. The values above were obtained
using the Hypq method. According to Mayrhofer et al,* this
method rather yields values that are approximately 70 to
90% of the values obtained with the CO stripping method,
depending on the particle size. Our results using the CO
stripping method (Fig. $47) for the 10PtPd NTs confirm this
tendency. The ECSA value of 119 m® g ' is approxi-
mately 1.2 times higher than the 100 m” g, ' obtained
with the Hypq method in 0.5 M H,50,. We may then state
that the ECSA values tabulated in Table 1 are rather on the
conservative side.

Further, for the sake of comparison with the results
reported elsewhere,”™** Fig. 7 also shows the ECSA values
obtained in 0.1 M perchloric acid, because most of the data
on the PtPd nanocatalysts were generated in this electrolyte.
The values obtained are approximately 16% higher with a
maximum of 138 m> g' for the 10 at% Pt alloy that sur-
passes the ECSA reported on nanoscale Pt and PtPd nano-
wires,>***"* pt-coated Pd-NTs,’® and Pt-containing quater-
nary alloy NTs."”

The overall high ECSA obtained in this work probably ac-
crues from the positive interplay of different factors. The ac-
cessibility of both the inner and outer tube surfaces to the
electrolyte and the nanometre-sized clusters certainly play a
prominent role that is amplified by the mesoporous structure
of the NTs. This probably entails full utilization of the Pt sites
(e.g. Liu et al."” and Tian et al.*®). Concerning the ECSA of the
PtPd-NTs, there are additional contributing factors, among
them the electron transfer between the two elements (transfer
of d-electrons from Pd to Pt) and stress effects due to the lat-
tice mismatch. Although the atomic radii of Pd and Pt are very
close, lattice contraction in PtPd alloys has been claimed to
have a positive effect on the electrocatalytic activity, e.g. for
the ORR, as it lowers the affinity of Pt for oxygen, conse-
quently enhancing the kinetics of O-H formation.'®*%?
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Fig. 7 (a) ECSAin 0.5 M H,SO, for PtPd-NRs and porous PtPd NTs: the results in 0.1 HClO, are also shown for the sake of comparison with previ-
ous work (blue stars, see also the main text); (b) comparison of the ECSA ratios of the different nanostructures to stress the overall higher perfor-
mance obtained for the PtPd alloys, and in particular that of the porous alloy NTs. The lines are guides for the eye.
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Fig. 8 (a) Current density (current normalized by the Pt-mass) vs. voltage of the sample electrodes in methanol; (b) the forward peak current

density as a function of the Pt concentration. Scan rate: 50 mV s ™.

The electrocatalytic activity for methanol oxidation is
plotted in Fig. 8. The specific current density vs. voltage is
plotted for the porous NTs in Fig. 8a. Broad forward peaks
with a hump at higher voltages are observed. The forward
peak is always more intense than the backward peak which
is generally accepted as a result of lower propensity of the
structure to poisoning with intermediate reaction species.
This contrasts with the results obtained for plain Pt and
PtPd NRs where the magnitude of the forward and back-
ward peaks is roughly the same (Fig. S51). Close examina-
tion of the forward peak of the lean Pt alloys reveals a main
peak at peak voltages that tend to decrease with decreasing
Pt concentration, followed by a hump at higher voltages
with peak voltages showing the same tendency. Because the
hump lies at peak voltages close to those of the Pt-rich al-
loy, it is intuitive to understand this result as a conse-
quence of the existence of Pt-rich regions in the NTs. Re-
cent investigations of segregation phenomena in PtPd alloys
showed that when Pt is present as a solute, moderate segre-
gation is predicted,” with Pt-segregation to the center of

low index facets in nanoparticles.”> At higher Pt concentra-
tion, e.g. 1:1, the same work predicts multishell chemical
ordering with the formation of islands of the individual ele-
ments on low index facets, e.g. 111 for Pt and 100 for Pd,
and a reverse order in the second shell. This contrasts with
the well-known Pd-segregation in bulk PtPd alloys®"*® that
is explained by the lower surface energy of Pd.

Because methanol electrooxidation occurs solely on Pt sur-
face sites, we may infer Pt-segregation at the surface of the
PtPd-NTs and/or the presence of Pt sites at the surface. At
low Pt-concentration, e.g. 10 to 20 at%, the formation of a Pt
skin, as predicted by Barcaro et al.,** should explain the max-
imum activity obtained. We presume that lower concentra-
tions (than 10 at%) result in less Pt surface sites. In other
terms, a “percolation limit” is not reached to form the Pt
clusters predicted in the work above. Higher concentrations
are supposed to lead to more Pd-sites on the surface which
again decreases the electrocatalytic activity. We contrast our
results to those obtained by Wu et al.'® who reported two
maxima for the ORR activity of their PtPd nanoalloy NPs; the

b 10
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Fig. 9 Chronoamperometric curves of the different 1D nanostructures of methanol electrooxidation in 0.5 M HSO,. The test voltage was fixed at
80% of the peak voltage of the corresponding structure (obtained from Fig. 8a). (a) Porous NTs and (b) plain NRs.
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Table 3 Adsorption energies (E,4s), distance C-O (dc_o), and distance C-

metal (dc_m)

Surface site Eaas (€V) dco (A) dey (A)
Pt-top -1.751 1.157 1.821
Pd-t()p -1.346 1.141 1.549
PtPd, Pt-top -1.286 1.139 1.315
PtPd, Pd-top -1.859 1.192 1.702

first one is observed for Pt lean alloys (14 at% Pt) and the
second one for Ptrich alloys (64 at% Pt). A minimum is
obtained by them at roughly 50 at% Pt. They explain their re-
sults, based amongst others on XPS and DFT calculations,
with “subtle” electron transfers from Pt to Pd, depending on
composition. We cannot confirm their findings, at least with
regard to our methanol electrooxidation results. Rather, (the
trend shown in Fig. 8b for both the NTs and the NRs is proof
enough) electron transfer processes from Pd to Pt (see also
our DFT calculations below), segregation phenomena as pre-
dicted by Nielekar et al.,”* and lattice contraction effects are
thought to dominate the electrocatalytic activity of our
nanostructures.*”*°

Chronoamperometric experiments for methanol electro-
oxidation were conducted in 0.5 M H,SO; at a fixed voltage V/
V,, ratio of 0.8, where V;, is the peak voltage. Although the test
time is too short for a conclusive assessment of the long-
term property stability, it nonetheless allows us to compare
the different nanoalloy NTs. The results reveal morphology
and composition specific behaviours. In the case of the po-
rous NTs, Fig. 9a, it is noteworthy that the alloys with higher
Pt-concentration are more stable than the Pt-lean ones. For

View Article Online

Catalysis Science & Technology

instance, all the alloys with Pt >10 at% barely show a variation
in their performance with time, at least for the lapse of time
tested. For the 10 at% and 5 at% Pt, a decrease in performance
of approximately 38% is revealed. A similar trend can be
suggested for the plain PtPd NRs, Fig. 9b. These results indi-
cate that the concentration of Pd in the alloy, in other words,
the number of Pd atoms neighbouring Pt, must play a role in
preventing site blocking by intermediate species during the
electrocatalytic reaction. We should now shed some light on
these observations via DFT calculations, particularly consider-
ing CO adsorption energies on Pt, Pd and PtPd alloys.

4. Density functional theory
calculations

Table 3 shows the calculated CO adsorption energies on the
top-sites of Pt and Pd atoms in the pure metals and the 1:1
alloy (Pt or Pd in the bimetallic PtPd). For the pure metals,
we first note the higher stability of adsorbed CO on Pt atoms,
with a difference of 0.405 eV, in comparison to the adsorp-
tion on Pd atoms. Gajdos et al.>* reported a lower adsorption
energy difference between Pt and Pd (0.16 ¢V), probably be-
cause of the different calculation methods involved. But qual-
itatively, our results are in good agreement with theirs in
terms of the preferential adsorption of CO on Pt. The PtPd al-
loy, however, shows a completely different behaviour with the
adsorption of CO being now preferred on Pd rather than on
Pt (an energy difference of roughly 0.5 eV in favour of CO ad-
sorption on Pd might be exaggerated, but qualitatively con-
firms the tendency above). This result can be rationalized
considering that the charge transfer from Pd to Pt should
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Fig. 10 Orbital electronic density of states for Pt/Pd atoms in a Ptl1: Pdl alloy. The Pt/Pd top sites and adsorbed CO are shown.
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increase the ability of Pd to accept charges from CO. In fact,
the underlying mechanisms for the interaction between CO
and transition metals can be described in terms of two con-
tributions, a strong c-donation of electrons from CO to the
empty metal orbitals, and a good back-donation of electrons
from the metal to the unoccupied molecular orbitals 7*.>

The density of states calculated for the pure metals and
adsorbed CO is shown in Fig. S6.t They are qualitatively in
agreement with the literature.*®

Considering Pt and Pd in the PtPd mixed structures
(Fig. 10), the d band of Pt is shifted to a lower energy (-3.63
eV) and is almost fully occupied in comparison with that of
pure Pt (Fig. S6t). The Pd d band covers a larger energy range
than that of pure Pd, and its center blue-shifts to —2.67 eV.
The interaction between Pt and Pd translates to a transfer of
charges from Pd to Pt as suggested by the full occupation of
the Pt d-band, and the shift of the p, band (to lower energies
for Pt and to higher energies for Pd). From the panels Pd-top
and Pt-top, the hybridization between the d-band of the Pd
atoms and CO ¢ lies at lower energies than that for the Pt
atoms. One can easily see the rise of new Pd band states (sp,
and d) arising from the donation of charges from CO. This
donation seems much more important than in the case of
pure Pd (Fig. $67), since the transfer of charges from Pd to Pt
atoms increases the capacity of Pd to accept more charges
from CO. One can also observe from the CO panel that the 40
+ 50 is shifted to more positive energies when CO adsorbs on
Pt in the PtPd alloy. Further, a weak occupation of the 2rn
states is observed on Pd atoms, proving some degree of back-
donation from Pd to 2m. Fig. 11 shows a summary of the

il

Fig. 11 A schematic summary of d-band changes of pure Pt/Pd and
Pt/Pd in the mixed PtPd structure. The transfer of charges from Pd to
Pt causes d-band filling of empty states above the Fermi level which
translates to a d-band shift to lower energies. In contrast, the d-band
of Pd in PtPd expands over a larger energy range due to Pt-Pd
interaction.
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d-band changes from pure Pt/Pd to Pt/Pd in the PtPd alloy
structure.

The DFT calculations above, although still at the prelimi-
nary stage and certainly need more refinement for a better
description of the PtPd nanoalloys, qualitatively explain the
electrocatalytic performance observed in this work. Consider-
ing our experimental results, the presence of Pd in the NTs
plays an important role, first by charge transfer to Pt atoms
which reduces the capacity of Pt to be poisoned by CO. Sec-
ond, the preferential adsorption of CO on Pd leaves more
free, active Pt sites. The enhancement of the activity for Pt-
lean alloys depicted in Fig. 8b can be explained in terms of
more Pd atoms neighbouring Pt sites.

5. Conclusion

Supported 1D PtPd nanostructures with different Pt concen-
trations in the range from 5 to 100 at% were processed using
electrodeposition in the pores of aluminum oxide template
films. Using a negative deposition voltage of 0.5 V together
with a small amount of a non-ionic surfactant allows the pro-
cessing of mesoporous NTs. The electrochemical perfor-
mance of the different nanostructures and alloys in sulfuric
acid and occasionally also in perchloric acid electrolytes is
compared. Both the electrochemical active surface area
(ECSA) and the activity for methanol electrooxidation very
much depend on the Pt concentration. We show that the
ECSA increases with decreasing Pt-content towards a maxi-
mum at 10 at% and decreases at lower values. The maximum
values obtained for the ECSA of the NT structures amount to
100 m? getal - in 0.5 M H,S0,; and 138 m? gpeta * in 0.1 M
HCIO,. Even at 5 at% Pt, the ECSA value obtained is higher
than those of Pt-black and pure Pt-NTs. Understandably, the
catalytic performance for methanol electrooxidation also in-
creases with decreasing Pt content, with a maximum of 835 A
gp | in 0.5 M H,S0, and 932 A gp ' in 0.1 M HCIO,. The NT
structure, mesoporosity, lattice contraction and charge trans-
fer from Pd to Pt are thought to contribute to these results.
Furthermore, the chronoamperometric tests suggest the long-
term stability of the nanostructures investigated. At the
atomic level, DFT calculations show that charge transfer from
Pd to Pt as well as the preferential adsorption of CO on Pd in
the PtPd alloy might account for the properties observed.
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Fig. S1 SEM micrograph showing a cross section of a PtPd alloy NRs sample (a), and corresponding EDS spectrum (b).

Fig. S2 Cross-section of Pt array electrodeposited at -0.5 V with no Brij58 in the solution.
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Fig. S3 The chronoamperometric curves corresponding to the potentiostatic electrodeposition of the porous Pt NTs

at -0.5V, and hydrogen evolution test done in a blank solution containing HCl and 3 wt.% Brij58 ( pH=2.5) at -0.1 V

and -0.5 V.

250
200 <
150
100

50

-50 |

-100 4

Current density (Algy,...)

-150 4

-200

—— CO-saturated porous 10PtPd-NTs

-0.2

—T T 7T 7T
0.4 06 0.8 1.0 12 14

Voltage (V vs. NHE)

T
0.0 0.2

1.

6

Fig. S4 CO oxidation voltammogram of a CO-saturated porous 10PtPd-NTs in CO-free 0.5 M H2SOs electrolyte. Scan
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Fig. S6 Orbital electronic density of states for top sites of pure Pt, and Pd atoms, and adsorbed CO. This Figure shows
s, p, and d —states for pure Pd and Pt. The d band center is -2.41 eV for Pt and -1.94 eV for Pd, the s- and p-band are
covering a large energy range. px and py degenerate, and the p. show different behavior than later ones. Considering
the effect of CO molecule on the metal states Pd and Pt, one can observe different qualitative behaviors, the d-band
is extended to a large energy range; more important new states were a rise in d;2 and sp from the interaction with
0. For CO the 40+50 peaks positions for Pt (-8.5 eV) and Pd (-8 eV), the 2 get partially occupied at the same energy

level with 1m.

Table S1 Volume fractions of 10 mM H2PtCls and 10 mM K2PdCls aqueous electrolytes, and their corresponding Pt-

content obtained from EDS analysis, and from XRD (the calculated lattice parameters and Vegard’s law).

Volume Fraction Pt-Content from EDS (at%)  Pt-Content from XRD (at%)

Porous PtPd NTs

1:19 5.5 5
2:18 10.54 10
3:16 17.44 18
4:16 22.40 23
7:12 49.04 43

Plain PtPd NRs

1:4 10.78 17
4:5 42.24 41
7:4 68.51 69
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Holstein, Germany
Electrodeposited monolithic Au nanorods (NRs) of 100 nm in length, Au/Pd NRs of 100/20 nm in length,
and Pt and Pd nanodiscs (NDs) with a 20-nm thickness are compared to magnetron sputtered Pt and Pd on
Au-NRs’ supports. The sputtered Pt and Pd form a thin layer of nanoparticles (NPs) that is distributed across
the entire surface area of the Au NRs. The linear sweep voltammetry behavior at 0.5 M H,SO4 of
electrodeposited nanostructures shows a moderate performance for both Pt and Pd discs. Those behaviors
largely improve with sputtered Pt and Pd due to NPs morphology, which increases the interfacial electronic
interaction between Au and Pt/Pd. Surprisingly, sputtered Pd shows superior activity compared to sputtered
Pt (Pd 32 and Pt 23 mA/cm? at -0.4 V). the Tafel slopes decrease for sputtered Pt and Pd compared to
monolithic structures. Density functional theory calculations reveal the underlying effect of Au on both the
hydrogen diffusion ability over Pt and Pd and on the HER mechanisms, which seem to follow Heyrovsky-
Tafel mechanisms when sputtering Pd on Au NRs and strengthen Volmer-Tafel mechanisms for sputtered

Pt on Au NRs.
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Abstract

Ordered thin films of Au nanorods (NRs) on Ti/Au/Si heterostructure substrates are
electrodeposited in thin film aluminum oxide templates, and serve, after template removal, as
supports for Pd and Pt nanocatalysts. Based on previous work which showed a better
electrocatalytic performance for layered Au/Pd nanostructures than monolithic Pd,
electrodeposited 20 nm Pd discs on Au-NRs are first investigated in respect to their catalytic
activity for the hydrogen evolution reaction (HER) and compared to monolithic 20 nm Pd and Pt
discs. To boost performance still more, the interfacial interaction area between the Au-NRs
supports and the active metals (Pt and Pd) was then increased via magnetron sputtering an
extremely thin layer of Pt and Pd (20 nm overall sputtered thickness) on the Au-NRs after template
dissolution. In this way the whole NR surface, top and lateral, was covered with Pt and Pd
nanoparticles, ensuring a maximum interfacial contact between the support and the active metal.
The HER performance obtained then was substantially higher than that of the other nanostructures.
A Salient result of the present work, however, is the superior activity obtained for sputtered Pd on
Au in comparison to that of sputtered Pt on Au. It is also shown that increasing the Au-NR length
translates in a strong increase in performance. Density functional theory calculations show that the
interfacial electronic interactions between Au and Pd lead to suitable values of hydrogen adsorption
energy on all possible sites thus promoting faster (barrier-free diffusion) of adsorbed hydrogen and
its recombination to H>. A Volmer-Heyrovsky mechanism for HER is proposed and a volcano plot

is suggested based on the results of the Tafel plots and the calculated hydrogen adsorption energies.
KEYWORDS

Hydrogen evolution reaction; Bimetallic Au-Pt-Nanorods; Bimetallic Au-Pd-Nanorods;

Nanoelectrocatalysts; Hydrogen adsorption energy; density functional theory
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Introduction

The ever-increasing share of renewables in the energy mix is understandably driven by
environmental concerns. In many regions of the world the share of renewables is now at least 20%,
and is expected to increase during the coming decade to 40 or even 50% [1,2]. Primarily, this trend
has been boosted by recent developments in Li-ion battery modules that became much more
competitive as Li price on the world market continues to fall [3]. Nevertheless, an efficient
exploitation of renewables will also have to draw into consideration other energy storage
possibilities, such as (super)capacitors and water electrolysis, to mention only the electrochemical
methods. In particular, water electrolysis, mainly for the production of hydrogen via the hydrogen
evolution reaction (HER), is highly attractive, and could afford a powerful way for energy storage

that is clean and sustainable, and could be used even in remote and desertic regions.

HER is a complex electrochemical interfacial process that follows specific mechanisms
depending on pH, catalyst and applied voltage. These mechanisms and the type of reactions
involved at the interface between electrolyte and catalyst are outlined in the review article by
Conway and Tilak [4]. The generally accepted reaction steps using a metal (M) catalyst under acidic

conditions are [4-6]:

H;0"+ M+ e~ - MH,,, + H,0 (Volmer reaction) (1)
followed by either Reaction (2) or (3)

MH,4s + H;0" + e~ > Hyy + M + H,0 (Heyrovsky reaction) )
2MHg4s = Hyp + 2M (Tafel reaction) 3)

The mechanisms of HER have been rationalized by different authors in terms of the
governing equations specific to the mechanisms above, taking into account the different acting
kinetics parameters such as adsorbed hydrogen surface coverage and overpotential (e.g. Conway
and Tilak [4], Bhardwaj et al. [7]). A number of catalysts have been reported for the HER, including
transition metals and various compounds, as compiled in the review article of Eftikhari [§]. Catalyst
performance is generally weighed in terms of the magnitude of overpotential necessary for HER at
a given pH, the current density generated/weight of the active catalyst and durability. The noble
metals (Pt, Pd) that are mostly used in acidic conditions are well known for their outstanding

performance. In particular, Pt-NPs are the best known HER catalysts to date, performing at very
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low overpotentials. Although other non-noble metal catalysts such as Ni and Ni-Mo [9], as well as
non-metallic catalysts, including FeS,, MoS» [10], as well as C3N4 [11] are now in the focus of
research, Pt-group metals still enjoy vivid interest, particularly as to strategies to decrease their

loading and the governing HER mechanisms (see results and discussion below).

In a previous work, we have shown that layered Au-Pd-nanorods (NRs) are powerful
electrocatalysts for formic acid electrooxidation [12]. Controlling the Pd-layer thickness to few
nanometers was shown to drastically increase the performance of the catalyst. Further, it was
shown, also using functional density calculation, that Au plays an active role in preventing catalyst
poisoning by catalyzing the oxidation of CO. Based on this work, the feasibility of these catalysts
for HER is explored. In particular, it is shown that increasing the interfacial contact area between
Au and the active metals Pd and Pt results in performances that by far surpass those of the layered
and monolithic Pt and Pd nanostructures. This is achieved by magnetron sputtering a very thin layer
of overall 20 nm thickness of the metals on exposed Au-NRs (i.e NRs after removal of porous
aluminum oxide template) which leads to nanoparticle formation and distribution on top and lateral
surfaces of the Au-NRs thus maximizing the interfacial contact area between the support and the
active metal. Our results unambiguously show that sputtered Pd on Au-NRs has a substantially
higher HER performance than that of sputtered Pt on the same Au-NRs. The results are rationalized
in terms of hydrogen adsorption energy on different sites of Au-Pd(Pt)-bimetallic structures, using

density functional theory calculations.
Materials and methods
Synthesis and characterization

The following chemicals were used as purchased: oxalic acid dihydrate 99 % (Roth, Karlsruhe,
Germany), phosphoric acid 85 % (Roth, Karlsruhe, Germany), and sodium hydroxide (Roth,
Karlsruhe, Germany). Gold (III) Chloride Trihydrate (Sigma-Aldrich, Steinheim, Germany).
Potassium tetrachloropalladate(Il) (abcr, Karlsruhe, Germany). Chloroplatinic acid hexahydrate

(Sigma-Aldrich, Steinheim, Germany). Deionized water was used to prepare aqueous solutions.

Aluminum thin films of approximately 500 nm were deposited on a Silicon/T1 (2 nm)/Au
(5 nm) heterostructure via electron beam evaporation (PVD75, Lesker, Jefferson Hills, USA
equipped with an electron beam system (Ferrotec GmbH, Unterensingen, Germany). Anodization

was conducted potentiostatically in 0.1 M oxalic acid at 70 V in a two-electrode set-up with a Pt
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mesh as the counter electrode, using an electrochemical workstation (Keithley 2400 SM,
Cleveland, USA). After anodization, barrier layer removal and pore widening were conducted in
phosphoric acid (5 wt.% in water) for 50 minutes at 30° C [13,14]. Au-NRs, Pt-NRs and Pd-NRs
were grown into the AAO pores via electrodeposition in § mM HAuCls, 10 mM H>PtCls, and 10
mM KoPdCls aqueous electrolyte using a three-electrode set-up, with the Au/AAO template
working electrode, a Pt counter electrode and an Ag/AgCl reference electrode, under potentiostatic
conditions (Au at 0.1 V, Ptat -0.2 V, and Pd was first initiated at -0.1 V for 30 s and subsequently
the voltage was increased to 0.3 V) using an electrochemical workstation (Princeton
Potentiostat/Galvanostat Model 263A, Oak Ridge, USA). Au/Pd-NRs were grown into the pores
by sequential electrodeposition from aqueous electrolytes. The NRs length was controlled via the
deposition time. After electrodeposition, the 1D nanostructures were exposed by dissolving the

AAO film in an aqueous solution of NaOH (5 wt.%) at room temperature.

Subsequently, the supported Au-NRs were introduced into the sputtering chamber. 20 nm
thick Pt, and Pd films were RF sputtered on the Au-NRs samples and the supporting substrate using
pure targets (Pt and Pd (ESG Edelmetall GmbH, Rheinstetten, Germany)) under an approximate
Argon partial pressure of 10~ mbar. The sputtering power was set to 100 W for Pt, and 120 W for
Pd at room temperature. The film thickness was monitored by a quartz crystal microbalance. The
Sputtering of 20 nm Pt layer on a Silicon/Ti (2 nm)/Au substrate (the same substrate used to grow

the Au-NRs) was introduced together with Au-NRs to the sputtering chamber.

The microstructure and morphology of the samples were characterized with a high-
resolution scanning electron microscope (SEM Ultra Plus, ZEISS, Oberkochen, Germany)
operating in the secondary (SE) and energy selective backscattered (ESB) electron modes. The
SEM is also equipped with an energy dispersive X-ray spectroscopy (EDS) package (INCAx-act,
Oxford Instruments, High Wycombe, UK). The structure was characterized by X-ray diffraction
(XRD, X’Pert Pro diffractometer PANalytical, Eindhoven, Netherland) in grazing incidence
diffraction mode with constant 6 = 1° using monochromatic CuKa. radiation with A = 1.5418 A.

The device has a full width to half maximum resolution of 0.03°.

An electrochemical workstation (ZAHNER IM6e, Kronach,Germany) was used for linear sweep
voltammetry (LSV) measurements from -0.8 V to 0.3 V. The electrochemical experiments were
performed in 0.5 M H>SO4 solution with pH 0.36, using a three-electrode set-up with a Pt mesh

and HydroFlex (reversible H: reference electrode) as counter and reference electrodes,

81



7 “Au-Nanorods supporting Pd and Pt nanocatalysts for the hydrogen evolution reaction: Pd is revealed a
better catalyst than Pt”

respectively. All potentials were referenced to the reversible hydrogen electrode (RHE). The
current was normalized by the sample’s measured area. All the H>SO4 solutions were saturated

with Forming gas (after the usual bubbling with nitrogen).
Computational methods

Ab initio calculations based on density functional theory implemented in Quantum ESPRESSO
package were employed to simulate the adsorption of hydrogen on different (111)-oriented Au, Pt,
Pd, AuPt, and AuPd sites [15]. Electron—ion interaction was described by projector augmented
wave (PAW) potentials, while the exchange correlation was represented by generalized gradient
approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE) framework [16]. The plane wave
basis cut-off energy was set to 400 eV. The structures were initially optimized by permitting the
relaxation of atom positions by using the Broyden—Fletcher—Goldfarb—Shanno (BFGS) method. To

attain high accuracy, the self-convergence-field convergence criterion was set to 10°® eV.

(111)-oriented Au, Pt, Pd, AuPt, and AuPd surfaces were modelled with the 4x3x2 slab.
Fig. 1a shows different hydrogen adsorption sites, namely top, bridge, fcc, and hep for for Au, Pt,
and Pd. For AuPt and AuPd, hydrogen adsorption was examined on the Au/Pt (Au/Pd) interface;
in this case, new possible adsorption sites were as follows (Fig. 1b): bridge sites Au—Au and Pt—Pt
(Pd—Pd). The hydrogen atom and the top layer of the slab were allowed to relax their atomic
positions to attain the most stable surface-hydrogen distance ds-n. Hydrogen adsorption energies

were calculated on the basis of the usual definition eq. (4):

Eqas = Emetai-n — En — Emetal (4)

bridge M-M

bridge Au-M

bridge Au-Au

Fig. 1 Adsorption possible sites for: a Au, Pt, and Pd (111), b AuPd, AuPt (111).
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Results and discussion

Structure and morphology

Here we focus on the Au/Pd(Pt) nanostructures. The structure and morphology of the monolithic
nanostructures are shown in supplementary material (Fig. S1). A high-resolution back-scatter
electron micrograph of electrodeposited Au/Pd 100/20 nm NRs is shown in Fig. 2a together with
the corresponding EDS spectrum. Based on atomic number contrast, Pd (outlined, dark-contrast
layer) forms caps of mean thickness of 20 nm on the Au-NR tips. There is no evidence that Pd is
deposited on the lateral surface of the NRs, e.g. compare Fig. 2 a with supplementary material Fig.
Sla where smooth lateral surfaces can be seen in both cases. In another experiment, and in order
to explore the effect of the deposition method and Pd (Pt) morphology, 20 nm thick layers of Pd
and Pt were also deposited on the Au-NRs (after template removal) via physical vapor deposition
from pure Pd and Pt targets. In this case, Pd and Pt are deposited on the whole surface area of the
Au-NRs. By comparing Fig. 2b,c,d to supplementary material Fig. Sla it is conspicuous from the
rough morphology and the particulate structure of the NR surfaces that Pd and Pt distribute as NPs

over the whole surface of the NRs.

83



7 “Au-Nanorods supporting Pd and Pt nanocatalysts for the hydrogen evolution reaction: Pd is revealed a
better catalyst than Pt”

a)

Fig. 2 SEM micrographs and EDS spectra of: a layered Au/Pd-NRs, b Au-NRs/Pd (Sputtered)
100/20 nm, ¢ Au-NRs/Pt (Sputtered) 100/20 nm, , d Au-NRs/Pd (Sputtered) 200/20 nm; a shows
a high-resolution back-scatter electron micrograph of the electrodeposited Pd-caps (delineated),
approximately 20 nm thick on top of the Au-NRs; sputtering of Pd b,d, and Pt ¢ on the Au-NRs
leads to complete coverage of the Au-NRs surface area with Pd and Pt-NPs.
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Fig. 3 XRD patterns in the range of 111 and 200 reflections in grazing incidence mode.

The XRD-patterns of the nanostructures investigated are shown in Fig. 3 with the usual
reflections of Au, Pd and Pt. In the case of sputtered Pd and Pt, a broadening of the peaks can be
observed, underscoring the nanoscale dimensions of the deposited materials. The mean particle size
calculated using the Scherrer-Formula is 26 nm for electrodeposited Pd, 15 nm for sputtered Pd,
and 12 nm for sputtered Pt. The ratios of the 200 to 111 peak areas are 0.19 for Pd and 0.37 for Pt

delineating the predominance of the 111 orientation in both cases.
Electrochemical Investigations, HER

Linear sweep voltammetry (LSV) results as well as corresponding Tafel plots in 0.5 M H>SOq4
electrolyte, pH = 0.36, are displayed in Fig. 4. The results clearly reflect that the electrocatalytic

performance very much depends on the processing method of the catalyst.

Interestingly, the Au-NRs show a catalytic activity that is not far away from that of the
sputtered Pt layer (approximately -1 mA/cm? difference at -0.4 V). That Au-nanostructures show
HER activity has been documented in few reports. For instance, Kiani et al. report moderate

catalytic activity of nanoporous Au-films [17], though at fairly higher overpotentials as the ones
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observed in this work, and similar results to ours were obtained on Au-aerogel supported on

graphitic carbon nitride, and Au-NPs by Kundu et al. [18].
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Fig. 4 IR corrected linear sweep voltammograms in 0.5 M H2SOg4 of: a,ec monolithic and b,d bilayer
structures with electrodeposited Pt and Pd as well as sputtered Pt and Pd on Au-NRs. The current
density is normalized by the geometric surface area, in a,b and by catalyst loading in ¢,d. Current
density values at overpotentials of -0.4 and -0.1V are listed in Table 1 for the different catalyst
nanostructures. e,f Tafel plots corresponding to the LSV curves. Sputtered Pd and Pt nanostructures
are indicated. All others were electrodeposited. The current density in the Tafel plots refers to the
geometric surface area. The Tafel slopes are listed in Table 1.
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The electrodeposited layered and monolithic (except Au) nanostructures, including Pt,
which is known to be the best catalyst under acidic conditions, all show moderate performance in
the range from approximately -11 (for electrodeposited 20 nm Pt discs) to -7 mA/cm? at -0.4 V (see
Table 1). It can also be seen that Au barely affects the performance of electrodeposited Pd.

A performance increase is obtained with sputtered Pt on Au-NRs in comparison to the
sputtered Pt film which is understandably due to the NP-morphology and the increase in the surface
area of Pt. However, sputtered Pd on Au-NRs is characterized by a substantially higher HER
activity that is in terms of current density (at a constant overvoltage) is more than thrice that of
comparable, electrodeposited Pd nanostructures, e.g. at -0.4 V (see Table 1). Using 200 nm Au-
NRs supports improves the performance still more which is amenable to the higher surface area of
Pt-NPs achieved with longer Au-NRs. Most surprising is the behavior of sputtered Pt on Au-NRs
(Au/Pt 100/20 nm) which is characterized by a substantially lower current density at a voltage of -
0.1 V vs. RHE than the sputtered Pd on Au-NRs structures. Because it is known that Pd-NPs on
carbon (Pd/C) have a substantially lower activity than Pt/C [19], it appears that combining Pd-NPs
are with Au in an Au/Pd bimetallic nanostructure results in a performance boosting of the catalytic
activity that even overrides that of a similar Pt/Au bimetallic structure. That AuPd bimetallic
nanocrystals are more efficient a catalyst than Pd/C has been also reported by Feng et al. [20],
although their results show that Pt/C is a slightly better catalyst. From our results we can surmise
that the nature of electronic interactions at the Pd (Pt)/Au interface must play a key role in

controlling catalyst performance (see below for discussion).

The Tafel plots are displayed in Fig. 4e,f. For all structures at least two different slopes can
be distinguished; at overpotentials higher than -0.1V (versus RHE)) the current density
exponentially depends on the overpotential. This behavior has been reported by Conway and Bai
[21], and rationalized in terms of the hydrogen surface coverage’s dependence on the overpotential

for the Volmer-Heyrovsky mechanisms [21,22].
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Table 1 Catalyst loading, current density, Tafel slopes, and exchange current density of different structures.
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The slopes calculated at low overpotentials are listed in Table 1; they range from values of

119 to 52 mV/dec that probably reflect different, structure dependent HER mechanisms (see below
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for discussion). The Au-NRs show the highest slope (119 mV/dec) followed by the slopes of the
electrodeposited Pd (103 mV/dec), layered Au/Pd (98 mV/dec) nanostructures, and sputtered Pt
layer (87 mV/dec). The electrodeposited Pt-nanodiscs show an intermediate value of 98 mV/dec
that is higher than what is known for carbon supported Pt-NPs [23], but lower than the values
reported for polycrystalline Pt [24,25]. For the Au/ sputtered Pt and Pd nanostructures the values
decrease to roughly 56 mV/dec for Au/Pt and 53 mV/dec for Au/Pd, although the lowest value is
shown by Pd sputtered on the longer, 200 nm Au-NRs.

From the Tafel slopes above, we can definitely state that the operating HER mechanisms
are dependent on structure and material’s morphology. Particularly, the Au/sputtered Pd

nanostructures seem to stand out both through highest performance and lowest Tafel slope.

Chronoamperometric measurements were conducted in 0.5 M H2SOq at a fixed voltage of
-0.4 V for 120 minutes to test the long-term property stability (Fig. 5). It can be seen that the activity
of both Au-NRs/Pd and Au-NRs/Pt keep increasing for some time before it saturates probably
because of activation and the full coverage of all surface sites. As expected, Au-NRs/Pd saturates
at a higher (absolute value) than Au-NRs/Pt. Further, Au-NRs/Pd saturates faster than Au-NRs/Pt
which might be attributed to fast diffusion of and coverage with hydrogen because of less potential
barriers. We should now shed some light on these observations via DFT calculations, particularly

considering hydrogen adsorption energies on different sites of the structures.

—A 'd 100/20 nm (Sp ed Pd) 4.22.6
Au-NRs/Pd 200/20 nm (Sputtered Pd)
Au-NRs/Pt 100/20 nm (Sputtered Pty 228

-55.0 -

55.5
56.0 -
56.5

57.04

Current Density (mA.cm?)
Current Density (mA.cm")

5754 "

-58.04 -

T T T T T T T 1
0 15 30 45 60 7% 90 106 120
Time (min)

Fig. 5 Chronoamperometric curves of Au-NRs/Pt 100/20 nm, Au-NRs/Pd 100/20 nm and Au-
NRs/Pd 200/20 nm in 0.5 M H2SO4 at -0.4 V for 120 minutes.

DFT calculations
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Table 2 Adsorption energies (E.ds), and hydrogen surface distance (ds-s) for Au, Pt, and Pd surfaces.

Eadas (eV) / du-s (A)
top bridge fce hep
Au -1.57/1.60 -1.75/0.99 -1.81/0.81 -1.62/1.08
Pt -2.76 /1.57 -2.85/1.07 -2.87/0.94 -2.84/0.95
Pd -2.28/1.57 -2.78 /1.05 -2.91/0.87 -2.87/0.88

Table 2 summarizes the calculated H adsorption energies on different sites of monolithic, (111)-
oriented Au, Pt, and Pd surfaces. Obviously, the hydrogen adsorption energy is material and site
dependent, with Au (111) being characterized on all sites by the lowest hydrogen adsorption
energies. Pt and Pd exhibit competitive site stability, with the strongest hydrogen adsorption on fcc
Pd(111). The results obtained are in agreement with those reported by Ferrin et al. [26]. As different
events occur in the HER process, including hydrogen adsorption, hydrogen diffusion, and H>
formation, the low stability of Au sites for hydrogen adsorption might point to the hydronium ions
discharge on Au as the rate limiting step (Volmer reaction) which also explains the high Tafel slope
obtained. Comparing the adsorption energy on the different sites, it can be seen that the Pt sites are
characterized by close values (variance of 0.11 eV) than those of Pd (variance of 0.63 eV). Since
the capacity of hydrogen diffusion over the catalyst surface facilitates easy surface coverage with
hydrogen as well as recombination of the adsorbed hydrogen, and according to the diffusion
mechanisms explained by Watson et al. [27], the diffusion of hydrogen over the surface is
progressively more rapid on Pt than over Pd. In the case of Pd, the diffusion pathway is through
the top site; hence, diffusion over the Pd surface is hampered as H adsorbates need to go through

the top site, leading to a critical energy barrier compared to Pt.

Table 3 Adsorption energies (Eads), and hydrogen surface distance (ds-s) for AuPt, and AuPd surfaces. M=Pt,
Pd

Eads (eV) / du-s (A)
top bridge fee hep
Au M Au-Au Au-M M-M Au2M 2AuM
AuPt -2.20/1.59 -2.88/1.57 -2.19/1.36 -2.23/1.49 -252/1.12 -2.10/1.60 -2.34/1.33
AuPd -2.37/1.60 -2.51/1.56 -2.29/1.41 -225/1.65 -248/ 1.11 -2.28/ 150 -2.29/1.39

Bimetallic nanocatalysts behave differently, as depicted in the experimental results above.
To understand these behaviors, two (111) layers of Au and M (Pt, Pd) were placed in lateral contact

(Fig. 1b) and left for the relaxation of atomic positions.
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Additional adsorption sites ensue from this procedure: two top Au and M (Pt, Pd) sites,
three bridge Au—Au, Au—M, and M—M sites, and several hollow sites. Since the sputtered layer
covers the whole Au-NR surface leading a core-shell like structure, the relevant sites for H-
adsorption should be Au-M and M-M. Table 3 summarizes the adsorption energies and the distance
from the surface for different sites of (111)-oriented AuPd and AuPt surfaces. The first observation
is that top Au and bridge Au—Au become more stable for both surfaces compared to the bare Au
surface (difference of >0.6 eV), but this is rather secondary to our context, since Au is buried under
the Pt/Pd metal layer. Compared to bare Pt and Pd, the top sites become most favorable sites for
hydrogen adsorption. Comparison of the present results to others, Hu et al. also similarly reported
that top-site adsorption of hydrogen on platinum—gold nanoparticles are more stable for all Pt
content of AuPt—NP than the top site of pure Pt—-NP [28]. The variance in adsorption energies
between different sites is 0.26 eV for AuPd and 0.78 eV for AuPt. The hydrogen diffusion ability
over the surfaces becomes easier for the Pd-containing surface than for the Pt-containing one,
leading to a high hydrogen coverage of the surface for AuPd and helping to boost the HER activity

as shown in the experimental results.
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Fig. 6 Orbital electronic density of states for 111-oriented a Au, Pt, Pd, b AuPt, ¢ AuPd. Er denotes
Fermi level. Notice the change in the occupied states distribution and intensities for Pt in AuPt, and
Pd in AuPd.

The different behaviors of AuPd and AuPt may be understood, considering the density of
states. Fig. 6 shows the density of states calculated for the pure metals and the AuPt and AuPd

surfaces. The results are in qualitative agreement with the results published so far on Au, Pt, and
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Pd for the pure metals [29,30]. The d-states occupation of the metals in AuPt and AuPd largely
differs from those of the pure metals, both in intensity and energy range (compare Fig. 6a to Fig.

6b, c).

The interaction between hydrogen and the metal is directly proportional to the distance
between the d-band center and the Fermi level of the metal [31-33]. The interaction energy can be
described by eq. (5) [31-33]:

Ae~—2 (5)

lea—enl

where V is the coupling matrix, assumed to be constant for similar configurations. |e¢-en| is the d-
band shift which controls the interaction energy and consequently the bond formation. In the
monolithic metals, the d-band centers calculated are -2.82 eV, -2.33 eV, and -2.62 for Pt, Pd and
Au surfaces, respectively. In the case of AuPt and AuPd interfaces, the d-band center gradually
shifts to higher energies for Pt and lower energies for Pd toward the Fermi level (-2.77 eV for Pt, -
2.96 eV for Au in AuPt, and -2.51 eV for Pd, -2.58 eV for Au in AuPd). When Au is alloyed with
Pt, the charges are directly transferred from the Pt d-band to fill the empty states of the Au d-band,
leading to a shift of the d-band center to lower energies for Au and higher energies for Pt. This
result is in agreement with those reported by Mott et al. [29] who also observed a linear Pt d-band

center shift with increasing Au concentration in AuPt-NPs.

In the case of AuPd, Lee et al. [30] investigated the redistribution of charges in an AuPd
alloy. They concluded that Au loses d-charges and gains sp charges together with the depletion of
Pd sp charges and the gain of d charges. This charge redistribution leads to a small net charge
transfer from Pd to Au. In this case, there is a transfer of charges from Pd to Au, but this is
accompanied with sp-d hybridization which compensates the charges by injecting them into the Au
sp band. This explains the charges added into the Pd d-band (d-band center shift) with the
preservation of the charge transfer predicted by the difference in electronegativity (see Fig. 7 for a

schematic description of the d-band shift).

Combining the calculated adsorption energies with the d-band center model, the
introduction of Au into the matrix should moderately favor the adsorption of H on Pt (|eq-€H|
decreases) while slightly decreasing adsorption affinity on Pd (|es-en| increases). In all cases,
however, full coverage of the metal surface (Pt, Pd) with hydrogen is expected, but AuPd should

be a better catalyst owing to the lower hydrogen adsorption energy and the lower d-band center
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shift. This result is principally in line with the results of Kibler et al. [34], who investigated
pseudomorphic Pd monolayers on Au(111), and explained their findings from the point of view of
the ligand theory (change in the interatomic distance of the Pd monolayer, consequently altering

the d-band center [33]).
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Fig. 7 Schematic representation of the d-band shift in Au, Pt, Pd, AuPt and AuPd. &4 is the d-band
center. A direct charge transfer from Pt to Au results in a d-band shift to higher energies for Pt in
AuPt; the charge transfer mechanisms in AuPd is more complex, and involve the sp-band as
mediator for the charge redistribution in Au and Pd.

Discussion and conclusions

The experimental results depicted above reveal that while the monolithic nanostructures all show
amoderate HER activity, including a sputtered Pt-layer and electrodeposited Pt-nanodiscs, a drastic
increase in performance occurs when thin layers of Pt and Pd are sputtered on Au-NRs allowing
for a large interfacial area between the active metal and the support to be achieved. The structure
thus obtained is akin to Au-core-Pt (Pd)-shell. This unambiguously suggest that interfacial
electronic interactions in bimetallic Au/Pt and Au/Pd are of paramount importance in controlling
electrocatalytic activity. Comparing the bimetallic Au-NRs/sputtered Pd and Pt catalysts, it is
readily seen that Au/Pd is far more active than Au/Pt which must be amenable to specific changes
in the density of state of Pd and d-band center shift as discussed above, which endows it with higher
performance. This finding is particularly interesting, since Pt (e.g. Pt/carbon) is known to a better

catalyst than Pd (e.g. Pd/C) [19,20,34].
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Fig. 8 Exchange current density, log(Jo), as a function of the calculated hydrogen adsorption
energies. Only the stable adsorption sites were considered for each structure. Au-NRs/Pd is located
on the top of the volcano; the Au-NRs/Pt lies below Pt-NDs indicating a change in the HER
mechanism. For the sake of direct comparison similar nanostructures are considered, e.g. Au-
NRs/Pt 100/20 nm and Au-NRs/Pd 100/20.

Fig. 8 shows a tentative volcano plot of the hydrogen evolution reaction that relates the exchange
current density to the calculated adsorption energies. As mentioned above, Pt is known to be located
at the top of the volcano with the highest activity and a moderate adsorption energy, which is strong
enough to activate the HER, and prevent the formation of stable intermediates that suppress the
HER. The mechanisms of HER for Pt and Pd are reported to obey the Volmer-Tafel mechanisms
[31,32], although this has been questioned by Durst et al. [ 19] with respect to our results, and taking
into account the Tafel slopes obtained, as well as the calculated adsorption energies of H on Pt, Pd,
AuPd and AuPt, there is rather a trend towards a parallel Volmer-Heyrovsky mechanism with a
fast Volmer step. The Au effect on Pd indicates that electronic interactions at the interface between
Au and Pd lead to a suitable change in the adsorption energy of H on all Pd sites, and this translates
in a fast Volmer-Heyrovsky mechanism. That the interfacial interactions between Au and Pd play
a paramount role in controlling performance can be further demonstrated on Au-NR/Pd 200/20 nm
where an increase in the interfacial area between Au and Pd results in a higher activity (without

change in the HER mechanism).

In conclusion, Au NRs, Au/Pd NRs, and Pt and Pd nanodiscs of 100, 100/20, and 20 nm,

respectively, were processed using electrodeposition in AAO template film on Si. Subsequently,
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the 100-nm Au NRs were used as supports for sputtering 20 nm thick Pt and Pd thin layers.
Microscopic analysis shows that sputtering of Pt and Pd layers lead to nanoparticle formation over
the entire surface of the nanorods, resulting in a high interfacial area between Au and the sputtered
metals. The nanostructures were evaluated as electrocatalysts for the hydrogen evolution reaction
via linear sweep voltammetry and Tafel plots. While the electrodeposited nanostructures all show
a rather moderate performance, the bimetallic Au-NR/sputtered Pt and Pd are characterized by a
higher activity. Interestingly, and most surprisingly, the sputtered Pd on Au NR support
outperforms sputtered Pt (on Au-NR). This unusual result-Pt is known to be best catalyst for HER
under acidic conditions- is thought to be a direct consequence of the specific electronic interactions
between Pd and Au that lead to a more suitable hydrogen adsorption energy on the different Pd
sites, and consequently a faster HER mechanism. That the Au-Pd electronic interactions at the Au-
Pd interface are beneficial to HER is demonstrated using sputtered Pd on 200 nm Au-NR which
lead to a doubling of the current density (at -0.1 V) in comparison to the shorter NRs. Based on the
Tafel slopes, the Heyrovsky-Volmer mechanism is suggested as the dominant mechanism. The
results are corroborated by DFT calculations which show that interfacial Pt/Pd—Au electronic
interactions are accompanied with charge transfer and redistribution in the d-band of Au, Pt, and
Pd. This translates in a d-band shift which in turn directly affects the hydrogen adsorption energy.
In particular it is shown that hydrogen adsorbs on all Pd-sites with marginal difference in the
adsorption energy thus leading to better surface coverage and most importantly to barrier-free
surface diffusion and recombination. Finally, based on the results obtained a tentative volcano plot

is proposed.
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Conclusions

Conclusions

In this thesis, the effects of nanostructure morphology and chemistry on the electrocatalytic activity
and mechanisms of the platinum-group metal for fuel cell applications and hydrogen evolution
reaction (HER) were examined. Because Pt and Pd are expensive and scarce, main emphasis was
placed on strategies to reduce their load in the catalyst while boosting performance. Alloying and
nanostructure design proved to be most promising to achieve this goal. 0D and 1D nanostructures
were explored. The former was processed directly on substrate using a simple sonochemistry
method while 1D nanostructures were grown in supported porous aluminum oxide templates via
electrodeposition. By adopting suitable electrodeposition parameters, nanorods, nanotubes and
layered structures could be obtained. Further, PVD deposition of Pd and Pt-NPs on Au-NRs was
also explored for HER in order to investigate the effects of different processing methods on the

electrocatalytic activity.

Bimetallic noble-metal nanoparticles (NPs) of controlled compositions were prepared by
sonochemical deposition from an aqueous solution precursor onto nanocarbon and a TiN substrate
in the absence of a surfactant. This facile deposition method was conducted using a laboratory
ultrasonic cleaner. The formation mechanisms of NPs were investigated. The formation of reducing
radicals in the cavitation on nanocarbon and TiN substrates was suggested to be responsible for the
formation of noble metal and nanoalloy NPs. The synthesized AuPd NPs exhibited high activity
for formic acid oxidation. Their high activity directly depends on the NP size and the ligand effects
between Au and Pd.

In addition, the electrocatalytic activity of 1D palladium and Au/Pd/Au layered
nanostructures for the electrooxidation of formic acid was investigated. The focus was to examine
the gold interfacial effect on the electrocatalytic behavior of palladium for different Pd-layer
thicknesses. For this purpose, the layered Au/Pd/Au structures were sequentially electrochemically
deposited into AAO templates, followed by the removal of the AAO template to expose the
structures. The layered structures were compared to monolithic Pd nanorods in terms of their
activity for formic acid electrooxidation. Cyclic voltammetry behavior revealed a shift of the PdO
reduction peak to more noble voltages with decreasing palladium thickness, indicative of the
formation of AuPd near-interface alloys. The electrocatalytic behavior was strongly dependent on

the Pd thickness with a higher activity being recorded for thinner Pd-layers. Overall, however, the
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layered structures exhibited a higher activity than monolithic Pd-NRs, and a direct path for formic
acid oxidation. Moreover, as the Pd layer thickness became extremely small, e.g., 15 nm, not only
the electrocatalytic performance drastically increased but remained more stable over a long period
in comparison to monolithic Pd-NRs. These results are interpreted in terms of the chemical
interaction between Pd and Au at the interface. DFT calculation was employed to rationalize the
results using a 1Au:1Pd alloy to model the interfacial Pd atoms. Modeling results suggested that
the higher electrocatalytic performance of NRs is controlled by the impact of Au atoms for the
oxidation of adsorbed CO and not by CO adsorption as the adsorption energy is more stable for

AuPd than for Pd.

With the aim of boosting the electrocatalytic activity of Pt for the electrooxidation of
methanol, 1D nanostructures were synthesized. The active surface area was considerably increased
by using porous nanotubes, and the effect of Pd on Pt was investigated with a wide range of Pt
concentrations of PtPd 1D nanostructures (from 5 to 100 at%). A non-ionic surfactant and negative
electrodeposition voltage permitted the processing of porous nanotubes. The active chemical
surface area and activity of the structures revealed a strong dependence on the Pt concentration.
With the decrease in the Pt concentration to 10%, the ECSA increased. PtPd -NTs were
characterized by a higher performance for the electrooxidation of methanol than monolithic Pt-NT
and plain PtPd-NRs of similar chemistry. The maximum current density was 835 A/g Ptin 0.5 M
H>SO4 and 932 A/g Pt in 0.IM HCIO4 for porous Pd10Pt alloy NTs. The NT structure,
mesoporosity, lattice contraction, and charge transfer from Pd to Pt possibly contributed to these
results. DFT calculations revealed that the charge transfer from Pd to Pt leads to the change in the

preferential CO adsorption site to Pd and reduction in the CO poisoning.

Owing to the importance of hydrogen production from water electrolysis as a promising
energy storage process from renewables, and based on previous observations of promising HER
activity of layered Au/Pd-NRs, HER was investigated first for Pd electrodeposited on Au-NRs, and
subsequently on sputtered Pd on exposed Au-NRs in order to increase the interfacial interactions
between Pd and Au. For the sake of comparison, the same processes were used for Pt which is
known the best catalyst for HER. Compared to the electrodeposited ones, sputtered Pt and Pd
exhibited a morphological difference. The sputtered structures were formed from NPs distributed
over the support surface, leading to core—shell like structures. Compared to the electrodeposited

ones, the sputtered structures exhibited a substantially higher activity. The mechanisms of HER
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were investigated using Tafel-plots with the Volmer-Heyrovsky being the likely operating
mechanism for all structures. The most salient result, however, was the higher performance
recorded for sputtered Pd/Au-NRs in comparison to sputtered Pt/Au-NRs (and electrodeposited Pt).
This suggested that specific electronic interactions at the interface between Pd and Au that are
different from those between Pt and Au were responsible for the higher activity obtained. DFT
calculations revealed that an electronic interaction occurs at the Pt/Pd—Au interface, accompanied
by the charge transfer and redistribution of the d-bands of Au, Pt, and Pd. This translated in a shift
in the d-bands of Pd and Pt, indicating that hydrogen is adsorbed on all Pd sites with a marginal
difference compared to Pt, leading to better surface coverage and most importantly to the barrier-
free surface diffusion and recombination. Subsequently, the Pd performance is improved in

comparison with that of Pt in the presence of Au.

A more extensive investigation of noble-metal-based electrocatalysts in combination with
transition metals for use in fuel cells is recommended for future research. Research into 0% noble-
metal electrocatalysts (with the highest performance) is also of interest. Results obtained by the
modification effect of electrocatalysts combined with theoretical investigation (obtained in this
work) could form a solid basis for the in-depth understanding of material interactions with fuel and

help in the design and engineering of new powerful low-cost electrocatalysts.
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