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ABSTRACT

This thesis dissertation covers the electrochemical synthesis and the characterization of the phys-
ical and physico-chemical properties of three different binary systems, namely cobalt-indium (Co-In),
iron-rhodium (Fe-Rh) and iron-phosphorous (Fe-P). Several strategies toward systems miniaturization at
micron- and nanoscales were pursued.

Continuous thick Co-In films (25 at.% < Co < 90 at.%) featuring spatio-temporal patterns (targets,
concentric rings and spirals of variable sizes) were prepared on flat, conductive Si/Ti/Au substrates. X-ray
diffraction analyses evidenced the formation of highly heterogeneous coatings. The spontaneous forma-
tion of these micron-sized patterns during electrodeposition gave rise to topographical, compositional
and, in turn, magnetic patterning. The confined growth of Co-In in lithographically patterned arrays
of cylindrical holes of 50 ym in diameter imposed restrictions to the type of spatio-temporal motifs that
could be formed. Specifically, only spiral-like patterns of purely compositional nature (with virtually no
topographic features) were self-generated in the microdisks. As a result, not only a periodic modulation
of the magnetic but also electric and mechanical properties was uncovered using advanced surface sen-
sitive characterization techniques. A detailed assessment of the cross-sections of the continuous Co-In
electrodeposits using electron microscopy techniques revealed a layer-by-layer growth mode spanning
the whole deposit thickness (10 ym). The occurrence of local changes in composition within each layer
(ca. 175 nm thick) also led to stripe-like magnetic patterning.

Meanwhile, bimetallic Fe-Rh nanoparticles with different sizes, Fe/Rh ratios, and coverage degree
were prepared by direct current electrodeposition from Fe(III) containing electrolyte solutions to prevent
the formation of dense, continuous films. The nanoparticles were well-adhered to the substrate and
could be directly tested as an electrocatalyst without the need for post-processing immobilization steps.
The nanoparticles were mostly metallic as demonstrated by X-ray photoelectron spectroscopy analyses.
Depending on the Fe content (15 at.% < Fe < 36 at.%), diameter (20-80 nm) and coverage, they showed
dissimilar electrocatalytic activity towards hydrogen evolution reaction (HER) in alkaline media. Under
specific synthetic conditions, the resulting nanoparticles outperformed pure Rh nanoparticles obtained
from an analogous electrolytic solution.

Finally, highly-ordered, macroporous Fe-P films were prepared by electrodeposition onto Si/Ti/Au
substrates pre-patterned by colloidal templating. Prior to electrodeposition, polystyrene spheres of 350
nm in diameter were self-assembled on the substrate by electrophoresis. Fully dense Fe-P films were also
electrodeposited for comparison purposes. Both dense and porous films showed tunable Fe/P ratios and
magnetic behavior. The electrocatalytic activity towards HER and oxygen evolution reaction (OER) was

investigated in alkaline media.
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RESUMEN

La presente tesis doctoral abarca la sintesis electroquimica y caracterizacién de las propiedades tanto
fisicas como fisicoquimicas de tres sistemas binarios diferentes, el cobalto-indio (Co-In), hierro-rodio (Fe-
Rh) y hierro-fésforo (Fe-P). Se han llevado a cabo varias estrategias para miniaturizar estos sistemas tanto
hacia la micro- como hacia la nanoescala.

Se han sintetizado capas continuas de Co-In, sobre sustratos conductores de silicio recubiertos con
capas semilla de titanio y oro, que muestran estructuras espacio-temporales (targets, anillos concéntricos
y espirales de distinto tamafio). Los andlisis de rayos X evidencian la formacién de capas heterogéneas.
La formacién espontanea de este tipo de estructuras micrométricas durante la electrodeposicién genera
a su vez un patrén tanto topografico como composicional que a su vez deriva en un patrén magnético.
En cambio, al crecer el Co-In de forma confinada, en cavidades cilindricas litografiadas de 50 ym de
didmetro, se restringe el tipo de estructuras que conforman las espacio-temporales. Concretamente, en
los microdiscos, sélo se generan de manera espontdnea y tinicamente a nivel composicional (es decir,
practicamente sin relieve topografico) las estructuras que tienen forma de espiral. Como consecuencia,
se ha revelado a través de técnicas avanzadas de caracterizaciéon de superficies, no s6lo una modulacién
periédica del magnetismo, sino también de las propiedades eléctricas y mecédnicas. También se ha llevado
a cabo un estudio detallado de la seccién de las capas de Co-In. El uso de técnicas de microscopia
avanzadas ha revelado un crecimiento laminar que se expande a lo largo de todo el grosor de la capa (10
um). Ademds, las variaciones composicionales locales de cada capa (175 nm de grosor aproximadamente)
deja un patrén de franjas magnéticas.

Por otro lado, se han depositado utilizando corriente continua nanoparticulas bimetélicas de Fe-Rh con
diferentes tamafios, relacién Fe/Rh y grado de recubrimiento. El electrolito contenia Fe(Ill) para prevenir
la formacién de capas continuas. Las nanoparticulas han quedado perfectamente adheridas al sustrato
por lo que se pudieron emplear directamente como electrocatalizadores sin ningtin proceso intermedio
de inmovilizacién. Los andlisis de espectroscopia de fotoelectrones emitidos por rayos X muestran que
las nanoparticulas son mayoritariamente metalicas. Dependiendo del contenido de hierro (15 at.% < Fe
< 36 at.%), diametro (20-80 nm) y grado de recubrimiento, las nanoparticulas presentan una actividad
catalitica diferente para la produccién de hidrégeno en medio alcalino. Se han conseguido nanoparticulas,
fabricadas bajo condiciones de sintesis especificas, cuya actividad catalitica supera la de nanoparticulas
de Rh puro obtenidas a partir de un bario anélogo.

Finalmente, se han crecido por electrodeposicién capas macroporosas altamente ordenadas de Fe-P en
sustratos con litografia coloidal. Antes de la electrodeposicién, se han depositado electroforéticamente
esferas de poliestireno de 350 nm de didmetro que se ordenan sobre el sustrato. Para poder comparar
resultados, también se han fabricado capas continuas de Fe-P. Tanto las capas continuas como las porosas
presentan una relaciéon Fe/P y un comportamiento magnético variable. Su actividad catalitica para las

reacciones de evolucion de hidrégeno y de oxigeno se ha investigado en medio alcalino.
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PREFACE

The contents of this thesis have been organized in different chapters as follows:

= Chapter 1: the introduction deals with the theoretical concepts related to the basics of metal elec-
trodeposition and to the ferromagnetic and electrocatalytic properties of metallic materials. Special
emphasis is laid on the description of the hydrogen evolution reaction (HER) and the oxygen evolu-
tion reaction (OER) processes. Besides, the state-of-the-art of Co-In and Fe-based systems prepared
by electrochemical means is given, followed by the main goals of this thesis and a schedule of the

whole work.

= Chapter 2: focuses on the electrodeposition setup and the experimental conditions used to fab-
ricate the Co-In, Fe-Rh and Fe-P samples. The most relevant experimental parameters regarding
the techniques used for the morphological, structural, physico-chemical, mechanical and magnetic

characterization of the samples are pointed out.

= Chapter 3: presents the obtained results for Co-In and Fe-Rh systems as a compilation of articles. A

brief introductory abstract is included before each set of articles.

= Chapter 4: describes the fabrication of porous Fe-P samples using hole-mask colloidal lithography
and electrodeposition and the characterization of their magnetic and electrocatalytic properties. The
results shown herein are not formally included as a compilation of articles but complement chapter

3 and are thus equally important.

= Chapter 5: presents a general discussion about the three different systems studied throughout this
thesis, namely Co-In, Fe-Rh and Fe-P.

= Chapter 6: points out the main conclusion of the thesis.

= Chapter 7: future perspectives are briefly outlined.
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INTRODUCTION

There is an increasing demand for synthesis of novel (nano)materials and their smart integration in
miniaturized devices in order to achieve enhanced performance or even provide new functionalities. Ma-
terials with sophisticated and complex architectures are being created by researchers worldwide. Through
the combination of various synthesis techniques and the accurate control over the synthesis variables, sci-
entists have broadened the spectrum of available materials and configurations at the sub-micron and
nanoscales. Electrodeposition has been suggested as one of the most attractive synthetic methods to face
current challenges in materials science and engineering. Metallic materials (metals, alloys, intermetallic
compounds), polymers, semiconductors, graphitic layers, metal oxides (and combinations thereof) can
be produced by electrochemical means onto a conductive substrate. Nevertheless, the electrosynthesis of
metallic materials is by far the most exploited.

Gold (Au) and silver (Ag) were the first electrodeposited materials in 1803. In those times, electrode-
position was mainly limited to decorative purposes [1]. Only later, in the mid-1800, it started being widely
used to coat steel parts and machining tools in order to increase hardness and enhance corrosion resis-
tance [1]. Much later, in the 1970s, electrodeposition of magnetic recording systems [2] was developed
at IBM, thereby extending the capabilities of the technique to microfabrication methods [3]. Nowadays,
electrodeposition faces a third revolution, pushed by the need to continuously improve the performance of
micro- and nanosystems and energy conversion devices [4, 5]. Electrodeposition offers unique advantages
over other deposition techniques. Namely, it does not require vacuum conditions; it can be carried out at
room temperature (when plating from aqueous electrolytes), and the growth parameters (overpotential,
current density, and time) can be controlled very precisely. As a result, electrodeposition offers unique
control over the growth process in contrast to physical deposition methods. Thin film magnetic sensors
[6] and magnetic field generators [7], thermoelectric materials and nanostructures [8], and photovoltaics
and energy conversion [2, 9, 10, 11, 12] are just some of the fields in which electrodeposition is widely
applied.

Both mask-less and mask-assisted electrodeposition approaches have enabled the production of micro-
and nanomaterials with unimaginable shapes and degrees of complexity. For example, the maskless
meniscus confined electrodeposition approach has been recently utilized to grow Cu microwires [13].

Likewise, microcolumns of several metals and a few alloys have been obtained by localized electrochemical
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deposition (LECD) technique [14]. Regarding mask-assisted approaches, Yang et al. synthesized Pd and
Cu nanowires (NWs) with large surface-to-volume (5/V) ratio using pre-contoured shapes inside the
nanochannels of anodic aluminum oxide (AAO) templates [15]. Hybrid helical magnetic microrobots
that imitate bacteria flagella motion have been recently fabricated by sequential electrodeposition of CoNi
alloy and polypyrrole (PPy) on 3D patterned substrates [16].

1.1. ELECTRODEPOSITION

Electrodeposition is an electrochemical process by which a coating of a given material (typically a
metal) is produced onto a conductive substrate (termed working electrode, WE) by the action of an
external electric current. Hence, the reaction of interest (i.e., deposition) occurs on the WE. The WE is
in conjunction with either an anode (two-electrode configuration) or a reference electrode (RE) and an
auxiliary or counter electrode (CE) (three-electrode configuration). Typically, the reaction of interest is a
reduction and hence, the WE is negatively charged (it acts as the cathode) (Figure 1.1). In such a case,
when the WE is immersed in an electrolyte solution that contains the parent ions (typically cations) of the
target metallic coating, these get reduced on the WE. The WE provides the electrons required to discharge
the ions into their metallic form:

M?* +2¢7 — M° (1.1)

In short, electrodeposition involves the reduction of a metallic compound dissolved in the electrolyte
and the deposition of the resulting metal onto the WE.

Electrodeposition is based on the Faraday’s laws of electrolysis which describe the quantitative rela-
tionship between electricity and ions discharged at electrodes (Eq. 1.2 and 1.3).

Faraday’s first law: W oc Q (1.2)

where W is the mass of ions liberated in grams and Q the quantity of electricity passed in Coulombs.
Faraday’s second law: E « Z (1.3)

where E is the weight and Z the electrochemical equivalent.

Cathode (-) Secondary reaction Anode (+)

~ Hydrogen evolution Oxygen evolution

-

N
| |
\n )

Substrate Counter electrode (Pt)

Ficure 1.1: Schematic drawing of the reactions taking place at the cathode and the anode in cathodic elec-

trodeposition.
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Working electrode

&  Argon supply

Counter electrode : %
Low

Pt spiral

Reference electrode
Ag|AgCl

External
thermostatization jacket

FiGure 1.2: Schematic drawing of a three-electrode cell. Courtesy of S. Pané.

Through these laws it can be predicted that:

= the quantity of electricity passed by is a measurement of the amount of chemical change that will be
produced;

= the amount of substance that will be liberated by a given quantity of electricity can be predicted if

the chemical equivalent weight of a substance is known.

There are no exceptions to these laws. Apparent exceptions are due to the fact that Faraday’s laws
assume 100% current efficiency. In broad strokes, they assume that only the material of interest is being
deposited onto the WE. However, hydrogen evolution reaction and/or other secondary reactions can occur,
which make the actual current efficiency lower. Even non-electrolytic reactions can occasionally take place.
Therefore, current efficiency is an important parameter in the galvanic industry. High current efficiency
baths are required for obvious economic reasons. However, in some cases, low efficiency electrolytic
solutions might be designed on purpose when the growth of a fully dense coating is to be precluded (e.g.
in order to favor the formation nanoparticles (NPs) onto a substrate).

As aforementioned, an electrolytic cell (Figure 1.2) consists of a WE, a CE, usually made of platinum,
and a RE, which can be removed when a precise control of the potential across the electrochemical interface
is not needed. The plating solution and the external circuit connect the electrodes to fulfill the physical
embodiment needed for the electrodeposition process.

The composition, morphology, physical and physico-chemical properties of the deposits can be fine-
tuned by adjusting the electrolyte composition as well as its temperature and pH. These factors, together
with the applied electrodeposition parameters (deposition mode, potential or current density, stirring

regime, etc.), determine the properties of deposits. Since electrochemical deposition techniques are in-
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creasingly being used in advanced technology applications, a greater control over growth processes is

needed, which in turns requires a better understanding of the fundamental phenomena involved.

1.1.1. MASK-LESS AND MASK-ASSISTED ELECTRODEPOSITION

Electrodeposition has conquered diverse areas since its first use two centuries ago, ranging from
applications as protective coatings to advanced micro- and nanorobotic platforms in order to meet society’s
rising expectations. The production of NPs (0), NWs and nanotubes (NTs) (1D), thin films (2D), bulk
nanocrystalline metals (3D) [17], multilayered coatings, and nanoparticle-reinforced composite coatings
[18] has been demonstrated by electrochemical deposition.

The development of mask-less and template-assisted electrodeposition methods has enabled the pro-
duction of myriad patterned micro- and nanostructures (Table 1.1). Figure 1.3 depicts the two modes
of electrodeposition leading to patterned structures. Metallic microstructures have been the object of
intensive research due to their applications in electronics and optics. High aspect-ratio microstructures
typically made of Cu and Ni have been extensively fabricated by LIGA, the German acronym for Lithogra-
phie, Galvanoformung and Abformung [19, 20]. LIGA is a hybrid fabrication technique that involves the
following steps: lithography, electrodeposition and molding. While X-ray LIGA is used to fabricate with
great precision high aspect ratio microstructures, extreme ultraviolet (EUV) LIGA is used to fabricate
lower quality microstructures. Template-assisted methods have also become very popular when it comes
to the synthesis of arrays of metallic NWs, NTs and nanorods. AAO and track-etched polycarbonate (PC)
membranes are typically used as templates. The number of publications showing the synthesis of NW
arrays via template-assisted electrodeposition has increased exponentially during the last two decades.
NWs with controlled diameter, which is related to the template pore size, and controlled length, which
can be tuned by adjusting the electrodeposition time, can be straightforwardly obtained (Figure 1.3b).

Colloidal lithography, Figure 1.3c, is also a widely used technique, often combined with electrodeposi-
tion to fabricate pseudo-ordered porous films. There exist several methods to create a pattern of colloidal
crystals e.g., dip-coating, ultrasonically-assisted self-assembly, solvent evaporation methods, and elec-
trophoretic deposition. When combined with electrodeposition, colloidal lithography is based on the use
of a template of spherical particles (usually made of polystyrene (PS) or an easily removable polymer
with mild solvents) with diameters ranging from nanometers to micrometers arranged over a conductive
substrate. The subsequent electrodeposition of the metal or metallic alloy takes place at the interstitial
voids existing between the particles. Afterwards, the selective removal of the beads results in the forma-

tion of pseudo-ordered 3D porous structures. The dimension of the colloids determines the pitch and the

TasLE 1.1: Template-free and template-assisted electrodeposition approaches toward metallic micro- and

nanostructures. Some examples are given on the right columns.

Template-free electrodeposition Template-assisted electrodeposition
. . . . . Lithographed substrates Micro- and nanostructures
Localized electrochemical deposition (LECD): Co, Ni, Cu and Cu-Ni A R
. . K . Photo: microstructures of magnetic alloys
high aspect-ratio of microstructures microcolumns [21]
e-beam: nanostructures [22], [23]
Diluted solutions/ . . . Arrays of single-phase,
. Zero- and 1-dimensional Alumina and polycarbonate .
Low conductive substrates/ multi-segmanted,
. . nanostructures of metals, templates:
Short deposition times: . . core-shell structures
. X alloys, core-shell architectures [24] nanotubes and nanowires
nanoparticles and nanowires [25, 26]
Tonic liquids: Alloy filament arrays
nanowires (e.g. Ni-Zn) [27]
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and/or

L
LU
L

Ficure 1.3: a) Mask-less and b-c) mask-assisted electrodeposition approaches are schematically shown. The

first row represents the substrate onto which electrodeposition takes place. Case a) represents the growth of
NPs and a forest of NWs directly onto the substrate, without the assistance of any solid mask, by electrode-
position under suitable conditions. Conversely, a nanoporous template and a colloidal crystal previously
assembled on the substrate serve as templates in b) and c), respectively. In both cases this is followed by elec-
trodeposition inside b) the pores and c) the interstitial voids between the spheres. The third row represents

the chemical etching of the rigid template to obtain b) free standing NWs and c) a 3D porous material.

pore size of the final material. The combination of both, colloidal lithography and electrodeposition, can
render metallic macro- or mesoporous films characterized by a large surface area and light weight, which
can exhibit enhanced (electro)catalytic activity and superhydrophobic behavior, among other properties
[28, 29].

Meanwhile, the growth of patterned structures that do not involve a rigid template (mask-less elec-
trodeposition) has been much less exploited [30]. The electrodeposition of NPs with controlled char-
acteristics, namely, size, morphology and composition has been successfully explored. Although NPs
typically deposit onto the substrate without any long-range order, they are immobilized on it, which can
be advantageous for several applications. The main disadvantage of this approach is the difficulty to
achieve narrow particle size distributions [31, 32, 33]. Both potentiostatic and galvanostatic methods have
been employed to grow NPs on various substrates, most typically low conductive substrates in order to
avoid particles coalescence. Ma et al. electrodeposited quasi-spherical Au NPs on indium tin oxide (ITO)
coated glass showing high electrocatalytic reactivity towards glucose oxidation [34]. Likewise, Zhu et
al. synthesized Ni NP chains embedded in TiO, [35]. Very recently, a novel 3D printing method able to
locally electroplate structures ranging from simple walls to triple helices using scanning probes has been
demonstrated [36]. These examples illustrate the burgeoning interest of researchers to seek new solutions

in the electrodeposition field.
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Among all physical and physico-chemical properties of electrodeposited metallic materials, magnetic
and electrocatalytic properties currently attract a great deal of interest. Therefore, next sections 1.2 and
1.3 are focused on the fundamentals of ferromagnetism and ferromagnetic materials, and electrocatalytic
properties of metals, with particular emphasis on the hydrogen evolution reaction (HER) and the oxygen

evolution reaction (OER).

1.2. FERROMAGNETIC MATERIALS

Materials can be classified into different categories depending on the response to an applied external
field, H. Namely, diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism and ferrimag-
netism are the different magnetic behaviors in nature. The magnetization curves depicted in Figure
1.4a show the magnetic response of the various types of materials to an applied field. Such response is
associated with how the magnetic moments are arranged in the atoms (Figure 1.4b). In particular, the
magnetization curves of ferromagnetic and ferrimagnetic materials show a cycle termed "hysteresis loop",
from which saturation magnetization (Ms), remanent magnetization (M), and coercivity (Hc) values can
be obtained. Depending on their magnitude, ferromagnetic materials can be classified into soft (low Hc
and typically high Ms) and hard (large Hc and Mg) materials (Table 1.2).

a)

M ferromagnetic/ferrimagnetic b)f / \/ C)
— ) ¢ 3

paramagnetic/antiferromagnetic i t

Ficure 1.4: a) Magnetic response (M) of materials as a function of an external magnetic field (H), and schematic

—_— - —— —_— — —
-+ - - —_— i —
—_— e —_— e —
-+ 4 - — — —

T
T
T

representation of the magnetic moments configuration for: b) paramagnetic, c) ferromagnetic, d) antiferro-

magnetic, and e) ferrimagnetic materials.

TasLE 1.2: Typical He and Mg values for soft- and hard-magnetic materials, examples and applications.

Hc Ms e.g. Applications
Fe lect t
Soft-magnetic <100e  >100 emu/g Ni clectiomagnets
. transformers cores
permalloy (FeyoNig)

. SmCos motors and generators
Hard-magnetic . . . i .
>1000 Oe <100 emu/g Al-Ni-Co alloys high-density recording media

(permanent magnet)
Nd,Fe 4B synchrotrons
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The exact shape of the hysteresis loop in either hard- and soft-magnetic materials depends on several
factors, such as crystallite size, magnetic anisotropy, orientation, particle shape, and exchange interactions.
For these reasons both routine and advanced instrumentation is used to capture and understand the

magnetic behavior of ferromagnetic materials:

= Vibrating Sample Magnetometer (VSM) is the most common equipment to measure the hysteresis

loop at room and higher temperatures.

= Superconducting Quantum Interference Device (SQUID) is able to detect incredibly weak magneti-

zation signals. Compared to VSM, it is typically used to perform measurements at low temperatures.

= Magnetic Force Microscope (MFM) is an special mode of operation in the Atomic Force Microscope
(AFM). MFM measures the near-surface stray fields produced between the tip and the sample. MFM

images contain information of magnetic domain distributions on the sample surface.

= Magneto-optic Kerr Effect Magnetometer (MOKE) has been extensively used in the field of surface
magnetism since it is highly sensitive to the magnetization within the skin depth region, typically

10-20 nm in most metals [37].

= X-ray magnetic circular dichroism and photoemission electron microscopy (XMCD-PEEM) provide
simultaneously the relationship between the microstructure of a material and the characteristics of
the magnetic reversal. XMCD-PEEM constitutes an extremely flexible and widely used analytic
tool that combines surface analysis technique and spectroscopic chemical information with high
spatial resolution. It is a promising method for the analysis of complicated domain structures and
heterogeneous morphologies. However, it is not a routinely-based technique as it normally uses

synchrotron radiation.

Electrodeposited materials with unique magnetic properties have been extensively investigated by
the scientific community. For example, although the production of ultra-thin films by electrochemical
means is very challenging [38], several authors have reported on the growth of iron-group metal films
with enhanced Hc¢. Bartlett et al. electrochemically synthesized nanostructured Co films consisting of a
hexagonal array of cylindrical pores with three to five times greater Hc than polycrystalline cobalt [39].
Mangen et al. also obtained smooth Co films, thinner than 7 nm, and observed that a hysteresis loop
showed up for the first time at a thickness of 0.33 nm by using MOKE in longitudinal configuration.
The authors also observed that the Kerr intensity linearly increased with film thickness up to 7 nm [40].
The production of relatively thick magnetic coatings by electrodeposition has been even more thoroughly
investigated. Kulkarni and Roy reported on the electrodeposition of Co-rich CoPtP films with thicknesses
up to 82 um for use in magnetic microelectromechanical systems (MEMS) applications [41]. Pané et al.
electrodeposited ferromagnetic CoNiReP films by direct current (DC) and reverse pulse plating (RPP).
The composition, microstructure and, in turn, magnetic properties of these films were shown to strongly
depend on the applied current density. Depending on the Co content, either soft-magnetic (for <35 at.%
Co) or hard-magnetic behavior (Co-rich compositions) with perpendicular anisotropy, were obtained [42].
Nasirpouri et al. studied the effect of different current modulation techniques on the texture, surface
morphology, and magnetic properties of Ni films. They concluded that pulse plating (PP) and RPP
deposition methods lead to better quality nanocrystalline Ni films than the DC. In addition, Hc for films
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prepared by PP and RPP methods was higher than that of DC-plated films [43]. These are just some

examples to grasp the opportunities offered by electrodeposition to the magnetic field.

1.3. ELECTROCATALYTIC PROPERTIES OF METALLIC MATERIALS: HER aAND OER

Materials can exhibit electrocatalytic properties, meaning that they are able to transfer electrons be-
tween an electrode and target reactants, and/or facilitate and intermediate chemical transformation by
either oxidation or reduction. Among the different investigated reactions in the field of electrochemistry,
water electrolysis using nanostructured metals, metallic alloys, and bimetallic structures as catalysts in
acidic or alkaline media is currently being deeply studied in order to produce hydrogen gas. Water elec-
trolysis has unique advantages over other approaches to produce hydrogen including reactant availability,
safety, stable output and product purity.

There are several reasons why hydrogen is getting more and more attention:

» itis a key energy carrier for future fuel cell applications.
= it is easy to produce.

n it is the most friendly fuel to the environment, enabling zero emission of greenhouse gases, and has

the largest energy density.

The electrolysis of water consists of two half reactions; the HER and the OER (Figure 1.5). The OER is
thus an important anodic process in water splitting and also in CO, reduction applications. Depending
on the media, the processes taking place at the electrode surface can be described differently. In the case

of HER in acidic or neutral electrolytes:

Cathode : 4H;0* + 4¢~ — 4H,0 + 2H, 1.4)
Anode : 6H,O — 4H30% + O, + 4e” (1.5)
Net : 2H,O —s 2H, + O, + Heat (1.6)

Instead, when the process takes place in an alkaline electrolyte, electrochemical reactions occurring at
the cathode and anode are:
Cathode : 2H,O +2¢~ — 20H™ + H (1.7)

Anode : 20H™ — 1/20, + H,0 + 2¢~ (1.8)

The net reaction in alkaline media will be the same as the one in acidic conditions. Because hydrogen
can be extracted from H3O™ (acid solution) easier than from H,O (alkaline solution), the reaction rate on
acidic electrolytes has proven to be faster. Although acidic electrolytes are used from the beginning of
electrolysis, there is a current trend towards alkaline electrolytes, e.g. potassium hydroxide (KOH), for
HER. The latter offer additional advantages including the possibility of using stainless steel flow fields
and endplates (with the subsequent reduction in costs) and the possibility of using cheaper non-platinum-
group-metal electrocatalysts for the OER. However, the slow kinetics for the HER in alkaline media is
currently a key drawback [44].

Electrodes used for HER should preferably be made from a material exhibiting high conductivity,

resistance to corrosion and erosion during the electrolysis and should be able to catalyze the electrode
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Ficure 1.5: Schematic drawing of the two half reactions that take place during the electrolysis of water; the

hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).

reactions. If they are designed for industrial uses, they should be relatively inexpensive. Noble metals
are excellent candidates for HER but constitute an expensive electrode material. While more complex
surface structures involving Pt have exhibited experimental improvements [45], efficient electrocatalysts
consisting of non-precious elements have recently been more actively studied. There is a tendency to
alloy Pt, typically with Ni, or even completely replace it, with more abundant and less expensive elements
and/or compounds. Current research in HER electrodes focuses on exploring: i) the intrinsic nature
of the reaction; ii) the influence of composition and surface morphology of the electrocatalyst on HER
performance; iii) its structure, chemical and electronic properties, and v) the effect of physical, chemical
and electrochemical activation treatments applied.

Several strategies can be fulfilled in order to obtain good electrodes for HER: i) an increase of the S/V
ratio to improve the catalytic performance, ii) the synthesis of substrate-supported catalysts in order to
avoid post-synthesis immobilization steps which typically involve polymeric binders that can worsen the
electrocatalytic properties [46], iii) minimization of noble elements usage by partly replacing Pt-group
elements by more abundant and less expensive elements and, iv) use of bimetallic electrodes in order to
enhance the HER performance thanks to synergistic metal-metal interactions [47, 48].

As outlined above, water splitting consists in two half reactions, HER and OER. Of these, the OER
has more sluggish kinetics [49, 50] because it is thermodynamically and kinetically unfavorable to remove
four electrons to form oxygen-oxygen double bonds [51]. So far IrO, and RuO;, are the benchmark OER
catalysts in acidic media, owing to their high catalytic activity [52]. However, Ru and Ir resources are
scarce and very expensive, and therefore, not suitable for large scale applications [53, 54]. Electrocatalysts
based on transition metal oxides/hydroxides such as Co, Ni, and Fe have demonstrated to be the most
active and low cost OER catalysts in alkaline conditions [55, 56, 57, 58, 59].

The use of porous electrocatalysts is currently attracting a great deal of attention for both HER and OER
applications. Very recently, Lu et al. obtained mesoporous amorphous NiFe hydroxide nanosheets onto

macroporous nickel foam substrates by electrodeposition. The authors demonstrated that these hybrid
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structures show a highly efficient response as electrocatalyst for OER, owing to the large active surface
area provided by a hierarchical micro- to nanoscale porosity. It was proven that the catalyst enabled OER
at very low overpotentials (~ 200 mV) and that it showed high durability under high current densities [60].
Aslan et al. recently reported on the excellent catalytic activity towards HER of Cu NPs electrodeposited at
liquid-liquid interfaces [61]. Zhang et al. produced two-phase Cu-Ni porous films using bubble-assisted
template electrodeposition approach with tunable HER activity depending on the Cu/Ni ratio [62]. Ahn
et al. synthesized Ni-based dendrites, particles and films by electrodeposition and correlated the type
of structure with the HER activity. They concluded that the Ni dendrites showed the highest catalytic
activity and stability for HER among the studied structures [63].

1.4. STATE-OF-THE-ART OF ELECTRODEPOSITED COBALT-INDIUM AND IRON-BASED

SYSTEMS

1.4.1. COBALT-INDIUM SYSTEM: SPATIO-TEMPORAL PATTERNS

Combining cobalt and indium in a single material has been rather uncommon in the electroplating
field. Indeed, whilst the electrodeposition of cobalt alone has been widely explored, mostly because it is a
ferromagnetic element, In electroplating has been much less reported. The deposition of either hexagonal
close-packed (hcp) of face-centered cubic (fcc) Co coatings has been demonstrated from a variety of baths
[64]. Compared to Co, In is mechanically softer and possesses lower electrical resistivity. Therefore, the
main aim when alloying Co with In or viceversa is to produce deposits with minimal or no stress, and
improve the electrical properties. However, the mutual solubility of Co and In is low (Figure 1.6), which
means that when the amount of the “alloying element” added to the base metal surpasses the solubility limit,
the excess will form one or more phases rich in that “alloying element’. Although electrodeposition allows
obtaining phases not necessarily predicted by the phase diagram, the resulting coatings are multi-phase in
nature and, therefore, heterogeneous. It is known that the properties of heterogeneous alloy coatings are
a mixture of the properties of the different phases presented therein. Usually, these phases are randomly
distributed over the coating due to the complexity of the electrodeposition processes and because the
co-deposition of both metals happens simultaneously on substrate elements that might not be the same
[65, 66]. Nevertheless, in some particular cases, oscillatory processes naturally occur during deposition,
which result in the formation of a periodic coating structure, such as the well known spontaneous growth
of layered films [67, 68]. In addition, an ordered distribution of the different phases composing the
heterogeneous alloy might be observed on top. The formation of such type of coatings can be somehow
anticipated having in mind that the electrochemical cell is an open non-linear system, electrochemically
driven far from equilibrium, where co-operative phenomena, synergistic effects, and ordered structures
formation are possible. The co-deposition of Co and In is an example of a binary system where an
spontaneous self-organization might occur if favorable electrodeposition conditions are settled.

Back in 1975, Sadana et al., in an effort to continue with the studies on the electrodeposition of alloys and
the characterization of their structures, were the first establishing that Co-In alloys ranging from 2.0 wt.%
to 90.6 wt.% cobalt could be electrodeposited from aqueous solutions. The influence of current density
and bath formulation on the composition of the electrodeposits as well as the current efficiency and the

crystallographic structure of the coatings were reported. They concluded that an increase in the current
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Ficure 1.6: Equilibrium phase diagram of the [Co+In] system [69].

density increased the cobalt content in the deposits and that the addition of ammonium citrate to the
electrolyte improved the current efficiency. Besides, X-ray studies of the deposits indicated the presence
of two intermediate phases, Colnz and CosIn, [70]. However, they did not report on the formation of
spatio-temporal structures on the electrode.

It was not until 2010 when Krastev’s group, after having worked with the electrodeposition of some
silver alloy coatings such as Ag-Sb [71], Ag-Bi [72], Ag-In [73], Ag-Sn [74] and Ag-Cd [75] showing
spatio-temporal patterns (Figure 1.7), anticipated the possible existence of similar structures for the Co-In
system. Usually the electrodeposition of silver-based alloys involve the use of cyanide electrolytes in order
to bring the potentials of both metals closer, which turns out in hazardous electrolyte formulations [71, 74,
76,77,78,79]. Instead, the possibility of obtaining spatio-temporal patterns in Co-In coatings enabled the
investigation of self-organization phenomena during alloy electrodeposition from more environmentally-
friendly electrolytes. Krastev’s group thus observed for first time an spontaneous pattern formation during
electrodeposition of a silver free alloy. According to the authors, two conditions hold for the formation
of periodic structures in an alloy: (1) the alloying element is co-deposited in amounts higher than the
saturation limit of the lattice of the basic metal and, (2) heterogeneous coatings are formed. Due to the
difficulties in determining the local phase composition of the periodic spatio-temporal structures, Krastev
and co-workers combined anodic linear sweep voltammetry (ALSV) and X-ray diffraction techniques
to determine the exact phase composition in different coating areas of Ag-In, Ag-Cd, and In-Co alloys
featuring spatio-temporal patterns. They concluded that the observed periodic patterns consisted of Ag
and AgsIn (Ag-In), Cd and Cd3Ag (Ag-Cd) and Co and Colns (Co-In) phases, respectively [80].

Afterwards, Krastev’s group tried to find out the conditions leading to self-organized phenomena
during electrodeposition of Co-In alloys. They established that it was possible to obtain spatio-temporal

structures under galvanostatic conditions at high current densities. In such a case, the concentration of
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Ficure 1.7: Optical images of a) a Ag-Sb alloy coating; 1.5 A dm™%; 12 wt.% Sb and b) a Ag-Bi alloy coating;
0.6 A dm™2, 40 wt.% Bi. Images taken from [65].

the metal ions in the bath strongly fluctuate and a convection flow of the electrolyte is settled [81].

Later in 2012, Krastev et al. published a deep research on the effect of the electrolysis conditions,
including high speed electroplating, on the content, the structure, the morphology and some properties
of electrodeposited In-Co alloys from citrate electrolytes [82]. After an analysis of the data collected,
they concluded that: a) In and Co could be successfully co-deposited from acid citrate elecrolytes with In
contents between 20 wt.% and 80 wt.%, b) coatings exhibiting spatio-temporal patterns can be obtained
for high Co contents, c) for the first time such exotic patterns can be obtained from silver- and cyanide-free
non alkaline stable electrolytes of a relatively simple composition, and d) spatio-temporal patterns could
be observed under intensive hydrodynamic flow and improved mass transport conditions at high current
densities.

The spatio-temporal pattern formation has attracted interest not only from an experimental view-
point but also theoretically. Bozzini et al. recently published a robust mathematical model to describe
the formation of spatio-temporal patterns in alloy electrodeposition. The authors propose an innovative
electrochemical source term, much more straightforward and flexible than previous mathematical formu-
lations, to take into account the electrokinetic control phenomena, that considers both, the change transfer
and the mass transport. In addition, with this new term they are able to reproduce all the spatio-temporal
organization types found in the literature by suitable numerical solutions of their model [83].

Interestingly, the occurrence of spatio-temporal patterning is a phenomenon related to chaos that has
been observed in many fields of physics, chemistry, material science, as well as in biology. A wide range
of natural phenomena show spatio-temporal pattern formation such as the mixing of water in the oceans,
the movement of air in the atmosphere, cardiac fibrillation and the skin of some animals like zebra or

pufferfish (Figure 1.8).
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Ficure 1.8: (Left) Spatio-temporal patterns develop when a normal heart rhythm undergoes atrial fibrillation.

(Right) Spatio-temporal patterns on the skin of a pufferfish.
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1.4.2. IRON-BASED SYSTEMS

Electrodeposition of iron is usually carried from acidic solutions of Fe(Il) (ferrous) salts. The presence
of iron as Fe(III) (ferric) state in solution in an appreciable concentration has been claimed to be undesirable
because it lowers the cathode efficiency and it may cause deposits to be brittle, stressed, and pitted [84]. In
addition, the formation of metal hydroxides competes with metal deposition. However, there are several
reasons for the persistent interest in iron plating. Iron is cheap and is one of the most abundant metals
on the earth’s crust. It can be deposited as a hard and brittle metal which, by heat treatment, can be
rendered soft and malleable, or as a soft and ductile metal to which by surface hardening methods such
as carburizing, cyaniding, or nitriding, the wear resistance can be improved.

Among platable binary iron alloys, Fe-Ni has received most of the attention in recent years, as indicated
by the number of publications. Initially, the focus was on decorative and protective purposes since the
addition of nickel to iron causes a dramatic improvement of its corrosion resistance. In addition, Fe-Ni
alloy coating presents a bright appearance, making it appealing for both aesthetic and economic reasons
compared to pure nickel plating [85, 86]. Lately, Fe-Ni alloy electrodeposition has been widely studied
for magnetic purposes [87, 88, 89]. In particular, iron (20 at%)-nickel alloy (Permalloy) deposits have
been the subject of considerable interest for their use in magnetic devices such as thin-film recording
heads, magnetic yokes in printer heads, bubble memories, shielding, logic devices, and magnetic cores in
microsolenoids because of their magnetic flux density as high as 1.6 T [90, 91].

Electrodeposition offers the possibility to produce non-equilibrium alloys in the as-prepared state,
which is very interesting when amorphous materials are pursued. In addition, little changes in the growth
conditions can result in a significant change in the phase structure of electrodeposits of the same chemical
composition [92]. In order to obtain glass-forming compositions, 80 at.% of transition metals (e.g., Fe, Co,
Ni, Pd, Au) plus 20 at.% of metalloids (B, Si, P, C, Ge) are typically combined. In the case of amorphous
alloys prepared by electrodeposition, those containing B, P and/or Si are mostly studied. Interestingly,
Fe-P with 20 at.% belongs to a group of amorphous alloys that can be obtained by electrochemical means
under relatively simple experimental conditions [93].

Fe-P alloys are of major interest owing to its magnetic and protective properties which, in turn, depend
on their composition. Iron can form different metal phosphides (Figure 1.9) like Fe3P, Fe,P, FeP, and FeP,
[94, 95] depending on the phosphorus content and operating temperatures [96]. The electrodeposition of
Fe-P alloy coatings suitable for various purposes has been studied by several researchers. In particular,
Fe-P has been advocated as an outstanding soft magnetic material due to its low coercivity and high
magnetic flux density [97, 98]. Particular emphasis has been laid in the production of amorphous films.
Vitkova et al. established the optimum conditions for the electrodeposition of amorphous Fe-P films [93].
Likewise, Kamei and Maehara characterized the magnetic properties and the microstructure of electro-
plated amorphous Fe-P alloys. They concluded that the coatings became amorphous for phosphorus
contents of about 20 at% or higher. The Hc decreased upon annealing at low temperatures, and the lowest
Hc was about 0.05 Oe, probably due to a structural relaxation [99].

Although the influence of various electrodeposition parameters such as the deposition mode (DC vs
PP), time, pH and bath temperature on the composition and structure of Fe-P films has been investigated
to some extent, such studies deal with dense films. The electrosynthesis of Fe-P ordered porous films
remains mostly unexplored. The same is true about their electrochemical performance toward HER and

OER. Very recently nanostructured Fe-P materials produced by other means are gaining tremendous
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Ficure 1.9: Equilibrium phase diagram of the [Fe+P] system [92].

interest in energy-related fields [100, 101, 102].

Fe-Rh has also attracted the interest of the materials science community from the magnetic point of
view since Fallot reported in 1938 the antiferromagnetic-ferromagnetic transition in Fe-Rh alloys [103].
Studies dealing with the fabrication of Re-Rh films using sputtering techniques and the characterization
of the metamagnetic transition can be found in the literature [104, 105, 106]. Rhodium is a noble transition
metal very stable against oxidation, it is mechanically hard and offers excellent wear characteristics. In
addition, it exhibits (electro)catalytic properties. However, its high cost restricts its massive use. Alloying
Rh with Fe reduces the cost of the final product and the environmental footprint. Nakamula et al. reported
the synthesis Rh/Fe bimetallic nanoparticles as an efficient catalyst for the hydrogenation of olefines and
nitroarenes [107]. Noteworthy, very little is known about the electrodeposition of Fe-Rh. Noce et al.
produced Fe-Rh deposits from a glycine-containing bath for the first time [108]. Depending on the surface
onto which the deposit was grown, Ag or brass, they obtained crystalline and nanocrystalline deposits,
respectively. Salen-Sugui et al. studied the magnetic properties of electrodeposited Fe-Rh [109]. The
authors obtained Fe;_,Rh, with x ~ 0.5 on a foil of ordered Fe3Pt.

14



1.5 OBJECTIVES

1.5. OBJECTIVES

This thesis covers the synthesis (by electrodeposition) and the characterization (of the physical and
physico-chemical properties) of multiphase metallic materials. Three different systems, namely Co-In, Fe-
Rh and Fe-P, are tackled. Each study goes beyond the classical thin film technology, thus highlighting the
great potential of electrodeposition to yield non-conventional material architectures. Firstly, Co-In films
showing self-organized spatio-temporal patterns have been grown (without the assistance of any mask)
and characterized by correlating the composition and microstructure of deposits with their magnetic and
mechanical properties. Further miniaturization of this system has been performed via electrodeposition on
photo-lithographed substrates and their surface properties investigated using advanced techniques. Sec-
ondly, the production and electrochemical response of compositionally tunable Rh-Fe NPs towards HER
has been accomplished. Nanoparticulated denser films of analogous compositions have been prepared
to disclose the effect of nanostructuration (increased S/V ratio) on HER performance. Finally, pseudo-
ordered porous Fe-P films have been prepared by colloidal lithography followed by electrodeposition,
and their wettability, magnetic behavior and electrocatalytic activity towards both HER and OER have
been investigated.

The goals of this Thesis can be summarized as follows:

1. To grow Co-In films showing self-organized spatio-temporal patterns by electrodeposition. The main
purpose is to systematically study the morphology, composition and crystallographic structure of
the deposits, with special emphasis on the surface patterns, and establish a correlation with the

magnetic and mechanical properties.

2. To miniaturize the Co-In system in confined areas of previously patterned micrometer cylindrical
holes by photo-lithography. The main purpose is to investigate if the constrains imposed by the
cylindrical cavities are able to promote a defined class of pattern instead of a mixture of ‘labyrinths’,
'waves’, ‘targets’, spirals, and broken spirals, as shown in the continuous films. The second goal is to

link the compositional patterning with the physical (magnetic, electrical and mechanical) properties.

3. To take a closer look at the cross-section of Co-In films deposited in (1) in order to perform an

in-depth study of the first-ever evidence of its layer-by-layer growth.

4. To synthesize Fe- and Rh- containing NPs by electrodeposition and to characterize their morphology
and crystallographic structure. The main objective is to control the chemical composition and size
of the NPs by simply adjusting the current density and deposition time. The second goal is to

investigate their electrocatalityc activity towards HER in alkaline media.

5. To prepare macroporous Fe-P films using electrodeposition through colloidal crystal templates and
to characterize their physical (magnetic) and physico-chemical (wettability, HER, OER) properties.
The results obtained are to be correlated with those of dense Fe-P films with similar phosphorous

content.
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SCHEDULE
A schedule of the work is chronologically shown in the following table. Notice that the whole work

1 : INTRODUCTION

1.6.
was conducted in an equivalent full-time work of 2 years and 7 months.
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EXPERIMENTAL

In the following, the experimental details of the main experimental techniques used throughout the
thesis are briefly mentioned. The fundamentals of each technique are not given as we consider they can

be found in advanced textbooks.

2.1. ELECTROCHEMICAL PROCEDURES

2.1.1. DEPOSITS PREPARATION

Electrochemical experiments were conducted in a three-electrode cell configuration connected to a
PGSTAT302N Autolab potentiostat/galvanostat (Ecochemie) (Figure 2.1). A double junction Ag|AgCl
(E=+40.210 V/SHE) reference electrode (Metrohm AG) was used with 3 M KCl as the inner solution and 1
M NaCl or 1M Na,SO; as the outer solution. A platinum spiral served as CE.

Ficure 2.1: Picture of three-electrode glass cell connected to the Autolab Potentiostat model PGSTAT302N
controlled by a PC.

Silicon (111) substrates with e-beam evaporated Ti (100 nm)/Au (125 nm) adhesion/seed layers were
used as WE for deposit growth. Also pre-lithographed Si/Ti/Au substrates were used for the growth
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of metallic microstructures. In this case arrays of cylindrical holes of 50 ym in diameter and 1 ym in
height were patterned by photolithography using AZ-9260 photoresist and AZ-400K developer. For the
production of pseudo-ordered metallic porous films, PS spheres of 350 nm in diameter were assembled
on the Si/Ti/Au substrates (Figure 2.2). The PS spheres were electrophoretically deposited by applying 60
V during 5 min using a home-made setup consisting of a chamber (1 cm x 1 cm x 0.6 cm) of poly(methyl
methacrylate) (PMMA) glued to a counter electrode of platinized titanium (Figure 2.3).

Ficure 2.2: Different types of substrates used throughout the work: a) vitreous carbon cylindrical rod, b) Si
substrate with e-beam evaporated Ti/Au adhesion/seed layers (denoted as Si/Ti/Au), ) lithographed Si/Ti/Au
substrate, and d) PS spheres electrophoretically deposited on Si/Ti/Au.

Analytical grade reagents and Millipore MilliQ water (MQ-water) were used to prepare the electrolytes.
The pH was left as-prepared or either adjusted with NaOH or HCl. The electrolyte volume was typically
between 75 and 100 mL. Before each deposition, the electrolyte was de-aereated with nitrogen gas for
5-10 min. Prior to deposition, the Au seed layer (substrate b in Figure 2.2) was first degreased with
acetone followed by isopropyl alcohol and MQ-water. Deposition was conducted either galvanostatically

or potentiostatically at controlled temperature and stirring regime.

2.1.2. CyCLIC VOLTAMMETRY STUDIES

A vitreous carbon cylindrical rod (Figure 2.2a) with 7t x 1072 cm? surface area was used as WE for cyclic
voltammetry (CV) studies whenever needed. The potential was initially scanned from a value close to 0

V towards different cathodic limits, at a scan rate of 50 mV s1.

2.1.3. ELECTROCATALYTIC ACTIVITY TOWARDS HER anD OER

The electrocatalytic activity of Fe-Rh and Fe-P samples towards HER and/or OER was assessed in
alkaline medium using the same three-electrode cell described in section 2.1.1, with Ag|AgCl (3 M KCI)
and a Pt spiral as RE and CE, respectively. Linear sweep voltammetry (LSV) and CV measurements were
conducted under stagnant conditions in de-aerated 0.1 M NaOH or 1M KOH solution at 25 °C.
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FiGure 2.3: Picture of the homebuilt electrophoresis setup donated by Dr. S. Pané from ETH-Ziirich.

2.2. CHARACTERIZATION TECHNIQUES

2.2.1. ELECTRON MICROSCOPY

The morphology and the composition of the deposits were characterized on a Zeiss Merlin field
emission scanning electron microscope (FE-SEM), operated between 0.8 and 3 kV for imaging purposes.
The FE-SEM was equipped with an energy dispersive X-ray (EDX) detector, which was typically operated
at 20 kV.

Scanning transmission electron microscopy (STEM)-EDX line profile analyses were performed on a
Tecnai F20 microscope.

Besides standard X-ray diffraction (XRD) analyses, the crystallographic features of the samples were
studied by transmission electron microscopy (TEM) on a JEOL JEM-2011 microscope operated at 200 kV.

2.2.2. SURFACE MICROSCOPY

Conductive atomic force microscope (C-AFM) measurements were performed with a commercial AFM
(Agilent 5500LS) operating in contact mode with a commercial tip from AppNano (DD-SICONA) with k
=0.2 N m™!. A bias voltage of Vpias = 500 mV was applied to the sample while the tip was grounded.

An Asylum AFM (MFP3D) operated in two different modes was used for the nanomechanical and
magnetic characterization and surface potential function mapping. Amplitude modulation-frequency
modulation (AM-FM) viscoelastic mapping was used for the nanomechanical characterization. In this
mode the cantilever is driven simultaneously at two excitation signals that are combined to excite the
fundamental and second cantilever resonances. While the topography is recorded in normal AM mode at

the fundamental resonance, the second resonance frequency is driven in FM, and the measured changes in
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frequency and dissipation of this resonance are correlated to loss tangent, sample stiffness and elasticity,
and viscous behavior or dissipation. To visualize the magnetic domains a MFM study was performed in
a dual-scan mode using a magnetized tip (Nanosensors MFMR tip with k =2 N m~! and a CoCr coating
of 35 nm). To map the different surface potential function, Kelvin probe force microscope (KPFM) mode
was used.

Some of the deposits were analyzed by AFM/MFEM using a Dual Scope C-26 system from Danish Micro
Engineering. The MFM maps were taken at a tip lift height of 100 nm.

2.2.3. X-RAY DIFFRACTION

The crystallographic structure of the samples was studied using a Philips X'Pert diffractometer in
Bragg-Brentano geometry (Figure 2.4), with Cu K, radiation (note that both wavelengths A(K,;)=1.5406
A and A (K,)=1.5443 A were used in the intensity proportion of I(Ku2)=I(K41) = 0.5). A 0.03° step size and
10 s holding time were applied within an specific 20 range, depending on the samples’ needs.

@ X'Pert

Ficure 2.4: Picture of the Philips X'Pert diffractometer available at the X-ray diffraction service of UAB.

2.2.4. MAGNETIC MEASUREMENTS

The room temperature magnetic properties of the deposits were measured using a VSM from Oxford
Instruments or MicroSense (LOT-QuantumDesign). Hysteresis loops were recorded both along the parallel
and perpendicular-to-plane directions.

In order to probe the magnetic properties of some deposits at surface level, room temperature magnetic
hysteresis loops were recorded using a MOKE setup (from Durham Magneto Optics) at a maximum field
of 800 Oe, applied out-of-plane (polar configuration).

Compositional analyses with X-ray absorption spectroscopy (XAS) and magnetic contrast imaging
through XMCD using element-specific polarized X-ray PEEM experiments were carried out at the beamline
BL24 — CIRCE at the ALBA Synchrotron (Cerdanyola del Valles).

2.2.5. MECHANICAL PROPERTIES

The mechanical properties of the samples were evaluated by nanoindentation operating in the load

control mode using the Ultra-Micro-Indentation System (UMIS) device from Fisher-Cripps laboratories,
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equipped with a Berkovich pyramid-shaped diamond tip (Figure 2.5). The load-unload curves were taken

using a maximum applied force of 5 mN.

Ficure 2.5: Picture of the Ultra-Micro-Indentation System (UMIS) device from Fisher-Cripps laboratories

available at Gnm® group.

2.2.6. CHEMICAL ANALYSES

To determine the metal content in the deposits more precisely, quantification was done using either an
inductively coupled plasma mass spectroscopy (ICP-MS) with a 7500ce apparatus from Agilent Technolo-
gies or an inductively coupled plasma optical emission spectroscopy (ICP-OES) with an Optima 4300DV
spectrometer from Perkin-Elmer. Aqua regia or nitric acid was used to fully dissolve the samples.

The oxidation state of the elements present in some deposits was assessed by X-ray photoelectron
spectroscopy (XPS). XPS analyses were carried out at room temperature on a PHI 5500 Multitechnique
System (from Physical Electronics) spectrometer, equipped with a monochromatic X-ray source (Kaa; line
with energy of 1486.6 eV and 350 W), placed perpendicular to the analyser axis and calibrated using 3d>/
line of Ag with a full width at half maximum (FWHM) of 0.8 eV. Charging effects were corrected by
referencing the binding energies to that of the adventitious Cls line at 284.5 eV.

2.2.7. CONTACT ANGLE MEASUREMENTS

Surface wettability measurements of the deposits were carried out on a DSA100 Contact Angle Mea-
suring System (Kriiss) using the sessile drop method. Contact angles (CA) were recorded after dropping

1.5 ym of MQ-water directly onto the sample’s surface.
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RESULTS: COMPILATION OF ARTICLES

3.1. CoBALT-INDIUM SYSTEM

In this set of articles we report on the spontaneous formation of spatio-temporal patterns during the
electrodeposition of Co-In, both in film and microdisks array configurations. So far, Co-In remains as the
only binary system able to form spatio-temporal patterns during electrodeposition and to simultaneously
exhibit ferromagnetic properties. Our results demonstrate that the spatio-temporal patterns can develop
spontaneously either over large areas or in confined cylindrical cavities without the assistance of any hard
or soft template.

Firstly, Co-In films with tunable composition were electrodeposited galvanostatically from a chloride-
citrate bath on Si substrate with e-beam evaporated Ti/Au adhesion/seed layers. A new bath containing
0.05 M InCl3, 0.25 M CoCl3, 0.05 M sodium citrate dihydrate and 0.1 M KClI (supporting electrolyte) was
designed, which was left at its preparation pH (3.1). Prior to deposition, CV curves were recorded on both
vitreous carbon and Si/Ti/Au substrates in order to find a range of current densities suitable for deposition.
The detection of two different stripping peaks in the anodic branch of the CV indicated the formation
of non-single phase deposits. A systematic study on the correlations existing between the morphology
and composition, the crystallographic structure, and the resulting mechanical and magnetic properties of
the deposits was carried out. The deposition charge was kept constant in order to obtain similar deposit
thicknesses (10 ym). EDX analysis revealed that Co-In films with Co contents ranging from 25 at.% to
90 at.% could be straightforwardly electrodeposited on the Au surface. Bath speciation analyses were
carried out to understand why deposits become enriched in Co as the absolute value of the current density
was increased. EDX in both punctual and mapping modalities showed that the dark belts defined by
the patterns were typically richer in Co compared to the bright belts. This effect was exacerbated as the
deposition time was increased; namely the dark and bright belts became progressively more enriched in
Co and In, respectively. XRD analyses indicated the coexistence of various phases in the films, which were
assigned to tetragonal In, fcc-Co, hep-Co and Colngs. In turn, the films exhibited tunable magnetic and
mechanical properties mostly dependent on the Co content. The film with 90 at.% Co showed a square
hysteresis loop in the in-plane direction with the largest Hc (275 Oe). A magnetic micropatterning linked
to the spatio-temporal patterning present on the surface of the films was suggested by MFM, thus opening
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the possibility to use these films in applications like magnetic sensors, encoding magnetic stripes or even
magnetic recording media.

Afterwards, Co-In microdisks were grown onto Si/Ti/Au substrates patterned by photolithography
with arrays of cylindrical holes of 50 ym in diameter and 1 ym in height. The deposition was performed
from the same electrolytic solution as for continuous films but potentiostatically at a selected potential
of —0.98 V. The confined growth of Co-In into cylindrical microcavities enabled the control of the spatio-
temporal pattern geometries to some extent. While a mixture of types of patterns was observed in the
continuous films, the microdisks only showed one pattern type: spirals. These spirals were linked to
a variation of the Co content as determined using the In-Lens detector of the SEM and EDX mapping
analysis. In other words, the spiral-like pattern was not visible if the SE detector was used instead,
as opposed to the case of continuous films. A set of surface sensitive characterization techniques was
employed to investigate the properties of the spiral-like patterns formed in each microdisk. Due to the
dissimilar magnetic character of Co and In elements, and their related phases, these spirals rendered a
magnetic pattern measurable by polar MOKE, MFM and PEEM. In polar MOKE, hysteresis loops were
acquired every 5pum across the surface of an individual microdisk. A higher Kerr effect amplitude,
which is proportional to Mg, was measured when the laser scanned a Co-rich region. Similar results
were obtained by PEEM, which was carried out at the beamline BL24 — CIRCE of ALBA Synchrotron.
C-AFM measurements also disclosed the occurrence of an electrical pattern, in agreement with the local
modulation of the composition. The current ratio between the bright (Co-rich) and dark (In-rich) regions
was about 100-10. Besides, using AFM in different working modes, namely KPFM and AM-FM, a periodic
variation of both the work-function and the Young’s modulus across the microdisks’ surface was observed
as well.

Finally, the cross-section of continuous Co-In deposits were investigated using advanced electron
microscopy tools, as it was observed that they exhibited a layer-by-layer growth mode. Cross-sections for
either SEM or (S5)TEM imaging were prepared conveniently. Notably, such growth type developed under
direct current electrodeposition conditions. Typically, multilayered structures are obtained by applying
a pulsating scheme. In our case, 10 um thick nanolayered films with an amazing periodicity of 175 + 25
nm were obtained under nominally constant conditions. Closer analysis of each nanolayer demonstrated
that they were not compositionally homogeneous (several regions parallel to the substrate plane were
identified) and simultaneously exhibited a columnar microstructure. The nanolayers remained stacked
together through In-rich anchor points. MFM measurements revealed the occurrence of a magnetic
patterning at the cross-section of the Co-In coatings as well. The measurements were done in remanent

state after applying a strong magnetic field perpendicular to the film cross-section.
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Cobalt—indium (Co-In) heterogeneous films, featuring spatio-temporal patterns, have been
electrodeposited in a chloride—citrate electrolyte. The Co content can be tuned from 25 at% to 90 at%
by varying the applied current density between —10 and —30 mA cm~2 The spatio-temporal patterns
consist of alternated dark and bright belts, which define micron-sized waves, targets and spirals. Cross-
sectional images indicate layer-by-layer growth. Several crystallographic phases (hexagonal close-
packed Co, face-centered cubic Co, tetragonal In and tetragonal Colnz) are identified in the
corresponding X-ray diffractograms. The films exhibit a combination of large hardness with relatively
large Young's modulus and a soft-magnetic behaviour with tunable saturation magnetisation and
coercivity (Hc) values, mostly depending on the Co content and the effective magnetic anisotropy. The
film with 90 at% Co shows the highest in-plane H¢ (275 Oe) and a squareness ratio close to 1. Magnetic
force microscopy observations reveal that the self-patterning is not only topographic but also magnetic.
These results demonstrate that the electrodeposition of spatio-temporal structures is a simple method
to grow magnetically patterned films, over large areas, in a rapid and inexpensive way. This procedure is
highly attractive for the implementation of new types of magnetic sensors, encoding magnetic stripes or
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www.rsc.org/MaterialsC even magnetic recording media.

1. Introduction

The spontaneous formation of self-organized spatio-temporal
patterns is a phenomenon related to chaos (i.e., fluid instabil-
ities or chemical instabilities) that occurs in dynamic non-linear
open systems that are far from equilibrium." Examples of such
patterns can be either found in nature (e.g., in the atmosphere
and the oceans, in the skin of some animals like the zebra or
some fish, in atrial fibrillation, etc.) or they can be experimen-
tally generated in the laboratory, such as in nanomechanical
oscillators or in reaction-diffusion chemical reactions that
occur in some immiscible systems (e.g., phase separation,
eutectic solidification, etc.). Although linear stability analysis
can give some basic understanding of the origin of the pattern
formation and the basic length scales, non-linearity remains a
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fundamental ingredient in order to adequately describe the
experimental observations, thus making the problem much
more complex and not fully resolved yet.>* Nonetheless, studies
aimed at unravelling the mechanisms governing spatio-
temporal chaos in dynamic systems remain of utmost impor-
tance since more knowledge in the field could allow a better
prediction of the nucleation and propagation paths for torna-
does and hurricanes, tectonic motion, the overall evolution of
Earth's climate or the transition from normal to arrhythmic
heartbeat, amongst others. Directional growth or solidification,
in some materials, is also important in terms of the resulting
physico-chemical properties. Some eutectic alloys exhibit, for
example, outstanding mechanical hardness and have been
proposed as ideal heat-transfer materials or as die molds for
patterning applications.

The emergence of spatio-temporal patterns can be due to a
flux of energy or a flux of matter, e.g. originated from the exis-
tence of externally imposed temperature variations (e.g.,
convection), or by the flow of fluids or chemicals in a reactor.
The formation of spatio-temporal structures during electrode-
position was first observed in some Ag alloys (e.g. Ag-Bi, Ag-Cd,
Ag-In, and Ag-Sb) and attracted the interest of researchers from
both experimental and theoretical viewpoints.*® Recently,
pattern formation during the electrodeposition of non-Ag based
alloys, like Co-In and Ni-P-W-Bi has been demonstrated,
hence opening the possibility for additional functionalities (e.g.,
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magnetic) to the previous Ag-based alloys.”'® The underlying
mechanism for the formation of the spatio-temporal structures
is not yet clear and several factors are thought to contribute to
the phenomenon, with small differences depending on the
system under consideration:*®

(i) the electrolyte hydrodynamic conditions, meaning that
the flow along the electrode surface seems to be a necessary
condition for pattern formation;

(ii) the overpotential, since a threshold value is required for
pattern formation. In addition, the overpotential has been
correlated with the switching among different types of patterns
(labyrinths, waves, targets, spirals, broken spirals and mixed
patterns);

(iii) the ability to self-organize during the growth of multi-
phase alloys where spatial separation of the phases takes place.
This has been reported to be one of the key reasons for pattern
formation in Co-In electrodeposition;

(iv) the kinetic variables, the bath composition (e.g. the
counter ion) and the appearance of Turing instabilities in
reaction-diffusion systems when the diffusion constants of the
different components are quite different from each other."

Bozzini et al. have recently reviewed the literature dealing
with pattern formation in alloy electrodeposition and proposed
a very innovative and flexible mathematical model to explain
the formation of the different types of spatio-temporal struc-
tures.” Compared to classical models based on systems of
reaction-diffusion equations for chemical species, Bozzini's
model goes one step further and includes an electrochemical
source term to account for adsorbate-induced effects on the
kinetic parameters of the electrodeposition process. In such a
way, the coupling between the surface morphology and the
surface composition is considered.

Compared to the Ag alloys series, the electrodeposition of
Co-In alloys has been much less explored and most of the work
has been conducted by Krastev's group. Pattern formation
under both stagnant and high speed electrodeposition from
electrolytes containing sulphate metal salts and di-ammonium
hydrogen citrate at pH around 3 has been established.”"
Typically, the ordered spatio-temporal structures form at suffi-
ciently negative current densities (large Co contents).

It cannot be denied that the formation of spatio-temporal
structures in alloy electrodeposition is a fascinating phenom-
enon that deserves investigation. However, the usefulness of
growing coatings featuring such patterning inevitably relies on
the ability to find out chemical or physical properties that can
certainly benefit from the self-organized structures. In this
sense, the study of the physical properties of these self-
patterned coatings should turn the corner towards a potential
technological application. To the best of our knowledge, the
physical properties of Co-In coatings featuring spatio-temporal
structures have not been explored. Indium is a very ductile
element and has a very low melting point (156.60 °C). For this
reason, it has been extensively used in lead-free solders.'
Indium metal is also employed as a thermal interface material
in the electronic industry™ and in CIS/GICS solar cells. For the
latter application, the fabrication of CulnS, and Cu(InGa)Se,
semiconductor compounds by electrodeposition of In metal on
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Cu followed by sulfurization or selenization has already been
reported.” From the magnetic point of view, it has been
described that the addition of indium in arc-melted and post-
annealed PrCos magnets causes an increase of coercivity, H,
likely due to the formation of the Pr;CogIn, phase.'® Likewise,
the addition of Co into InAs, InSb or In,O; has been shown to be
a very suitable strategy towards the development of diluted
magnetic semiconductors with potential applications in
spintronics.”

In this work, Co-In films have been electrodeposited from a
simple aqueous electrolyte containing chloride metal salts and
sodium citrate under stagnant conditions at different current
densities. The morphology, composition and crystallographic
structure of the galvanostatic deposits obtained on Au/Ti/Si
substrates have been systematically studied. According to its
phase diagram, In and Co are immiscible in both solid and
liquid states.”™ Hence, the formation of multi-phase coatings is
anticipated. Energy dispersive X-ray (EDX) mapping analyses of
the Co-In films have been conducted in order to explore the
chemical composition of the spatio-temporal patterns. Finally,
the mechanical and magnetic properties of the Co-In films have
been studied in detail and the data obtained have been corre-
lated with the composition and microstructure of the deposits.
The Co-In system is unique in the sense that it is the only binary
alloy to simultaneously exhibit ferromagnetic properties with
the ability to form spatio-temporal patterns during electrode-
position. This appealing combination of properties is
confirmed by magnetic force microscopy observations, which
reveal that the films do exhibit ‘magnetic micropatterning’
linked to the topographical self-organization.

2. Experimental section
2.1. Synthesis

Electrochemical experiments were conducted in a three-elec-
trode cell connected to a PGSTAT302N Autolab potentiostat/
galvanostat (Ecochemie). A double junction Ag|AgCl (E = +0.210
V/SHE) reference electrode (Metrohm AG) was used with 3 M
KCl as the inner solution and 1 M NacCl as the outer solution. A
platinum sheet served as the counter electrode. A vitreous
carbon cylindrical rod with  x 10~> cm” surface area was used
as the working electrode (WE) for cyclic voltammetry (CV)
studies, whereas silicon (111) substrates with e-beam evapo-
rated Ti (100 nm)/Au (125 nm) adhesion/seed layers were used
as WEs for both CV studies and deposit growth. The working
area of Au/Ti/Si substrates was 5 x 5 mm?.

In CV studies, three different electrolytes were used: the In
bath containing 0.30 M InCl; + 0.05 M CsHsNaz0,-2H,0 + 0.1 M
KCl, Co bath containing 0.30 M CoCl, + 0.05 M CgHsNaz;0; - 2H,0
+ 0.1 M KCI and Co-In bath containing 0.05 M InCl; + 0.25 M
CoCl, +0.05 M C¢H5Naz;05-2H,0 + 0.1 M KCL. The pH of the Co-
In electrolyte was left at its unadjusted value (3.1) and the pH of
the In and Co baths was adjusted to pH 3.1 by adding NaOH and
HC], respectively. The potential was scanned from 0 V toward
different cathodic limits at a scan rate of 50 mV s~ .

Analytical grade reagents and Millipore MilliQ water (MQ-
water) were used to prepare the electrolytes. The electrolytic
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volume was 100 ml. Before each experiment, the electrolyte was
de-aerated with a nitrogen gas for 10 minutes through a glass
purge pipe that provided a vigorous stream of nitrogen. Prior to
deposition, the Au seed-layer was first degreased with acetone
followed by isopropyl alcohol and MQ-water. Deposition was
conducted galvanostatically at 25 °C. The electrical charge was
adjusted across all depositions to 20 C cm ™2 except for the study
of the time-dependent spatio-temporal evolution. After deposi-
tion, the films were thoroughly rinsed in water and stored in air.

2.2. Characterization

The morphology and the composition of the films were char-
acterized with a Zeiss Merlin field emission scanning electron
microscope (FE-SEM) equipped with an energy dispersive X-ray
(EDX) detector. Two replicas per condition were analysed. The
structure of the films was determined by X-ray diffraction (XRD)
using a Philips X'Pert Diffractometer in Bragg-Brentano
geometry using Cu Ko radiation (note that both wavelengths
AK,1) = 1.5406 A and A(K,,) = 1.5443 A were used in intensity
proportion of I(K,,) = I(K,;) = 0.5) in the 25-125° 26 range
(0.03° step size and 10 s holding time).

The mechanical properties of the Co-In films were evaluated
by nanoindentation operating in the load control mode using
the Ultra-Micro-Indentation System (UMIS) device from Fisher-
Cripps laboratories equipped with a Berkovich pyramid-shaped
diamond tip. The load-unload curves were taken on the films
applying a maximum force of 5 mN. The value of the maximum
applied force was chosen to ensure that the maximum pene-
tration depth during the tests was kept below one tenth of the
overall thin film thickness. This is considered a necessary
condition to avoid any influence from the substrate on the
measured mechanical properties.” The hardness (H) and
reduced elastic modulus (E,) values were obtained applying the
method of Oliver and Pharr.* Finally, the elastic recovery was
evaluated as the ratio between the elastic and the total (plastic +
elastic) energies during nanoindentation, W./W,. These ener-
gies were calculated from the nanoindentation experiments as
the areas between the unloading curve and the displacement
axis (W) and between the loading curve and the displacement
axis (W,).*

The room temperature magnetic properties were measured
using a vibrating sample magnetometer (VSM) from Oxford
Instruments. Hysteresis loops were recorded under a maximum
applied field of 700 Oe applied along the parallel and perpen-
dicular-to-plane directions. Atomic and magnetic force
microscopy (AFM/MFM) images were acquired using a Dual
Scope C-26 system from Danish Micro Engineering. The MFM
maps were taken at a tip lift height of 50 nm.

3. Results

3.1. Cyclic voltammetry study

Cyclic voltammetries (CV) recorded from In, Co and Co-In
electrolytes on a vitreous carbon electrode are shown in Fig. 1a.
A moderate increase of the reduction current is observed in the
In bath (curve 1) from —0.80 V. In the anodic scan, a double-
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Fig. 1 Cyclic voltammetries obtained by polarizing (a) a vitreous
carbon electrode at a cathodic limit of —1.1 V in the (1) In bath, (2) Co
bath and (3) Co—In bath and (b) a vitreous carbon (continuous line) and
a Au/Ti/Si substrate (dashed line) at a cathodic limit of —1.2 V in the
Co-In bath. In all cases, a scan rate of 50 mV s~ and quiescent
conditions were used.

peak is recorded between —0.4 and —0.6 V. This double-peak
corresponds to the oxidation of In-containing species formed
on the substrate during the cathodic sweep rather than the
oxidation of adsorbed H, bubbles arising from the reduction of
H' ions. When a vigorous stream of Ar gas is provided to the
electrolyte during the cathodic scan, the oxidation peak current
does not decrease, which otherwise would be observed if most
of the reduction current passing through the working electrode
(WE) is used to reduce H' ions. In such a case, vigorous agita-
tion removes the freshly adsorbed H, bubbles on the WE and
the corresponding oxidation current recorded during the
anodic scan diminishes. For the Co bath, a sharper increase of
the reduction current is observed at around —0.95 V, which
corresponds to the onset of Co deposition (curve 2). A single
oxidation peak centered at —0.1 V is observed in the anodic
scan. The CV curve recorded from the Co-In electrolyte (curve 3)
shows similar behaviour to that from the Co bath in the
cathodic scan, although the onset for deposition is slightly
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delayed. In the anodic scan, a small oxidation peak centered at
—0.5 Vis recorded, followed by a higher oxidation peak at more
positive potentials (—0.06 V). Since the first peak appears in the
same position as for the In electrolyte, it is conjectured that it
can be connected with the oxidation of In-rich species. Like-
wise, the second anodic peak could be assigned to the oxidation
of Co-based species. This suggests that a heterogeneous deposit
is being formed on the electrode. Finally, it was observed that
the onset of deposition on a Au/Ti/Si substrate is shifted toward
more positive potentials as compared to the vitreous carbon
electrode although the main features of the CV are maintained
(Fig. 1b).

According to the CV data, deposits could be in principle
formed on the Au/Ti/Si electrode at current densities ranging
from —10 mA cm™? to —30 mA cm ? (and higher). It was
expected that deposits grown at low current densities would
contain higher In percentages according to the onset of depo-
sition (—0.95 V for the Co electrolyte versus —0.80 V for the In
electrolyte).

3.2. Morphology and composition of the films

Fig. 2 shows the E-t transients for Co-In plated onto Au/Ti/Si
substrates at current densities ranging from —10 to —30 mA
ecm 2 and at a fixed deposition charge (Q = 20 C cm™2). The
curves are characterized by a minimum in the E-¢ transients
that turn into a clear spike with an increase of the absolute
value of current density during the first seconds of deposition.
This is followed in all cases by relaxation of the potential
towards a rather stationary value. The value of the stabilized
potential decreases as the applied current density is made more
negative. The cobalt percentage obtained from EDX analyses
drastically increases with a slight increase of the current density
from almost pure In films at —10 mA cm 2 to 58 at% Co at
—12 mA cm 2 (Table 1). It is not possible to obtain Co
percentages in-between because deposits become rapidly
enriched in Co soon after cobalt discharge is allowed. The Co

-0.92

j=-10 mA em >, 25 at% Co

-0.94 -
j=-12mAcm ", 58 at% Co
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L —
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Fig.2 Representative E-t transients for Co—In deposition onto Au/Ti/
Si substrates at the indicated current densities. The corresponding
average cobalt content in the films is also specified.
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Table 1 Values of the applied current density (—j), stabilized potential
(—Es) of the E-t curve and the corresponding Co percentage in the
films (mean value + standard deviation)

—j (mA em™?) —Es (V) at% Co
10 0.94 25°

12 0.95 58 +3
16 0.97 7441
20 0.99 78 £1
30 1.05 90 £ 2

“ Non-homogeneous film composed of large areas with a In content
approaching 100% and smaller areas showing spatio-temporal
organization with ca. 50 at% Co.

percentage rises up to 90 at% with a further increase of the
current density to —30 mA em 2.

With the naked eye, all Co-In deposits show slightly metallic
luster appearance and are grey in colour except the coating at
—10 mA cm that is whitish. Good adhesion to the substrate is
observed for nearly all current densities. Incipient peel-off is
seen at the edges in films produced at a current density of —30
mA cm . Hence, more negative current densities were not
considered since film detachment extended across the entire
sample-substrate interface. Thick films (10 + 2 pm) are
obtained under all conditions (i.e. for deposition times ranging
from 9 min to 33 min).

The occurrence of spatio-temporal structures was already
noticed using the optical microscope (not shown). FE-SEM
images of the morphology of Co-In films are shown in Fig. 3.
The spatio-temporal structures are already observed at the

Fig. 3 FE-SEM images of Co-In thin films obtained at: (a and b) j =
—10 mA cm™2 (25 at% Co), (c and d) j = —12 mA cm~2 (58 at% Co) and
(e—f)j = —20 mA cm 2 (78 at% Co).

This journal is © The Royal Society of Chemistry 2014
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lowest current density applied (Fig. 3a and b). However, in this
case, the patterns do not spread all over the substrate but are
visible only in some areas of the coating. At current densities of
—12 mA cm™? and higher, the spatio-temporal patterns are
observed all over the film (Fig. 3c—f), and the corresponding
deposits feature a mixture of waves, concentric rings (also
termed “target patterns”) and spirals of variable sizes. No
apparent trend between the size of these patterns and the
applied current density was seen. EDX analysis revealed that the
brighter and darker belts defined by such patterns contained
different amounts of Co and In, hence confirming the hetero-
geneity in composition of the films. EDX-point analyses showed
that the dark belts are typically richer in Co compared to the
bright belts by about 30 at% in the case of the film deposited at
—10 mA cm~? and about 10 at% for the rest of the films. Since
the spatial resolution of the EDX is limited by the interaction
volume (X-rays are able to escape not only close to the surface
but basically from the whole interaction volume), it is reason-
able to assume that the difference in the Co amount at the
utmost part of the coating is underestimated.

At higher magnifications, a sand-like grain morphology is
seen all over the film (Fig. 4a) except for the sample deposited at
—10 mA cm 2, For this sample, the sand-like morphology is also
observed in the areas where the spatio-temporal patterns are
formed but the rest of the coating features an island-like
morphology (Fig. 4b) that resembles a Stranski-Krastanov
growth mode." In fact, while the Co content is 25 at% on
average, the film is non-homogeneous in composition. The

Fig. 4 High magnification FE-SEM images of Co-In thin films
obtained at: (a) j = —30 mA cm~2 and (b) j = —10 mA cm ™2 (taken at the
region without spatio-temporal patterns).
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regions showing spatio-temporal patterns have large Co
contents (~50 at%) whereas the regions without spatio-
temporal patterns are made of almost pure In.

Fig. 5 shows the molar fraction x; of Co®>" and In®* species as
a function of pH in the electrolyte. The mole fractions were
calculated using MEDUSA® software** for all of the bath
compounds. The ionic strength was set iteratively by the
program. Around pH = 3.0, the most predominant species of
Co*" are in the form of aquacomplexes (Fig. 5a). The molar
fraction of cobalt(u) chloride and citrate complexes only repre-
sent together x = 0.2 of all the cobalt species. Hydrox-
ocomplexes of Co>" are almost negligible within the pH window
hereby considered. On the other hand, In*" is mostly complexed
by chlorides (Fig. 5b). The formation of In*" citrate complexes is
not considered since there are no available data.'> Hence, the
formation of these species are not considered in this
discussion.

The standard electrochemical potentials EJ,.. ™ for Co®" and
In’" are, respectively, —0.28 V and —0.34 V. At very low current
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Fig. 5 Mole fraction diagrams of (a) Co?* and (b) In®* species as a
function of pH in the electrolyte. The mole fractions were calculated
using MEDUSA®. In order to simplify the diagrams, the sum of the
mole fractions of the Co®* citrates and the sum of the rest of In®*
compounds are represented instead of showing each separately.
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densities, indium plates out preferentially respect to cobalt.
This fact seems counterintuitive if one considers the electro-
chemical potential and the fact that In is mostly complexed by
chlorides, while water molecules mostly coordinate with Co.
However, a study by Bessone and co-workers shows that chlo-
rides facilitate the reduction of In*'.?® At acidic pHs, the pres-
ence of a high positive electrostatic barrier of H" near the
cathode obstructs the access of positively charged species to the
electrode. The high positive charge of In** is compensated by
chloride anions, while Co®" keeps its charge because it mainly
exists as an aquacomplex. Therefore, it seems reasonable to
suppose that deposits are richer in indium at low current
densities. When increasing the current density, the deposition
process changes drastically leading to films with high cobalt
contents (Fig. 2 and Table 1). This effect could be related to the
formation of hydroxocomplexes at the cathode neighbourhood
due to hydrogen evolution. Cobalt(i) hydroxocomplexes are
readily adsorbed on the cathode and, hence, its reduction is
enhanced.

3.3. Structural characterization

The structural characteristics of the films obtained through the
E-t curves shown in Fig. 2 were studied by XRD (Fig. 6). Apart
from some narrow reflections coming from the substrate (Si and
Au seed-layer), all the patterns feature a collection of peaks
arising from the electrodeposited films themselves. The dif-
fractograms show reflections that can be assigned to tetragonal
In (PCPDF 05-0642), tetragonal Coln; (PCPDF 41-0880), face-
centered cubic (fec) Co and hexagonal-close packed (hcp) Co. As
expected, the relative intensity of the In phase peaks decreases
as the amount of Co in the films increases. Moreover, no shift of
fce- and hep-Co peaks toward lower 26 angles is noticed, indi-
cating that eventual dissolution of In in the Co lattice does not
take place (which is in agreement with the very limited solu-
bility of In in Co), and the existence of a miscibility gap in this
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Fig. 6 X-ray diffractograms in the 25-110° 26 region of Co-In films
with different cobalt contents deposited on Au/Ti/Si (111) substrates.
Breaks in data around 37° and 69° were applied to avoid the most
intense reflections from Au and Si, respectively, of the substrate. *
Peaks used in Table 2 for FWHM and (D) analysis.
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system as reported long ago by Koster and Horn.* The coexis-
tence of tetragonal In, fcc-Co and hcp-Co phases clearly
demonstrates that a solid solution is not formed but rather
separate deposition of Co and In elements (together with
intermetallic Coln;) takes place, instead, during electrodeposi-
tion. Nevertheless, the calculated equilibrium phase diagram of
the Co + In system establishes the coexistence of hcp-Co and
Coln, phases at room temperature for Co percentages =33.3
at%."® Interestingly, the monoclinic Coln, phase is not detected
in our diffractograms, but only the ordered tetragonal CoGas-
type Coln; forms, in concordance with a previous study on the
electrodeposition of Co-In.** It has been claimed that Coln; is
one of the phases forming the spatio-temporal patterns.”> A
hump at 26 angles between 40° and 55° overlapped with the
reflections is distinguished. This indicates the existence of an
additional fraction of amorphous-like contribution, whose
relative volume increases with the Co content. Moreover, the
full with at half maximum (FWHM) of the fcc-Co, hep-Co and
Coln; peaks is larger than for pure In peaks, which suggests that
the crystal size of the latter phase is larger. To further confirm
this observation, the Scherrer's formula has been applied to
(101) In, (111) fec-Co and (112) Coln; reflections, to obtain a
rough estimation of their crystallite sizes (Tables 2 and S17).
These reflections were selected so that they are univocally
assigned to only one phase (i.e., no overlapping between pha-
ses). While crystallite sizes below 25 nm are generally obtained
for fcc-Co or Colns, much larger values (around 60 nm) are
observed for pure In. It should be pointed out that Co-In
coatings electrodeposited from a bath containing InClz, CoSO,,
(NH,),H citrate and KNa tartrate were also composed of
tetragonal In and Coln; phases together with hcp-Co." In our
work, Co is found as a mixture of fcc, hep and possibly amor-
phous phases.

An explanation based on crystallographic considerations has
been proposed to account for the spatio-temporal organization
in some binary systems like Ag-In, Ag-Sb and Ag-Cd.*® For
example, the XRD patterns of spatio-temporal Ag-In coatings
show the existence of fcc Ag and hexagonal InAg; phases. The
similarity between the densely packed (111) plane of the fcc
phase and the (0001) plane of the hexagonal InAg; is thought to
contribute to the easy local transition from phase to phase
during electrodeposition.?®*® Likewise, the diffractograms of

Table 2 FWHM and the corresponding crystallite size (D) calculated
using Scherrer's formula for In (101), fcc-Co (111) and Colns (112) peaks
for the diffractograms shown in Fig. 6

In (101) fce-Co (111) Coln; (112)

at%

Co FWHM (°) (D) (nm) FWHM (°) (D) (nm) FWHM (°) (D) (nm)

25 0.123 67 — — 0.325 25
58 0.134 62 0.788 11 0.444 19
74  0.143 58 0.669 13 0.615 13
78 0.132 58 0.891 10 0.634 13

0 — — — — 0.614 13

“ Cannot be precisely determined because it is overlapped with the
amorphous background.
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Ag—-Cd films with 80 wt% Cd featuring spatio-temporal patterns
evidence that the films are highly textured. The coatings are
made of highly oriented hexagonal Cd-rich (Ag;5Cd;.5) and
hexagonal pure Cd phases. The coincidence in the (101)
reflection for both phases is believed to contribute to the spatio-
temporal organization to some extent.>** However, this expla-
nation does not hold for the Co-In system since such similari-
ties cannot be drawn between the fcc or hep phases of Co and
tetragonal Coln;.

3.4. Magnetic behaviour

The magnetic properties of the films were measured by
vibrating sample magnetometry (VSM) at room temperature by
applying the magnetic field parallel and perpendicular to the
film plane (Fig. 7). While the films show a ferromagnetic
response, the saturation magnetization (Ms) does not linearly
scale with the Co percentage. This result corroborates that a Co-In
solid solution is not formed; otherwise the sample with 25 at%
Co should exhibit a very weak ferromagnetic signal. The non-
linear increase of Mg values is due in part to the presence of
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Fig. 7 Room-temperature hysteresis loops measured by VSM
applying the magnetic field along (a) the in-plane direction and (b) the
perpendicular-to-plane direction.
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several phases (In, fcc-Co, hep-Co and Colnz) whose relative
amounts vary with the applied current density. Magnetic
susceptibility measurements of polycrystalline CoIn; synthe-
sized by reaction at high temperature in tantalum tubes indi-
cate that this compound is weakly paramagnetic at room
temperature,” while In is diamagnetic. Hence, the observed
ferromagnetic response should mainly arise from the pure Co
phases.

The films are rather soft-magnetic with in-plane and
perpendicular-to-plane coercivities (H¢) and squareness ratios
(Mg/Ms) that have different values depending on both the
direction of the applied field and the chemical composition
(Fig. 7 and Table 3). The film with 90 at% Co shows the largest
in-plane Hc (275 Oe) and largest in-plane My/Ms (virtually 1, i.e.
a square hysteresis loop), much larger than Mg/Mg along the
perpendicular-to-plane direction (Mg/Ms = 0.45). Hence, this
film exhibits a clear in-plane effective magnetic anisotropy,
probably dominated by the shape anisotropy (ie., planar
contribution). This shape anisotropy could be due, at least in
part, to the formation of the planar spatio-temporal patterns.
Interestingly, the values of My/Mjs along the in-plane direction
are reduced in films with lower Co contents, although they
remain larger than for measurements along the perpendicular-
to-film direction (see Table 3). The in-plane effective magnetic
anisotropy is reduced in these films, probably because the
ferromagnetic regions (e.g., hcp-Co or fce-Co) become less
interconnected between them and the shape anisotropy arising
from the planar geometry of the films is reduced to some extent.

The coercivity along the in-plane direction is also reduced
when the cobalt content is decreased from 90 at% to 74 at%
(Hc = 65 Oe) and 58 at% (Hc = 60 Oe). This is mainly due to the
loss of magnetic shape anisotropy in the film plane, which in
turn is related to an increase of the coercivity with the decrease
of the Co content along the perpendicular to the film direction.
For the sample with 90 at% Co the hysteresis loop along the out-
of-plane direction is more difficult to saturate than along the in-
plane direction, thus confirming that the easy magnetization
axis lies in plane. For the other films, there is no such a clear
easy axis, meaning that there is a competition between shape
and magnetocrystalline anisotropies. The out-of-plane Hc of the
film with 90 at% Co is 30 Oe, whilst higher values (140-170 Oe)
apply for the other Co-In films.

Atomic force microscopy (AFM) coupled to magnetic force
microscopy (MFM) analysis of the samples was performed to

Table 3 Saturation magnetization (Ms), squareness ratio (Mr/Ms) and
coercivity (Hc) of Co-In films as a function of their average Co
percentage. The symbols || and L mean that the field was applied
parallel and perpendicular to the film plane, respectively

Mg
at% Co [emucm ®] Mg/Mg|| Hc| [Oe] Mp/Ms L  Hc L [Oe]
25 163 0.59 75 0.52 170
58 275 0.68 60 0.61 138
74 387 0.65 65 0.54 136
90 525 0.93 275 0.45 30
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reveal whether the spatio-temporal organization gave rise to any
magnetic contrast besides the topological self-patterning. Fig. 8
shows the AFM and MFM images for the film deposited at —10
mA cm ™2, taken at a region where the spatio-temporal organi-
zation occurred. The AFM image displays the typical belts
observed by SEM, being the peak-to-valley distance equal to 225
nm. Interestingly, the corresponding MFM image shows a clear
magnetic contrast that follows the topographical pattern. This
proves that the spatio-temporal patterns do exhibit some kind
of inherent ‘magnetic micropatterning’. A similar response was
observed in corrugated cobalt filaments also made by electro-
deposition.”® The MFM analysis was also performed on other
films produced at higher current densities. MFM images also
reveal some magnetic contrast, but less pronounced because
the films are probably entirely magnetic.

3.5. Mechanical behaviour

The mechanical properties of the Co-In films were studied by
nanoindentation. Fig. 9a shows representative loading-
unloading curves performed on-top of the films. The curve for
the sample with 25 at% Co on average was obtained from an
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Fig. 8 (a) AFM and (b) MFM images taken on a scanned 50 x 50 pm?
area containing spatio-temporal patterns for the sample deposited at
—10 mAcm2,
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Fig. 9 (a) Load—unload nanoindentation curves performed on the
surface of Co-In films with variable Co contents. (b) The SEM
image showing an array of indentations performed on the surface of
the Co—In film with 58 at% Co. The inset shows a magnified detail of an
indent imprint.

area featuring spatio-temporal patterns (i.e., not on the pattern-
free areas which consists of almost pure In). The penetration
depth at the end of the loading segment for this film is larger
compared to the film with the highest Co content (90 at%). The
values of hardness (H), reduced Young's modulus (E,) and the
HIE, ratio are listed in Table 4. As expected, both H and E, are
slightly lower for the In-rich sample. Even if the indentation for
this sample has been performed on the spatio-temporal
patterns where Colnj; is thought to be the main component, the
amount of pure In phase accompanying Coln; is higher.

Table 4 Hardness (H), reduced Young's modulus (E,) and H/E,, W./W,
and W,/W; ratios for the Co~In films with the indicated Co contents

at%

Co H(GPa) E,(GPa) HIE, Wel W, W,/ W,

25 6.2 +1.2 120.6 +13.8 0.05+0.01 0.34 +0.03 0.66 + 0.09
58 6.6 1.1 128.4 +154 0.05=£0.01 0.33 +0.03 0.66 £ 0.09
74 6.9+ 1.3 130.8+16.3 0.05+0.01 0.34 +0.03 0.66 = 0.09
90 7.0+1.6 151.3+£19.9 0.04 £0.01 0.30+0.04 0.69 £ 0.14
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Therefore, the obtained results make sense considering that In
metal is recognized as a very ductile element due to its low
Young's modulus.” In fact, a value of E, = 3.3 GPa is obtained
when the indentation is performed on the free-patterned area
made of almost pure In. The film with 90 at% Co shows the
largest H (7.00 GPa) and E, (151.3 Ga). The H/E, ratio, which
provides an indirect estimation of the wear resistance of a
coating,***" is kept rather constant among all films. Similarly,
the elastic recovery (W./W,) and the ratio between the plastic
and the total energy (W,/W,) are also similar for all coatings.
Fig. 9b shows an array of indentations performed on the surface
of the Co-In film with 58 at% Co. As can be seen in the figure,
the lateral size of the indents is rather small (smaller than 0.5
pm, see the magnified detail of one indentation in the inset). No
significant differences are observed in the size of the imprints
as most of them do not indent only the dark or bright belts but
lay in between.

3.6. Spatio-temporal pattern evolution with time

To gain a better understanding of the evolution of the spatio-
temporal structures as a function of the deposition time (i.e.,
the thickness), a new series of Co-In films was fabricated at a
constant current density of —16 mA cm ™2 for different deposi-
tion times (250-3000 s). Fig. 10A shows the E-t curve with dots
labelled as (a-d) corresponding to each deposition time
together with the average Co percentage. Fig. 10B shows
secondary electron SEM images (left column) of a spiral
together with the corresponding Co, In (and O) element distri-
bution determined by EDX mapping analysis. The analysis
reveals that the local distribution of Co (in red) and In (in green)
elements within the spatio-temporal patterns is non-homoge-
neous and that such an effect is intensified with the deposition
time. On comparing the SEM images of the coatings obtained
through points (a-c) as indicated in the E-t curve, with the
corresponding element mappings, one can observe that the Co
signal is higher in the dark belt of the spiral whereas that of In is
higher in the brighter belt. Furthermore, significant amounts of
oxygen are detected in the films obtained for the longest
deposition time (3000 s, point d of the E-¢ curve). The O signal is
preferably detected in the In-rich belts, shown as black spots on
the SEM image and in violet colour in the corresponding
mapping, suggesting the incipient formation of oxide/
hydroxide species in the In-rich belts of spatio-temporal
patterns. Fig. 11 shows the XRD patterns of these films obtained
at different deposition times. The relative intensity of both In
and Coln; reflections progressively increases with the deposi-
tion time. Concomitantly, the hcp- and fcc-Co reflections
diminish in intensity. This result suggests that the volume
fraction of In and Coln; phases increases with the deposit
thickness. The time-dependent magnetic and mechanical
behaviours of these films are shown in Fig. S1 and Table S2,T
respectively. Fig. 12 shows a cross-sectional image of the
thickest film within this series, where a layer-by-layer growth
type is evident. Due to the polishing procedure, the layers
became separated from each other in some regions of the
coating (Fig. 12a). The thickness of each layer is roughly around
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Fig. 10 (A) E-t transient for Co-In deposition onto the Au/Ti/Si
substrate at a constant current density of —16 mA cm™2 and different
deposition times: (a) 250's, (b) 1000's, (c) 2000 s and (d) 3000's. (B) EDX
mapping analysis of a region of the coating corresponding to the time-
points (a—d) indicated in (A). Scale bars in (a and b) is 10 um, 20 pmin (c)
and 30 um in (d).
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Fig. 11 XRD patterns of Co—In films obtained at —16 mA cm™2 for
deposition times corresponding to the time-points (a—d) indicated in
Fig. 10(A). Breaks in data around 37° and 69° were applied to avoid the
most intense reflections from Au and Si, respectively, of the substrate.
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Fig.12 Cross section of the Co—-In film obtained at —16 mA cm™2 for
3000 s deposition time (a and b) SEM image, and (c) EDX line scan
analysis.

60 nm (Fig. 12b). The distribution of Co and In elements is kept
rather constant throughout the deposit thickness (Fig. 12c) and
within each nanolayer (Fig. S27) in spite of using quiescent
conditions during electrodeposition.

4. Conclusions

Heterogeneous Co-In films featuring spatio-temporal patterns
have been electrodeposited by direct current on Au/Ti/Si
substrates from a citrate-chloride bath. The applied current
densities allow producing either In-rich films (25 at% Co)
showing the incipient spatio-temporal organization on small
areas of the coating or Co-rich films (58-90 at% Co) featuring
spatio-temporal patterns on the entire surface. The films are
composed of several phases (tetragonal In and Colns, fcc-Co
and hcp-Co) and exhibit tuneable magnetic and mechanical
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properties as a function of the relative phase percentages and
compositions. The films show soft ferromagnetic behaviour
with in-plane coercivities between 75 and 275 Oe. Nano-
indentation tests reveal that all samples exhibit a combination
of large hardness with relatively high Young's modulus. It has
been demonstrated by EDX mapping analyses that the dark and
bright belts defined by the spatio-temporal structures are
progressively enriched with Co and In, respectively, as the
deposition time is increased. The occurrence of self-organiza-
tion during electrodeposition renders a material featuring both
topographical and magnetic micropatterning, which opens up
new opportunities for Co-In films in magnetic applications
such as sensors or encoders.
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Self-organized spatio-temporal micropatterning in ferromagnetic Co-In films

Irati Golvano-Escobal, Berna Ozkale, Santiago Surifiach, Maria Dolors Baro, Tsvetina
Dobrovolska, Ivan Krastev, Salvador Panéé, Jordi Sort" and Eva Pellicert

Table S1. List of peak positions, their assignation, and crystallite size calculated from the

FWHM for each peak corresponding to the films with 25 and 78 at% Co.

Peak position (°) Assignation FWHM (°) | (D) (nm)
29.22 Coln; (120) 0.326 25
31.33 Coln; (112) 0.325 25
32.97 In (101) 0.123 67
36.34 In (002) 0.146 57
39.14 In (110) + Si 0.149 57

25 at% Co 41.78 Coln; (130) + hep-Co (100) 0.422 20
51.59 Coln; (004) + fec-Co (200) 0.556 16
54.47 In (112) 0.191 47
56.55 In (200) 0.162 56
60.37 Coln; (124)+(240) -- --
63.24 In (103) 0.279 33
67.05 In (211) 0.254 38
29.22 Coln; (120) 0.553 15
31.34 Coln; (112) 0.634 13
32.95 In (101) 0.132 58
36.30 In (002) 0.170 44
39.12 In (110) + Si n/f n/f
41.80 Coln; (130) + hep-Co (100) 0.658 13

78 at% Co 44.24 fce-Co (111) 0.891 10
51.50 Coln; (004) + fec-Co (200) -- 4
54.48 In (112) - --
60.40 Coln; (124)+(240) 1.364 5
75.97 hep-Co (110) + fee-Co(220) 1.412 4
92.37 hep-Co (112) + fee-Co (311) 2.074 3
98.02 fcc-Co (222) 0.658 8
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Table S2. Hardness (H), reduced Young’s modulus (E;) and H/E,, W./W; and W,/W/ ratios
for the Co-In films electrodeposited with different depositions time at a constant value of

current density of —16 mA cm.

Deposition time | H (GPa) E; (GPa) H/ E, W/W; W,/W,
250's 46+1.0|115.6+14.4|0.04£0.01 | 0.27+0.03 | 0.72+0.16
1000 s 58+1.4(108.2+26.1]0.05+0.01| 043+0.3 |0.56+0.32
2000 s 59+1.0(119.9+13.0|0.07+0.01 | 0.30+0.04 | 0.69 £0.21
3000 s 6.1+£13|1164+169|0.05+0.01|0.32+0.07 | 0.67+0.33
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Figure S1. Room-temperature hysteresis loops of Co-In films obtained at —16 mA c¢cm for
different deposition times measured in a) parallel and b) perpendicular configuration by VSM.
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i 500nm '
Figure S2. Mapping of the cross-section of Co-In film obtained at —16 mA cm=2 for 3000 s
deposition time. Green spots: cobalt, red spots: indium.
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Spatio-temporal patterns are ubiquitous in different areas of materials science and biological systems.
However, typically the motifs in these types of systems present a random distribution with many
possible different structures. Herein, we demonstrate that controlled spatio-temporal patterns, with
reproducible spiral-like shapes, can be obtained by electrodeposition of Co-In alloys inside a confined
circular geometry (i.e., in disks that are commensurate with the typical size of the spatio-temporal
features). These patterns are mainly of compositional nature, i.e., with virtually no topographic
features. Interestingly, the local changes in composition lead to a periodic modulation of the physical
(electric, magnetic and mechanical) properties. Namely, the Co-rich areas show higher saturation
magnetization and electrical conductivity and are mechanically harder than the In-rich ones. Thus, this
work reveals that confined electrodeposition of this binary system constitutes an effective procedure
to attain template-free magnetic, electric and mechanical surface patterning with specific and
reproducible shapes.

The continuous progress in diverse areas of micro/nanotechnology relies on the ability to implement novel
methods to create pre-defined patterned geometries at the surface of materials, with an ever-increasing resolution,
using cost-effective, industrially-scalable methods. For this reason, lithographic techniques remain as core tools
in the fields of electronics, photonics, microfluidics, or magnetic recording, among others!'~’.

Surface patterning processes can be divided into two main categories”: (1) template/mask-assisted patterning
and (2) mask-less pattern formation. Template-assisted patterning usually requires multiple processing steps: (i)
creation of the templates or masks using, for example, electron beam or photolithography, (ii) thin film deposition
through sputtering, electrodeposition or other methods, and (iii) physical or chemical etching of the mask to
release or reveal the synthesized micro- or nanostructures. This multi-step procedure is often costly and complex
as it requires the use of clean room facilities and sophisticated experimental equipments. Moreover, different
masks need to be designed each time one needs to prepare a different patterned arrangement.

Concerning mask-less patterning techniques, one can distinguish between methods in which each patterned
structure is generated individually in an in-series sequence (e.g., nanoindentation®, dip-pen nanolithography®,
laser patterning'®, focused ion beam irradiation!!, etc.) and methods in which periodic patterns are generated
spontaneously at once (e.g., spatio-temporal pattern formation in some electrodeposited binary systems'?,
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self-assembly of block-copolymers'?, anodization'!, maze-like magnetic domains in films with perpendicular
magnetic anisotropy'®, self-assembled strain driven chemical solution derived nanostructures's, etc.). Compared
to the in-series generation of individual patterned elements, the spontaneous formation of self-organized arrange-
ments is much faster and offers the possibility of easily patterning large surface areas. Yet, precise control of
self-organized patterning to obtain reproducible specific shapes or periodic arrays of structures with long-range
order remains a challenging issue.

Spatio-temporal pattern formation is a topic not restricted to materials science. Actually, this phenomenon
occurs frequently in nature, in open systems far from equilibrium, for example in the environment (atmosphere
and oceans), in the skin of some animals (like in zebras or giraffes), in atrial fibrillation, in geophysical systems,
etc. Spatio-temporal patterns are related to chaos and their study is applicable to a wide range of disciplines, such
as crime analysis'’, demography and epidemiology', cell proliferation and tissue engineering' and, of course,
statistics and mathematics®.

Formation of spatio-temporal patterns in nature can stem from either a flux of energy or a flux of matter,
e.g. originated from the flow of fluids or chemicals in a reactor. The latter is responsible for the emergence of
spatio-temporal patterns during the electrodeposition of some binary systems, like Ag-Bi, Ag-Cd, Ag-In, Ag-Sb
or Co-In'>*"?, leading to different areas having dissimilar local composition. Although the mechanism for
spatio-temporal patterning during electrodeposition has not been fully elucidated yet, a variety of factors, such
as the electrolyte hydrodynamic conditions, the overpotential, the enthalpy of mixing, kinetic variables and
the appearance of Turing instabilities in reaction-diffusion systems seem to play a synergetic role on this phe-
nomenon'?>?, Archetypical morphologies observed in these electroplated materials include ‘labyrinths), ‘waves,
‘targets, spirals, broken spirals and mixed patterns'®. Unfortunately, since non-linearity and chaos are at the heart
of spatio-temporal pattern formation, it is often difficult to control the shapes of the generated structures in elec-
trodeposited continuous films, although some studies have reported certain variations of the pattern geometry
depending on the film’s composition, thickness and electrodeposition conditions'

Compared to the Ag-based alloys series, the electrodeposition of Co-In alloys has been far less explored.
Pattern formation under both stagnant and high-speed electrodeposition from electrolytes containing sulphate
metal salts and di-ammonium hydrogen citrate at pH around 3 has been well-established by Krastev et al.?’.
Typically, spatio-temporal structures form at sufficiently negative applied current densities (large Co contents).
Since In and Co are immiscible in both solid and liquid states®, the formation of multi-phase coatings is indeed
anticipated. Remarkably, we have recently demonstrated that topographic and compositional spatio-temporal
patterning in electrodeposited Co-In films induces a concomitant periodic change of the surface physical prop-
erties. That is, compositional patterning in this system is accompanied by magnetic and mechanical micropat-
terning over large surface areas. This is of significant practical importance since it can be used as a mask-less or
template-free inexpensive technique to achieve magnetic/mechanical surface patterning.

In the particular case of magnetic properties, adjustable lateral compositional modulation can lead not only to
a range of interesting fundamental magnetic properties (e.g., domain wall manipulation®*-3*), but also to appeal-
ing potential applications such as lateral giant magnetoresistance sensors**, magnetic remote motion control of
nanoscale magnetic nanoparticles through microfluidic structures along specific stray field tracks®*=¢, magnetic
biosensors”’, magnetic encoders (e.g., for biomedical applications)*?® or possible 3D-magnetic states when com-
bined with multilayers*®. However, any exploitation of spatio-temporal patterning for devices necessarily relies on
the ability to control the shapes of the generated motifs.

In this work, we demonstrate that the generation of patterns by spatio-temporal self-organization can be con-
trolled by electrodeposition in confined areas, i.e., disks commensurate with the typical size of the spatio-temporal
features. The idea is to use the edges of these disks as a guide for the formation of spiral-like spatio-temporal
patterns. The procedure is to some extent analogous to “directed self-assembly” in block copolymers in which
aligned lamellas form inside pre-defined stripes*~*>. When grown as micrometer-sized circular disks, Co-In
alloys develop clear spiral patterns with Co-rich and In-rich areas. This compositional patterning leads to pat-
terning of the physical (magnetic, electrical and mechanical) properties, which locally vary also following the
spiral-like geometries.

Results

Morphological and compositional analysis. Figure 1a shows a field emission scanning electron micros-
copy (FE-SEM) image of an array of electrodeposited Co-In microdisks using an In-Lens detector, which is sensi-
tive to differences in the work function (i.e., electronic variations). A spiral-like pattern at the surface of each disk
can be observed, although the exact shape of the spirals varies somewhat from one disk to the other. Figure 1b,c
show the details of a single microdisk imaged using the secondary electrons (SE) and the In-Lens detectors,
respectively. Remarkably, the spiral-like pattern is only revealed when using the In-Lens detector, not with the
SE detector. Besides gathering information on morphology and surface topography of specimens, the In-Lens
detector reveals differences in composition. On the contrary, topographic information predominates in any image
recorded using the conventional SE detector. This indicates that the contrast in (a) and (c) is mainly due to the
local changes in composition (i.e., Co/In stoichiometry) and distantly related to topographic variations (e.g., sur-
face corrugation). This is in contrast to Co-In films, for which the surface spatio-temporal patterns were found to
be linked to both topographical and compositional variations®. Since the films were several microns thick, prob-
ably the spatio-temporal topographic features had sufficient space to build up. Conversely, since microdisks are
only 1 ym thick (the maximum thickness of the disks cannot be larger than the thickness of the resist used in the
optical lithography), the deposition time is likely not sufficiently long for the spirals to fully develop. As a result,
the typical periodic topographical features observed in continuous thick Co-In films are not visible in the disks.
Nonetheless, the SE and atomic force microscopy (AFM) images indicate that the microdisks are not completely
flat. Actually, they are slightly thicker toward the edges (see Fig. 1b). This can be explained by a non-uniform
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Figure 1. FE-SEM images of (a) an array of Co-In microdisks (taken with In-Lens detector), (b) detail of one
microdisk taken with SE detector and (c) corresponding image obtained using the In-Lens detector.

distribution of the current density at the cylindrical cavities. Current density is typically higher at the edges,
hence resulting in faster deposition rates*!. However, it is clear that the strong contrast observed in Fig. 1a mainly
stems from the differences in composition between the light and dark grey regions and it is not dominated by the
surface topography.

The exact elemental composition of the Co-In microstructures was determined by energy dispersive X-ray
spectroscopy (EDX) in the SEM. The overall composition of the disks is 78 £ 1 at% Co and 22 £ 1 at% In, which
is in accordance with previous works on Co-In films electrodeposited at j= —20mA cm 2 for 1000s%*. The EDX
mapping of the microdisks reveals that Co is not homogeneously distributed, but it follows the spiral-like pattern
as previously observed by the SEM In-Lens detector imaging (Fig. 1). In particular, the darker areas in the In-Lens
image are enriched in Co (Fig. 2b). On the other hand, the In distribution does not follow any obvious ‘comple-
mentary’ pattern to the Co one, but it rather seems that the In content increases toward the periphery of the disk
(Fig. 2c). Thus, the compositional spiral pattern indicates a modulation of the Co content.

Remarkably, unlike the spatio-temporal patterns spontaneously formed over large areas, which typically show
a mixture of spirals, targets and waves'>%, electrodeposition of Co-In in confined areas lead to a preferential
pattern shape, i.e., spirals in the case of disks. This spontaneous self-assembled chemical patterning should be
related to the lateral constraint imposed by the cylindrical micron sized cavities. However, to optimize the pat-
tern control the size of the confined electrodeposition space needs to be commensurate with the size of typical
features of the spatio-temporal patterning (which depend on the type of alloy and its composition). For example,
in Coylny, films the size of the typical topographic-compositional motifs is of a few microns?. Thus, the size of
the constraint growth area should tentatively be of tens of microns. The guided process for pattern formation with
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In

Figure 2. EDX mapping of a Co-In microdisk.

controlled geometry could be thought to be conceptually analogous to the so-called “directed self-assembly” in
block copolymers to form aligned lamellas inside pre-defined stripes*!~*.

The modulated Co/In composition should result in distinct local physico-chemical properties. Thus, the elec-
trical, magnetic and nanomechanical behavior, as well as the surface potential of the microdisks, were further
explored.

Electrical characterization. Conductive atomic force microscopy (C-AFM) measurements using a bias
voltage of 500 mN confirmed the presence of two different conductive domains, as shown in Fig. 3, being the
current ratio between the bright (Co-rich) and dark (In-rich) regions about 100-10. These domains are not
directly correlated to the surface topology (compare Fig. 3a,b) but to the aforementioned compositional vari-
ations. The occurrence of these domains with such large variation in conductivity cannot be simply explained
based on the dissimilar electrical resistivity values for bulk Co (6.2 Q) cm at 20°C)* and bulk In (8.8 £ cm at
20°C)*. In fact, X-ray diffraction analyses of continuous films indicated the co-existence of several phases: tetrag-
onal In, face-centered cubic Co, hexagonal close-packed Co, tetragonal Coln, and even an amorphous fraction
in the deposits®. It has been argued that the formation of the intermetallic Coln; phase is the key toward the
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Figure 3. (a) AFM topographical and (b) current map image taken with the C-AFM under a constant applied
load of 50 nN on 35 X 31 um? scanned area of a Co-In microdisk.

formation of spatio-temporal features in this type of deposits*’. Although no data on the electrical conductivity/
resistance is available for Coln; phase, it is known that intermetallic phases possess much higher electrical resist-
ance than their pure constituents*. Therefore, it can be argued that the accumulation of Coln; at certain areas
could contribute to the presence of the markedly low current domains (i.e., dark blue regions in Fig. 2b). Note that
while Fig. 3a shows the topography of the disk at the surface, the current map image (Fig. 3b) is obtained from
the contribution of the overall thickness of the disk to the electrical resistivity. Hence, a one-to-one coincidence
between the two images should not necessarily be anticipated.

Magnetic behavior. The local magnetic properties of individual Co-In microdisks were measured by
magneto-optic Kerr effect (MOKE) in polar (out-of-plane) configuration at room temperature. The surface of the
disk was probed every 5 yum along its diameter with a laser spot of 3 um. Hysteresis loops were recorded at each
location in order to reveal possible variations in the saturation magnetization (M;) and/or the coercivity (H)
(Fig. 4). Results show that the Co-rich regions exhibit a higher Kerr effect amplitude, which can be considered
proportional to M. Actually, M; periodically varies as the Co-rich and the Co-depleted regions are being scanned
by the laser, hence indicating an obvious ‘magnetic micro-patterning’ In addition, H shows values ranging
between 200 to 400 Oe. The correlation between H and the composition is less obvious than that of Mg, probably
because H depends not only on the Co content but also on other microstructural parameters (crystallographic
phases, grain sizes, microstrains, etc.) which play a role on the propagation of domain walls and on the overall
magnetization reversal process. Nonetheless, the H values of the microdisks are considerably higher than those
of films featuring analogous composition (H . = 136 Oe)*. This increase in H; compared to the unpatterned film
is possibly due to domain wall hindrances caused by the constrained lateral size of the dots and their reduced
thickness”*>*.

The occurrence of a ‘magnetic micro-patterning’ was further studied by magnetic force microscopy (MFM)
at remanence after having saturated the sample in the in-plane direction applying a magnetic field of 10 kOe.
Figure 5 shows a comparison of the topography, SEM compositional contrast and different AFM modes corre-
sponding to the same Co-In disk. The MFM image in Fig. 5¢ shows a clear magnetic contrast, stemming from the
strength of the stray fields over the different scanned areas, which should be proportional to the magnetization.
The results are in accordance with MOKE measurements. Namely, the spiral-like pattern is clearly disclosed, in
which regions of higher M are alternated with regions of lower M in a helicoidal fashion.

Additional evidence for the magnetic micro-patterning can be obtained from X-ray photoemission electron
microscopy (PEEM), which is both element-specific and sensitive to the magnetization direction®. The X-ray
absorption spectroscopy (XAS)-PEEM image at the Co L; edge (Fig. 6a) shows the expected compositional pat-
tern, in agreement with the SEM In-Lens and EDX characterization.
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Figure 4. (a) In-Lens SEM image of a Co-In microdisk showing the positions onto which the MOKE laser was
focused. (b) Polar (out-of-plane) room-temperature MOKE magnetic hysteresis loops for different positions
across the diameter of the disk. (c) Dependence of the maximum Kerr amplitude as a function of position.

The X-ray magnetic circular dichroism (XMCD)-PEEM image at the same edge, also displays a spiral-like
pattern. At remanence (after having applied a in-plane magnetic field of 650 Oe), the Co-rich areas show a
majority of domains (either black or white) pointing along the previous saturation field, which has opposite sign
for Fig. 6b,c. In both images there are small reverse domains (small dots or stripes) within the majority, which
are most likely formed during the relaxation from saturation to remanence. Some of these reverse domains are
exactly at the same position in both images indicating that they are most likely pinned to structurally or compo-
sitionally different seed areas. Furthermore, a few domains are not reversed between the two images, suggesting
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Figure 5. (a) AFM topography and (b) In-Lens SEM image of the Co-In microdisk. (¢c) MFM image at
remanence after saturation at 1 T in plane. The image was taken in double pass mode, by scanning at a lift height
of 30 nm with the same amplitude of oscillation as that used as setpoint for topography. Mapping of (d) work
function acquired by KPFM using a tip voltage of 1V, (e) normalized Young’s modulus and, (f) penetration
depth (in nm) measured in AM-FM viscoelastic mapping mode.

Figure 6. (a) XAS-PEEM (elemental map) and (b,c) XMCD-PEEM images at the Co L-edge. (b,c) are
measured in remanence after applying a saturating field (650 Oe) in the (b) positive (+Mjy) and (c) negative
(—Myp) in-plane direction.

that there are some magnetically hard regions, which cannot be switched by the applied in-plane field (650 Oe).
The PEEM observations corroborate the magnetic micro-patterning observed by MOKE and MFM. In addition,
the correlation between the composition and magnetic properties becomes also evident when comparing the
XAS with the XMCD PEEM images. Remarkably, the various magnetic techniques used in this study have dif-
ferent probing depths and lateral resolutions: PEEM (5nm/100 nm), MOKE (20-30 nm/3 y¢m) and MFM (stray
fields/50-100 nm). Hence, they provide complementary information and evidence that a net magnetic patterning
probably extends from the surface down to several hundred nm.

Local compositional analysis by work-function and nanomechanical characterization. The
work-function of a Co-In microdisk was mapped by Kelvin probe force microscopy (KPFM) and the images
are shown in Fig. 5, together with AFM and MFM images recorded on exactly the same area (and the same
dot). Since, Co and In have different work-functions (W(Co) =5eV and W(In) =4.09eV), changes in the KPFM
images can be anticipated. Thus, the image in Fig. 5d corroborates the already assessed local modulation of the
composition (Figs 1c and 2). Indeed, as for the other properties, the work function mapping is able to perfectly
reconstruct the spiral-like pattern (Fig. 5d), confirming the EDX and In-Lens imaging results.

Finally, the mapping of the Young’s modulus, E, obtained from amplitude modulation - frequency modula-
tion (AM-FM) viscoelastic mapping in the same area (Fig. 5¢) shows a clear contrast with spiral-like symmetry,
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where the Co-rich areas correspond to the lighter color (yellowish), which indicate higher Young’s modulus.
Similar trends were observed for the penetration depth AFM map (Fig. 5f). The results indicate that the Co-rich
areas are mechanically harder (larger E and smaller penetration) than the In-rich ones, in agreement to what has
been found in thin films by nanoindentation?. Owing to the different mechanical properties of hep/fec-Co (with
average Young’s modulus around 210 GPa in non-porous bulk form ref. 52), and In (Young’s modulus around
12.5 GPa®), the chemical patterning on the surface of the microdisks can explain the variations in the elastic
modulus (Fig. 5e) and indentation depth (Fig. 5f), even if the exact distribution of the crystallographic phases
within the patterns is not clear at present. Namely, even if the nanomechanical properties in In-rich regions
could be influenced by the presence of intermetallic CoIn; (presumably with a relatively high Young’s modulus),
the amount of pure In phase accompanying Coln; is likely higher in these regions*. Moreover, similar to the
magnetic properties, there is an evident one-to-one correlation between the composition (work function) and
mechanical properties.

Discussion

In conclusion, we have demonstrated that the morphology of spatio-temporal patterns in electrodeposited Co-In
alloys can be adjusted by confining their growth. When electrodepositing in arrays of circular cavities of 50 sm in
diameter, Co-In microdisks with spiral-like compositional variations are obtained. The local changes in composi-
tion lead to a periodic modulation of the physical (electric, magnetic and mechanical) properties, with a univocal
correlation between composition and the resulting properties. The Co-rich areas are mechanically harder, more
electrically conducting and exhibit higher saturation magnetization than the In-rich ones. The ability to control
the pattern formation in spatio-temporal systems by confined growth may not only pave the way to possible new
applications of electrodeposited alloys (e.g., encoders or magnonic crystals), but it may also open new research
avenues in the many disciplines in which spatio-temporal patterns play an important role (e.g., biology, medicine
or even social behavior).

Methods

Electrodeposition of Co-In was performed onto pre-lithographed Si (111) substrates with evaporated Ti (100 nm)/
Au (400 nm) adhesion/seed layers. Arrays of cylindrical holes of 50 ym in diameter and 1 m in height were first
patterned by photolithography using AZ-9260 photoresist and AZ-400K developer. The patterned area was used
as a mask for the subsequent electrodeposition of the Co-In microdisks. A one-compartment thermostatized
three-electrode cell connected to a PGSTAT302N Autolab potentiostat/galvanostat (Ecochemie) was employed.
Deposition was conducted potentiostatically at —0.98 V in an electrolyte containing 0.05M InCl; + 0.25M
CoCl,+0.05M C¢H;Na;0,-2H,0 + 0.1 M KCI. Bath temperature was kept at 25 °C. The electrolyte was prepared
from analytical grade reagents and Milipore Milli-Q water (18 MQcm). A representative current-time curve is
shown in the S.I. The morphology and the composition of the Co-In microdisks were studied on a Zeiss Merlin
FE-SEM equipped with an EDX detector. Room-temperature magnetic hysteresis loops were recorded using a
MOKE setup (Durham Magneto Optics) with a maximum field of 800 Oe, applied out-of-plane (polar config-
uration). Note that to measure the local magnetic properties, the MOKE laser spot was focused down to 3 m
onto different regions of the Co-In microdisks. C-AFM measurements were performed with a commercial AFM
(Agilent 5500LS) operating in contact mode with a commercial tip from AppNano (DD-SICONA) and with
k=0.2N/m. A bias voltage of V,,,,=500mV was applied to the sample while the tip was grounded. An Asylum
AFM (MFP3D) operated in two different modes was used for the nanomechanical and magnetic characteriza-
tion and surface potential function mapping. AM-FM viscoelastic mapping was used for the nanomechanical
characterization. In this mode the cantilever is driven simultaneously at two excitation signals that are combined
to excite the fundamental and second cantilever resonances. While the topography is recorded in normal AM
mode at the fundamental resonance, the second resonance frequency is driven in FM, and the measured changes
in frequency and dissipation of this resonance are correlated to loss tangent, sample stiffness and elasticity, and
viscous behavior or dissipation. To map the different surface potential function, KPFM mode was used. Finally,
to visualize the magnetic domains, a MFM study was performed in a dual-scan mode using a magnetized tip
(Nanosensors MFMR tip with k=2 N/m and a CoCr coating of 35nm). Finally, compositional (XAS) and mag-
netic contrast imaging (XMCD) using element-specific polarized XPEEM experiments were carried out in beam-
line BL24 - CIRCE at the ALBA Synchrotron®. To construct the chemical or magnetic element-specific figures
two images taken with opposite photon helicity are either added or subtracted pixel-by-pixel, respectively.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Cobalt-indium (Co-In) multilayered
films are produced by direct current
electrodeposition from a single electro-
lyte.

A periodicity of 175 £ 25 nm has been
observed from the cross-section of the
films.

Each layer exhibits a columnar micro-
structure and well-defined composi-
tionally different (In-rich and Co-rich)
regions.

Magnetic force microscopy measure-
ments reveal the occurrence of a
cross-sectional stripe-like magnetic pat-
terning.
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Micrometer-thick cobalt-indium (Co-In) films consisting of self-assembled layers parallel to the cathode plane,
and with a periodicity of 175 4+ 25 nm, were fabricated by electrodeposition at a constant current density.
These films, which exhibit spatio-temporal patterns on the surface, grow following a layer-by-layer mode.
Films cross-sections were characterized by electron microscopies and electron energy loss spectroscopy. Results

indicate the spontaneous formation of nanolayers that span the whole deposit thickness. A columnar structure

Keywords:

Co-In nanolaminates
Electrodeposition

Electron energy loss spectroscopy
Magnetic force microscopy

was revealed inside each individual nanolayer which, in turn, was composed of well-distinguished In- and Co-
rich regions. Due to the dissimilar magnetic character of these regions, a periodic magnetic nanopatterning
was observed in the cross-sectioned films, as shown by magnetic force microscopy studies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nanolaminates, defined as stacks of alternating ultra-thin layers of
different materials, hold great promise for several applications requiring
outstanding mechanical properties [1,2], optical [3] and magnetic

* Corresponding author.
E-mail addresses: Jordi.Sort@uab.cat (J. Sort), Eva.Pellicer@uab.cat (E. Pellicer).

http://dx.doi.org/10.1016/j.matdes.2016.11.088
0264-1275/© 2016 Elsevier Ltd. All rights reserved.

features [4]. Moreover, since nanolaminates are frequently made of
metal oxides, they find uses in biomedical devices requiring biocompat-
ible materials [5]. Several approaches including sputtering [6,7], atomic
layer deposition (ALD) [8,9], pulsed-laser deposition (PLD) [10], physi-
cal vapor deposition [11], ball-milling [12] and electrodeposition [4,
13-15] have been adopted to produce composite films made of alternat-
ed layers. Sputtering, ALD and PLD processes are relatively common de-
position techniques but they have a few disadvantages. Namely,
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residual stress during films' growth yield coatings with poor mechanical
properties. This often leads to cracking, buckling, or delamination of the
nanolaminates [16,17]. Besides, the deposition rates are rather slow.
Electrodeposition has been widely utilized to produce micrometer-
thick structures composed of alternated layers (metals, alloys and
even polymers) in different configurations (films, rods and wires). Be-
cause electrodeposition from aqueous solutions works at room pressure
and temperature, it possesses many attractive features like low cost and
industrial scalability [18]. Layered coatings are typically fabricated from
a single electrolyte by conveniently switching the deposition potential
or current density [ 19] or by using different electrolytes [20]. The former
approach is preferred when smaller layer thicknesses and a high num-
ber or repetitions are desired.

The in-situ formation of spatio-temporal patterns during the electro-
deposition of some binary systems such as Ag-Bi, Ag-Cd, Ag-In, Ag-Sb or
Co-In was previously demonstrated [21-27]. The spatio-temporal pat-
terns typically consist of a mixture of waves, targets and spirals whose
relative proportion was shown to depend on a number of factors, such
as the nature of the system and the applied current density. Interesting-
ly, it was recently found that the Co-In system not only exhibits the
spatio-temporal self-pattern on the surface, but also a fancy layer-by-
layer growth type [28]. Although the spontaneous formation of layered
deposits with a repeat length of tens or hundreds of nanometers was
observed in a quite few instances [29-31], this growth mode in immis-
cible systems exhibiting spatio-temporal patterns has not been studied
in detail.

The aim of this work is to characterize the layer-by-layer growth in
electrodeposited spatio-temporal Co-In films using electron microscopy
techniques. The goal is to explore the cross-section of the electrode-
posits in order to determine whether composition is homogeneous
across the nanolayers or, instead, it varies within each layer or from
one layer to another. This could eventually lead to dissimilar magnetic
properties and hence, confer these materials new technological func-
tionalities. In such a case, Co-In nanolaminates would be spontaneously
produced from a single electrolyte under nominally constant condi-
tions, which represents a step forward within the field of electrodepos-
ited multilayered materials.

2. Experimental

Deposition of Co-In coatings was conducted in a three-electrode cell
connected to a PGSTAT302N Autolab potentiostat/galvanostat
(Ecochemie). A double junction Ag|AgCl (E = +0.210 V/SHE) reference
electrode (Metrohm AG) was used with 3 M KCl inner solution and 1 M
NaCl outer solution. A platinum spiral served as a counter electrode. Sil-
icon (111) substrates with e-beam evaporated Ti (100 nm)/Au
(125 nm) adhesion/seed layers were used as cathodes for Co-In growth.
The working area of the Au/Ti/Si substrates was 5 x 5 mm?. Co-In layers
10 pm thick were obtained at constant current densities from
—10mAcm 2to —20 mAcm 2

The on-top morphology of the films was characterized with a Zeiss
Merlin field emission scanning electron microscope (FE-SEM). The aver-
age Co content in the coatings was determined by energy dispersive X-
ray spectroscopy (EDX) at 20 kV and probe current of 500 pA. The struc-
ture of the films was determined by X-ray diffraction (XRD) using a
Philips X'Pert diffractometer in Bragg-Brentano geometry using Cu Ko
radiation (note that both wavelengths \(Ky;) = 1.5406 A and
NKaz) = 1.5443 A were used in intensity proportion of I(K 2)/I(K
«1) = 0.5) in the 25-110° 26 range (0.03° step size and 10 s holding
time). Films' cross-section was prepared differently depending on
whether transmission electron microscopy (TEM) or FE-SEM was
targeted. For TEM purposes, cross-sections were prepared by embed-
ding the film in epoxy resist followed by cutting thin slices with an ul-
tramicrotome (Leica EM UC6, Leica Microsystems Ltd., Milton Keynes,
UK) using a 35° diamond knife at room temperature. Analyses were per-
formed on a FEI Tecnai20 high-resolution (S)TEM operated at 200 kV,
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equipped with EDX detector. For SEM analyses (Zeiss Merlin), the
films were embedded in a conductive epoxy resin, grinded to remove
the resin, and polished using Struers MD-Largo composite disc onto
which 9 pm water based diamond suspension was applied. The room
temperature magnetic properties were measured using a vibrating sam-
ple magnetometer (VSM) from Oxford Instruments. Hysteresis loops
were recorded under a maximum applied field of 700 Oe applied
along the parallel and perpendicular-to-plane directions. Atomic and
magnetic force microscopy (AFM/MFM) images were acquired using
Dual Scope C-26 system from Danish Micro Engineering. The MFM
maps were taken at a tip lift height of 100 nm.

3. Results and discussion

FE-SEM images of the on-top and cross-section morphologies of the
Co-In films are shown in Fig. 1. While the top view of the films (Fig. 1a)
show spatio-temporal patterns with micrometer lateral sizes consisting
of a mixture of spirals, waves and targets spread all over the surface, the
film's cross-section (Fig. 1b) displays a layer-by-layer nanoarchitecture.
Such a multilayered structured was seen in all coatings deposited at cur-
rent densities between — 10 and — 20 mA cm ™2, corresponding to aver-
age Co contents ranging from 25 to 90 at.%. Remarkably, this layered
arrangement was also observed in cross-sectioned Ag-Sb electrodepos-
ited coatings exhibiting surface spatio-temporal patterns [32]. Accord-
ing to the authors, current oscillations recorded during stationary
potentiostatic deposition corresponded to the formation of coarse trav-
elling waves consisting of phases with different Sb content and their
propagation in front of the Haber-Luggin capillary. This led to the forma-
tion of layered structures visible in the cross-sections of the deposits. Al-
though some of the investigated systems with self-organization
phenomena show either current or potential oscillations in the j-t or
E-t curves [26], the E-t transients recorded during Co-In deposition did
not show such oscillations. Instead, they showed some random
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Fig. 1. SEM images of a Co-In coating obtained at j = —12 mA cm~2 (58 at.% Co) a) top
view and b) cross section.
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Fig. 2. a-d) STEM micrographs of the cross-section of Co-In coating obtained at j = —20 mA cm™2 (78 at.% Co) at different magnifications. In b) and d) some In-rich anchor points are

encircled. In ¢) the three distinct regions within each layer are indicated.

fluctuations around a stationary potential value (Fig. S1, Supporting
information).

A closer look to the cross-section of the Co-In films was taken by
TEM working on STEM mode (Fig. 2). The formation of partially stacked
individual layers, undulated and rather uniform in thickness was ob-
served (Fig. 2a and b), in agreement with previous SEM analyses. Inter-
estingly, a kind of columnar structure is observed in each nanolayer (Fig.
2c). Such a columnar grain structure is often observed in

electrodeposited metals and alloys [33]. The repetition length as mea-
sured by TEM was 175 nm = 25 nm across the entire deposit thickness,
thus furnishing a highly, almost perfect, repeatable 2D pattern
expanding several micrometers. Three regions were distinguished
within each layer. Namely, a wider, dense, bright region followed by a
more irregular, fluffy, grey region, and finally a dark area (Fig. 2c).
EDX line scan analyses across two adjacent nanolayers were conducted
in order to shed light on the chemical composition profile (Fig. 3a). The
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Fig. 3. a) STEM micrograph and b) EDX line scan acquired across the black line indicated in a) on the cross-section of a Co-In coating obtained at j = — 12 mA cm~2 (58 at.% Co). Notice that

the In content in some regions is higher than the average value estimated from global EDX analyses. The local character of the measurement and the fact that the Co/In ratio is not constant
throughout deposit thickness (deposition was performed under stagnant conditions) should be taken into account.
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Fig. 4. a,b) TEM and c) HRTEM images of the cross-section of a Co-In coating obtained at
j= —20mA cm~2 (78 at.% Co). In b) the three distinct regions within each layer are
indicated.

above-mentioned heterogeneity was evident as the beam was scanning
from the center of one nanolayer toward the center of the adjacent
nanolayer (Fig. 3b) for all samples. The relatively dense bright area
was enriched in In whereas the spongy-like grey area contained a larger
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Fig. 5. SEM images of a) the cross-section of a Co-In coating obtained at j = — 12 mA cm 2

(58 at.% Co) showing undulations at the substrate interface and b) detail of one
undulation.

amount of Co on average, although the In and Co signals strongly fluctu-
ate. Remarkably, the dark regions correspond to areas mainly free from
material. STEM-EDX line scan analyses across these dark regions con-
firmed the occurrence of holes in the material (Fig. S2 and S3,
Supporting information). Eventual delamination during sample prepa-
ration (cutting by ultramicrotome) for STEM analyses that could explain
the existence of these gaps is unlikely. Therefore, such apparently
‘empty’ regions already develop during film deposition, likely because
of hydrogen co-evolution. Interestingly, lateral growth is favored over
vertical growth in spite of these discontinuities. The occurrence of In-
and Co-rich regions was observed in different areas of the cross-sec-
tioned films and therefore was proven neither to be an artifact of the
measurement nor an anomaly of the deposit in the region of interest.
It was also observed that the nanolayers were joined together mostly
through In-rich anchor points (see Fig. 2b and d). The compositional
heterogeneity observed on the cross-section of the deposits translated
into complex XRD patterns (Fig. S4, supporting information). These
showed the existence of several phases (namely, tetragonal In, tetrago-
nal Colns, face-centered cubic Co, and hexagonal-close packed Co).
Previous EDX mappings conducted on the cross-section of a Co-In
deposit seemingly indicated that the distribution of Co and In elements
was homogeneous [28]. Current STEM-EDX analyses do demonstrate
that this is not the case and that composition heterogeneities exist at
the nanoscale. Notice that STEM-EDX analyses were performed on a
thin slice (less than 100 nm thick) taken from the deposit's cross-sec-
tion, hence they are much less affected from the sublayers' background.
TEM images of the same region imaged by STEM are displayed in Fig. 4a
and b. Notice that the contrast is opposed to that observed in STEM
mode. Bright regions correspond to hollow spaces in the deposit. The
HRTEM image (Fig. 4c) demonstrates that the material is polycrystal-
line, in agreement with previous works [28]. It was claimed that the
spatio-temporal structures do move in the vertical direction. This is
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Fig. 6. Room-temperature hysteresis loops measured by VSM applying the magnetic field along the a) film plane and b) perpendicular to the film plane.

possibly connected with the effect of natural convection during electro-
deposition and results in the formation of layered coatings [32]. Indeed,
a zoomed detail of the very first layers deposited on the substrate re-
veals that when an undulation or a “defect” appears, this is conformally
wrapped by the subsequent layers until the growing front becomes flat-
tened (Fig. 5).

The room-temperature magnetic properties of Co-In deposits were
first assessed by VSM before any cross-sectioning. A ferromagnetic re-
sponse was observed as shown in Fig. 6, in agreement with previous re-
sults [28]. Interestingly, the loops for these two samples exhibit an
opposite trend in terms of coercivity (Hc). While a higher Hc is observed
along the film plane for the sample with 78 at.% Co, the sample with
58 at.% Co shows higher H¢ in the perpendicular to film plane direction.
It can be conjectured that an interplay exists between the “thin film or
lamellae” shape anisotropy (which promotes in-plane easy axis) and
the shape anisotropy induced by the growth of a columnar microstruc-
ture within the magnetic layers.

MFM characterization of the cross-section of the deposits was car-
ried in order to assess any kind of magnetic patterning arising from

the layer-by-layer architecture of the Co-In films. Fig. 7a shows the
AFM image obtained upon scanning an area of 1 x 1 um? of a deposit
with 58 at.% Co, in which the periodical layered structure, already ob-
served by SEM and (S)TEM, was captured. In this topological image, al-
ternating dark and bright fringes are observed, corresponding to the In-
rich and Co-In lamellae. The corresponding MFM image (Fig. 7b) was ac-
quired in remanent state after applying a strong magnetic field perpen-
dicular to the film cross-section. In the MFM image, a magnetic
nanopatterning is observed, which correlates well with the layered
structured seen in Fig. 2a. Remarkably, the bright fringes in the AFM
image do match the brighter regions in the MFM image, hence evidenc-
ing that the MFM contrast is magnetic, rather than topological. Indeed,
topological features (e.g. scratches) seen in the AFM mode are not ‘vis-
ible’ in the MFM image. Narrower stripes with magnetic contrast likely
matching the Co-rich regions (dark bands in STEM) are separated by
wider featureless In-rich regions (bright bands in STEM). The local het-
erogeneity of the cottony-like Co region is though not captured by MFM
due to the small size of the compositionally varying regions. Fig. 7c and
d show the AFM and MFM images, respectively, of the cross-section of a

10V

Fig. 7.a), c) AFM and b), d) MFM images taken at the cross-section of Co-In films obtained at j = — 12 mA cm ™2 (58 at.% Co) and j = — 20 mA cm ™~ 2 (78 at.% Co). Notice that MFM images

are not affected by topographical features like scratches or gaps (see encircled regions).
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deposit with a higher Co content (78 at.%). The scale bar in the AFM
image reveals that the lamellae are probably more densely packed
than for the deposit with 58 at.% Co.

4. Conclusions

Co-In nanolayered films were obtained by direct current electrode-
position on Au surfaces. (S)TEM investigations of the films' cross-sec-
tion showed the occurrence of self-assembled nanolayers along the
entire deposit thickness. The layers were not compositionally homoge-
neous but Co- and In-rich regions coexisted in them. Moreover, each
layer showed a columnar structure. A stripe-like magnetic patterning
developed as a consequence of the nanolaminated structure. The possi-
bility to electrodeposit, under direct current conditions, a system that
spontaneously features a spatio-temporal pattern with micrometer lat-
eral sizes over its surface coupled to a magnetically-patterned
nanolayered vertical structure, represents a breakthrough in the field
of nanocomposites science.
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Figure S1. Representative E-t transients for Co—In deposition onto Au/Ti/Si substrates

at the indicated current densities.
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Figure S2. STEM micrograph (left) and EDX line scan (right) acquired across the
orange line indicated in a) on the cross-section of a Co-In coating obtained at j =12 mA

cm (58 at% Co).
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Figure S3. STEM micrograph (left) and EDX line scan (right) acquired across the
orange line indicated in a) on the cross-section of a Co-In coating obtained at j =12 mA
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Figure S4. X-ray diffractograms in the 25-110° 20 region of Co-In films
electrodeposited on Au/Ti/Si (111) substrates at different current densities. Breaks in
data around 37° and 69° were applied to avoid the most intense reflections from Au and

Si, respectively, of the substrate.



3.2 IRON-RHODIUM SYSTEM

3.2. IroN-RHODIUM SYSTEM

In the following article we report for the first time on the direct current electrodeposition of bimetallic
rhodium-iron (Rh-Fe) NPs for its subsequent use in electrocatalytic hydrogen production (Figure 3.1). An
electrolyte containing 0.5 mM ClgNasRh, 0.01 M FeCl3, 0.05 M glycine and 0.05 M NaCl (pH = 2.4) was
formulated. Importantly, Fe(Ill) was used instead of Fe(Il) to preclude the formation of a continuous
coating, so that finely distributed NPs were obtained on Si/Ti/Au substrates. The composition, the size
and the coverage degree of the NPs were tuned on-demand by adjusting the applied current density and
deposition time.

EDX analyses revealed that NPs featuring Fe contents ranging from 15 at.% to 36 at.% could be
readily obtained at current densities between —0.5 and -4 mA cm™? since Fe discharge is favored at higher
overpotentials (or current densities). Simultaneously, their size (20 nm - 80 nm) could be varied by both
changing the current density and the deposition time. In any case, relatively narrow size distributions
were achieved at each growth condition, which is probably the most challenging issue when NPs are
produced by electrodeposition. XPS analyses indicated that the NPs were mostly metallic and that a very
thin passivation shell (ca. 1 nm thick) coated the metallic cores. HR-TEM observations indicated that they
were mostly crystalline. Each NP was made of tiny crystallites smaller than 5 nm. STEM-EDX line scan
analyses aimed at determining the Fe distribution within the NPs indicated that it was homogeneously
distributed.

To study the electrocatalytic activity of the deposited Rh-Fe NPs towards HER, LSV curves were

recorded in Ar-purged 0.1 M NaOH at a sweeping rate of 50 mV s~1.

The samples showed excellent
electrocatalytic activity towards HER with a complex dependence on both NP composition and coverage
degree. The trends indicated that costly Rh can be safely replaced by cheaper Fe without compromising its
electrocatalytic activity. Pure Rh NPs electrodeposited under similar conditions indeed showed a reduced
HER activity compared to some Rh-Fe NPs. The NPs also showed acceptable stability as determined
by CV (50 cycles were run) and chronoamperometry at —1.1 V for 2 h. The HER activity of Rh-Fe
nanoparticulated denser films showed a declined electrocatalytic activity, highlighting the importance of

large S/V ratios for HER output.

Ficure 3.1: Schematic drawing showing the electrochemical reduction of water molecules into hydrogen

catalyzed by Rh-Fe NPs deposited on a Au surface.
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Rh-Fe nanoparticles (NPs) with variable Rh/Fe ratios have been obtained by direct current
electrodeposition onto Au-metalized Si/Ti substrates from an electrolyte containing Rh(IIl) and Fe(III)
chloride salts. NP mean diameter could be varied in the range of 20-80 nm by playing with the applied
current density (—j=0.5-2 mA cm~2) and deposition times (t=200-3200s). NPs were very well adhered
to the substrate and became progressively enriched in Fe as the absolute value of the current density
increased. X-ray photoelectron spectroscopy analyses revealed that the NPs are mostly metallic. The
oxygen signal detected at surface level is relatively high but reduces down to less than 1 at% after 1 min Ar
ions sputtering. The as-deposited Rh-Fe NPs are active toward hydrogen evolution reaction in alkaline
medium. Different values of the onset potential for water reduction have been observed depending on
the j and t values applied for NPs growth. Cycling stability tests reveal that NPs do not suffer from
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excessive deterioration of their electrocatalytic activity with time.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoparticles (NPs) exhibit a wealth of physical and chemical
properties associated with their crystal structure, chemical and
electrochemical reactivity or electrical and magnetic properties at
the nanoscale [1]. For this reason, NPs have become the
cornerstone for the development of next generation of sensing,
energy conversion, electronic, optoelectronic, and magnetic
devices [2-4]. Among the synthesis methods to produce sub-
strate-supported NPs, electrochemical deposition is one of the
least expensive, highly productive and readily available methods
[5-7]. Electrodeposition enables not only directly growing the NPs
onto the substrate, but also to tune on-demand the NPs
composition, the crystallographic structure, the size, and the
shape by playing with the electrodeposition parameters [8-10].

* Corresponding author.
E-mail addresses: vidalp@ethz.ch (S. Pané), Jordi.Sort@uab.cat (J. Sort),
Eva.Pellicer@uab.cat (E. Pellicer).

http://dx.doi.org/10.1016/j.electacta.2016.02.112
0013-4686/© 2016 Elsevier Ltd. All rights reserved.

Rhodium (Rh) is a precious transition metal with intriguing
properties including chemical inertness towards mineral acids,
outstanding catalytic properties for a variety of organic trans-
formations [11-14] and electrocatalytic properties [15]. For those
reasons, Rh has been broadly employed in fuel cells, solar energy
conversion devices and for environmental remediation [16].

However, one of the main drawbacks associated with Rh is its
high price, which makes it necessary to partially replace Rh by
more abundant and less expensive elements. Iron (Fe), as one of the
most earth-abundant elements, is a suitable candidate. For
example, Haider and co-workers synthesized Fe-promoted Rh
catalysts by incipient wetness impregnation. They showed that the
addition of Fe to the catalyst significantly improved the catalytic
activity and the selectivity of the material toward ethanol and
other oxygen-containing compounds [17]. Likewise, Nakamula
et al. synthesized bimetallic Rh/Fe NPs by stepwise complexation
for the hydrogenation of olefins and nitroarenes. They showed
improved catalytic performance toward these hydrogenation
reactions, under relatively mild conditions, in comparison with
previously reported hydrogenation reactions using pure Rh NPs
[18].
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Fig. 1. Representative E-t transients for NPs deposition onto Au/Ti/Si substrates at
the indicated current densities.

Hydrogen evolution reaction (HER) is a cathodic reaction in the
electrolysis of water that allows producing hydrogen as a key
energy carrier [19]. HER is of uttermost importance in electro-
chemical energy conversion devices such as electrolysers, fuel cells

and solar hydrogen devices [20]. Although Rh cannot compete with
Pt in terms of HER in alkaline medium, Rh still shows a reasonable
activity [21,22]. For example, Smiljanic et al. found that bimetallic
catalysts composed of Rh nanoislands on Pt exhibited enhanced
HER performance with respect to bare Pt [23]. Meanwhile, Fe and
its compounds (e.g. hydro(oxy) oxides) have been developed as
highly efficient HER electrocatalysts under acidic or alkaline
conditions [24,25]. Due to their large surface area, NPs are expected
to outperform thin films in HER.

The present work aims to demonstrate that Rh- and Fe-
containing NPs can be successfully prepared by electrodeposition.
Although there are studies on either the electrodeposition of Rh
[26,27] or Fe [28], little attention has been paid to the codeposition
of these two elements [29,30], and certainly not in the form of NPs.
It will be shown that the here-presented deposition scheme
renders Rh-Fe NPs whose chemical composition and size can be
adjusted by simply changing the current density and deposition
time. The HER characteristics of the deposited NPs have been
investigated in alkaline media and the trends observed have been
outlined.

2. Experimental
2.1. Electrochemical synthesis of Rh-Fe NPs

NPs were synthesized by direct current electrodeposition in a
thermostatized three-electrode cell using a PGSTAT 302 N Autolab

Fig. 2. FE-SEM images of NPs obtained at fixed deposition charge: (a, b) j=—0.5mAcm 2, 1600s, (c, d) j=—2mAcm 2, 400s and (e, f) j=—4mAcm~2, 200s.
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Fig. 3. FE-SEM images of NPs obtained at j = —0.5 mA cm 2 for different deposition times (3200, 1600 and 800 s). Magnification is the same for both the large SEM images and

the insets. Scale bar is the same for all images (and insets).

potentiostat/galvanostat (Ecochemie). Au (125nm)/Ti (25nm)
coated Si/SiO, chips were used as cathodes (working area
0.25 cm?). A double junction Ag|AgCl (E=+0.210 V/SHE) reference

Table 1
Mean size (+standard deviation) of the NPs as a function of the applied current
density and deposition time.

Mean size (+ nm)

—j (mAcm~2) 0.5 2 4

time (s) 200 314+71 24.5+43 225+3.4
400 411+93 482+85 29.8+5.5
800 37.8+56 415+78 49.2+83
1600 427 +111 52.3+89 49.0+6.6
3200 58.3+13.4 76.6+12.8 81.2+18.8

electrode (Metrohm AG) was used with 3 M KCl inner solution and
interchangeable outer solution made of 1 M NacCl. A platinum spiral
served as counter electrode. The electrolyte consisted of 0.5 mM
ClgNasRh, 0.01 M FeCls, 0.05 M glycine and 0.05 M NacCl. The pH of
the as-prepared electrolyte was 2.4 and it was kept for the
electrodeposition experiments. Solutions were prepared from
analytical grade reagents and Milipore MilliQ water. Prior to
deposition, the Au surface was first degreased with acetone
followed by washing in isopropyl alcohol and water. Before each
deposition, the electrolyte was de-aerated with nitrogen gas.
Deposition was conducted galvanostatically, by applying a
constant current density in the range from —0.5 to —4mAcm™2,
under mild stirring (200 rpm) using a magnetic stirrer bar. After
deposition, the samples where thoroughly rinsed in water
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Fig. 4. Representative EDX patterns corresponding to NPs obtained at (a) j=—0.5mAcm 2 for 1600s and (b) j=—4mAcm 2 for 200s.

followed by 1min sonication in methanol and stored in a low
pressure container to minimize oxidation of the NPs.

2.2. Characterization

The morphology, size and composition of the Rh-Fe NPs were
characterized with a Zeiss Merlin field emission scanning electron
microscope (FE-SEM) equipped with an energy dispersive X-ray
(EDX) detector. At least two replicas per condition were analysed.
In order to determine the mean NP size, 100 NPs were counted per
condition using the Image] software. The crystallographic struc-
ture of the electrodeposited NPs was studied by transmission
electron microscopy (TEM) in a JEOL JEM-2011 microscope
operated at 200kV. Scanning transmission electron microscopy
(STEM)-EDX line profile analyses were performed on a Tecnai
F20 microscope. The NPs were scratched from the Au/Ti/Si
substrate with an agate mortar. Complementary inductively
coupled plasma mass spectroscopy (ICP-MS) analyses were
conducted to determine the metal content. To ensure Rh
dissolution, aqua regia was used. Measurements were done on a
7500ce spectrometer from agilent technologies. The oxidation
state of the NPs was assessed by X-ray photoelectron spectroscopy
(XPS). XPS analyses were carried out at room temperature on a PHI
5500 Multitechnique System (from Physical Electronics) spec-
trometer, equipped with a monochromatic X-ray source (Kaa; line
with energy of 1486.6 eV and 350 W), placed perpendicular to the

Table 2

Fe content (at%) determined by EDX in NPs grown at different current densities and
deposition times. Oxygen was excluded before normalization. The standard
deviation is +2-5 at%.

at% Fe
—j (mAcm™2) t=200s t=400 t=800 t=1600 t=3200
0.5 N/A N/A 15 19 21
2 N/A 28 14 16 17
4 N/A 32 36 31 25

*N/A: Conditions leading to the smallest nanoparticles and/or the lowest coverage.
The associated Fe amounts are not reported because they have high associated error.
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analyser axis and calibrated using 3d>/? line of Ag with a full width
at half maximum (FWHM) of 0.8 eV. The analysed area was a
0.8 mm diameter disk surface for each sample. Charging effects
were corrected by referencing the binding energies to that of the
adventitious Cls line at 284.5eV.

2.3. Electrocatalytic activity towards HER

The electrocatalytic activity of the NPs towards HER in alkaline
medium was also explored in a conventional three-electrode cell,
using a Ag|AgCl (3 M KCl) and a Pt spiral as reference and counter
electrodes, respectively. The NPs previously deposited on Si/Ti/Au
substrate served as the working electrode. Linear sweep voltam-
metry (LSV) and cyclic voltammetry (CV) measurements were
conducted under stagnant conditions in de-aerated 0.1 M NaOH
solution at 25°C. The potential was scanned between —0.5V and
—1.5V at a scan rate of 50mV s~ . The potential was held at —0.4V
during 5min in LSV and in the first CV scan before sweeping the
potential toward cathodic values. The stability of the catalysts was
assessed by both cycling tests and chronoamperometry.

3. Results and discussion
3.1. Morphology and structure of the Rh-Fe NPs

A series of NPs with varying size and composition were
prepared on Au/Ti/Si substrates by applying the following current
densities: —0.5, —2, and —4 mA cm 2. These values were chosen
from cyclic voltammetry (CV) experiments (not shown).

In order to prevent the formation of continuous films, an Fe(III)
salt was selected. It is known that the current efficiency of Fe(III)
electrolytes is typically very low so that long deposition times are
needed to obtain films [31]. Moreover the standard reduction
potential of Fe (Ill) is —0.04V whereas that of Fe (II) is —0.41V.
Taking into account that the standard reduction potential for Rh
(I) is +0.44V, the co-deposition of Fe and Rh from Fe (III) salts
should be in principle more favourable. The E-t curves recorded
during deposition are shown in Fig. 1. The potential remained fairly
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Fig. 5. (a) XPS survey spectrum and detail of (b) Rh3d, Fe2p and O1s regions (before 1 min Ar sputtering) for NPs fabricated at —0.5mAcm~2 for 1600s.

constant soon after deposition started. Rounded NPs at relatively
moderate or high coverage were achieved in all conditions. Fig. 2
shows SEM images of the NPs grown at current densities of —0.5,
—2, and —4mAcm 2 At fixed deposition charge (Q=800mC
cm~2), the mean NP size decreased with the current density (cf.
Fig. 2b and f). There are two factors that could explain the
reduction in size with the current density at fixed deposition
charge. Secondary reactions such as hydrogen co-evolution or
electrogeneration of oxohydroxides are likely taking place coupled
to the discharge of Rh and Fe ions, and they are enhanced at higher
current densities. Additionally, as the current density is made more
negative, the density of nucleation sites increases as well. Both
factors would lead to smaller NPs.

For a fixed current density, finer NPs were obtained for shorter
deposition times. Fig. 3a shows that NPs of ~60 nm in diameter are
obtained at —0.5mAcm~2 for 32005 of deposition time. At half
deposition time, the mean NP diameter decreases to ~40nm
(Fig. 3b). With further decrease of the deposition time (800 s) the
NPs get apparently even smaller (Fig. 3¢). Fig. S1 and S2 show FE-
SEM images of NPs grown at —2 mA cm ™2 and different deposition
times as well. The trend is clear when comparing extreme
deposition times (see Table 1), but fluctuations were noticed for
intermediate deposition times due to the uncertainty of the image
analysis for particle sizing and the inherent complexity of the
deposition process. The histograms for all deposition conditions
are shown in the Supporting Information (Fig. S3). Even though

monosized NPs are not achieved, which is probably the most
challenging and not yet solved issue related to NPs growth by
electrodeposition, relatively narrow particle size distributions are
obtained up to 1600s irrespective of the current density. At long
deposition times (3200 s) the size distributions become broader as
NPs tend to coalesce.

EDX analyses revealed the presence of Rh and Fe elements,
together with Au (coming from the substrate), C and O (Fig. 4).
Table 2 lists the amount of Fe (in at%) detected in NPs deposited
within the selected experimental conditions. Although these
values should be taken with care due to the small volume of
deposited material, trends show that the Rh content decreases
with an increase in the absolute value of current density. At a fixed
current density, variations in the chemical composition with the
deposition time were also noticed in spite of stirring the solution.
At current densities of —0.5 and —2 mAcm 2 and at a fixed time,
the composition of the NPs remained the same. Upon increasing of
current density, the Fe content increases. Complementary ICP-MS
analyses were in concordance with the observed trends. This is in
agreement with some observations made by Tabakovic et al. in
their studies of electrodeposited CoFeRh alloy films [32]. In their
work, similar trends were observed regarding the Fe and Rh
content with the applied current density. Since Rh is nobler than
Fe, the growth of Rh-rich deposits is in principle expected at low
overpotentials (or current densities). Likewise, Fe discharge is to be
favoured at higher overpotentials (or current densities). It is
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Fig. 6. (a) XPS survey spectrum and detail of (b) Rh3d, Fe2p and O1s regions (after 1 min Ar sputtering) for NPs fabricated at —0.5 mA cm 2 for 1600s.

conjectured that Rh(III) discharge is mainly controlled by diffusion
[33]. Other studies suggest that Rh growth proceeds via mixed
kinetics, charge transfer and diffusion [34]. Fe is likely activation-
controlled within the deposition potentials range used in this
study. As a result the NPs become gradually enriched in Fe upon
making the overpotential more negative.

XPS measurements were performed in order to gain further
insight on the chemical composition of the NPs. Measurements
were carried out both before and after Ar ions sputtering for 1 min.
Fig. 5a displays the survey spectrum (taken before Ar sputtering) of
NPs electrodeposited at —0.5mAcm ™2 for 1600s. The spectrum
shows the presence of Rh, Fe, O, C, N and Cl elements. The latter (C,
N and Cl) are appended to surface contamination. Nevertheless, C
is also a typical impurity in electrodeposited metals and alloys
[35]. In our case, glycine decomposition could well be a source of C.
The small peak of chlorine can be well attributed to the electrolyte

Table 3
Rh, Fe and O content in the NPs as determined by XPS both before and after Ar ions
sputtering for NPs fabricated at —0.5 mAcm~2at 1600s.

at% Rh at% Fe at% 0
before Ar ions sputtering 11 19 70
after Ar ions sputtering 86 14 <1
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residue remaining after samples’ washing. The corresponding
Rh3d, Fe2p and O1s core-level electronic transitions are given in
Fig. 5b. Regarding Rh3d signal, the 3ds;, and 3ds/, doublet peaks
located at 307.1 and 311.9 eV, respectively, correspond to the zero
oxidation state of Rh (Aperai=4.8€eV). Besides, they show the
typical asymmetric peak shape for Rh metal [36]. The higher
binding energy shoulders located at 309.7 and 314.2eV can be
attributed to Rh(IIl). The presence of Rh,03 in the NPs is not
unexpected. Actually, Rh,03 was detected by XPS in electro-
deposited Rh films from RhCl3-NH4Cl solution at pH=4 [37].
Concerning the Fe2p core level XPS spectrum, the position of
Fe2ps,, peak (711.7 eV) and Fe2p,, peak (725.3 eV) are character-
istics of Fe?* [38]. The shoulder in between could be assigned to
metallic Fe. The O1s spectrum shows a relatively intense double
peak with two maxima at 532 eV, typical for metal hydroxides
(MxOHy) and at 530eV, distinctive for metal oxides (M,Oy).
Tabakovic et al. also noticed relatively high contents of oxygen
(32 at%) in electrodeposited Rh films [37].

After 1 min Ar ions sputtering, the O signal in the corresponding
XPS survey pattern and core-level transition detail is clearly
reduced (Fig. 6a and b). Interestingly, the Rh3d signal only shows
the doublet assigned to Rh metal (Fig. 6b). Likewise, the peaks
assigned to zero-valent Fe (707.6eV for 2ps, and 720.4eV for
2p1s2) [37] clearly emerge. Nevertheless, care should be taken
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Fig. 7. (a) TEM and (b) HRTEM images and (c) SAED pattern of NPs obtained at
—-0.5mAcm~2 for 1600s.

when analysing the oxidation state of iron oxides since reduction
of iron oxidation state by Ar-ions bombardment has been
observed, in particular from Fe3* to Fe?* [39]. Full reduction of
Fe?* toward Fe° upon Ar-ions irradiation is less probable and
indeed STEM-EDX analyses indicate that the oxygen signal is rather
low.

Table 3 shows the Rh, Fe and O amounts (in at%) for NPs
electrodeposited at —0.5mAcm~2 for 1600s determined by XPS
before and after Ar ions sputtering. It is clear that the oxygen signal

greatly diminishes down to less than 1 at% after Ar ions sputtering.
Similar results were obtained for other Rh-Fe NPs. This result
suggests that the NPs have oxidized surfaces. Nevertheless,
assuming a sputter rate of about 7-10nmmin~’, the results
indicate that the oxidized shell is indeed very thin and hence, the
NPs are mostly metallic. Bearing in mind the nobility of Rh, the
detection of Rh(Ill) by XPS before sputtering suggests that Rh
oxides already form during deposition, in agreement with
Tabakovic et al. [37] Concerning Fe, oxides could also form during
electrodeposition as for Rh or show afterwards. Fe is prone to
oxidation on standing in air, a phenomenon that is exacerbated in
nanoscale materials [40]. Notice that the samples were not stored
in high vacuum. Yet, the NPs displayed similar levels of oxygen
both in the as-deposited state and after storage for a few days.
Therefore eventual passivation likely takes place immediately after
electrodeposition.

HRTEM was used to retrieve structural information of the NPs. It
is worth mentioning that the NPs were very well adhered to the
substrate since ultrasonication did not cause detachment of the
NPs even for long sonication times. Fig. 7a shows most probably
part of an aggregate of a few NPs. A close-up image reveals that the
NP is composed of small crystallites of less than 5 nm (Fig. 7b). An
extremely thin (ca. 1 nm-thick) layer is seen at the uttermost
surface. The lattice fringes are evident, which demonstrates that
the NPs are highly crystalline. Additional HRTEM images are shown
in the Supporting Information (Fig. S4). The selected area electron
diffraction (SAED) pattern, taken on an aggregate of NPs (Fig. 7¢),
shows spotty rings. The corresponding interplanar distances match
those of (111), (200), (220) and (311) planes of cubic metallic Rh
(PCPDF 05-0685). Some distances are also consistent with iron and
rhodium oxides (Rh,05), in agreement with XPS results. In order to
determine the Fe distribution within the NPs, STEM-EDX line scan
analyses were performed. Representative results are provided in
Fig. 8. Fe was found to be homogeneously distributed within the
NPs. Moreover, a uniform distribution was also disclosed when
analysing the single crystallites (about 3-4nm in size) which
compose the bimetallic NPs.

3.2. Electrocatalytic activity

The deposited NPs were expected to be suitable candidates for
HER not only because of their chemical composition but also
because of the high surface area. Fig. 9 shows the LSV curves
recorded in Ar-purged NaOH 0.1 M at a sweeping rate of 50 mVs™!
for different Rh-Fe NPs. NPs featuring different Fe contents
(between 16 and 36 at% Fe) obtained at deposition times up to
1600 s were selected. For comparison, the LSV curve of the bare Si/
Ti/Au substrate is shown. While the Au surface shows almost
negligible catalytic activity, the NPs are active toward HER. A large
density of hydrogen bubbles emerging from the Rh-Fe NPs was
visible at naked eye when the potential passed by —1.2V toward
the negative direction. There is an agreement that HER mechanism
in alkaline media consists of three steps [19]:

M+H>0 +e™ <> MH,gs+ OH™ (1)
MH,gs+Ho0+e~ — M+H,1+0H™ (2)
2MHags < 2M+H,1 (3)

The first reaction (Eq. 1), which involves the electroreduction of
water into adsorbed hydrogen, is termed Volmer reaction. This is
followed by the electrochemical hydrogen desorption (Eq. 2)
known as Heyrovsky reaction, or the chemical hydrogen
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desorption (Eq. 3) known as Tafel reaction. The Heyrovsky and
Tafel reactions proceed either alternatively or simultaneously. Note
that although M designates the metal, both metallic and oxidized
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Fig. 9. LSV curves in 0.1 M NaOH (50mVs~') of Rh-Fe NPs obtained at different
current densities and deposition times.
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forms of Fe and Rh would contribute. Since HER takes place at the
surface of the NPs, the role of a partially oxidized shell coating the
NPs cannot be neglected.

Slightly different onset potentials for H,O reduction toward H,
were observed depending on the electrodeposition conditions
used to grow the NPs. The sample obtained at —0.5 mAcm~2 for
1600s exhibits the best performance. The corresponding onset
potential for HER is —0.93 V, whereas the rest of the samples show
more negative values (Table 4). Interestingly, at a potential of
—1.2V the corresponding current density is not far away to the
value reported for polycrystalline Pt (j~13mAcm~2) tested in
0.1 M NaOH, although at a lower scan rate of 10mVs~! [23]. The

Table 4

Onset potential for HER and current density at —1.2 V for NPs deposited at different
electrodeposition conditions. Values are extracted from the LSV curves shown in
Fig. 8.

Electrodeposition conditions Onset potential for HER/V —j/mAcm~2
at E=-1.2V
—0.5mAcm 2, 16005 -0.93 15.0
—2mAcm~2, 400 —-0.95 4.7
—2mAcm2,1600s —0.95 12.2
—4mAcm2,200s —0.96 41
—4mAcm~2, 800s —0.94 8.4
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Fig.10. SEM image of (a) pure Rh NPs electrodeposited at —0.5 mA cm 2 for 1600 s from an Fe-free bath containing 0.5 mM ClgNasRh + 0.05 M glycine +0.05 M NaCl (pH =2.4)
and b) pure Fe electrodeposited at —4 mA cm~2 for 1600 s from a Rh-free bath containing 0.01 M FeCls +0.05 M glycine +0.05 M NaCl (pH = 2.4). Scale bar is the same for both

images.

outperforming NPs are Rh-rich (19 at% Fe as listed in Table 2) and
show moderate substrate coverage. However, since changes in
composition, nanoparticle size and coverage degree occur
simultaneously with varying the current density during the
electrodeposition step, it is difficult to draw straightforward
conclusions. Nevertheless, upon carefully examining the LSV

—4mAcm 2 for 800s diminishes compared to that of NPs
deposited at —0.5mAcm™2 for 1600s, its Fe content is much
higher (36 at%). Therefore, there is a trade-off between the slight
loss in electrocatalytic activity and the partial replacement of pricy
Rh by cheaper and more abundant Fe.

For the aim of comparison pure Rh and Fe materials were

curves, some other interesting features emerge. For example, electrodeposited from Fe-free and Rh-free electrolytes,
although the electrocatalytic activity of the NPs deposited at
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Fig. 11. LSV curves in 0.1M NaOH (50mVs~') of bare Au surface (Si/Ti/Au
substrate), pure Rh and pure Fe materials, and the outperforming Rh-Fe NPs (at the
indicated current density and deposition time).

Fig. 12. CV curves in 0.1 M NaOH (50mVs~') of Rh-Fe NPs obtained at j=—0.5
mAcm—2 and 1600s. The inset shows the j vs. t curve for an applied potential of
—-11V.
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Fig. 13. FE-SEM images taken (a) before and (b) after 50CV cycles of Rh-Fe NPs obtained at j=—0.5mAcm 2 for 1600s.

respectively. Although baths were similar to that of Rh-Fe, both the
coverage degree and the morphology were distinct (Fig. 10), which
indicates that there is a synergistic effect when Rh and Fe are
electrodeposited together. Pure Rh can be deposited as NPs but
their surface looks much rougher as reported by Kibler et al. [41]
These authors showed that electrodeposition of Rh at low
overpotentials start with the formation of a bilayer and that
further deposition proceeds via a Stranski-Krastanov growth
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S
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Fig. 14. LSV curves 0.1 M NaOH (50 mVs~!) of Rh-Fe NPs obtained at different
current densities and fixed long deposition time (32005s).
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mode, accompanied by a strong roughening of the surface.
Moreover, at a current density of —0.5mAcm~2 and 1600s of
deposition time the mean size is larger than that of Rh-Fe NPs
grown under the same conditions (Fig. 3(b)). Pure Fe did not form
NPs but, instead, a highly porous film developed onto the electrode.
In this case it was necessary to apply a current density of
—4mAcm 2 in order to get some deposition. Interestingly, both
pure Rh and Fe are less active than most of the Rh-Fe NPs. The
corresponding LSV curves are compared with that of the out-
performing Rh-Fe NPs in Fig. 11.

Bimetallic systems often show improved electrocatalytic
activity compared to their pure counterparts. Synergisms, modifi-
cation of electronic/chemical properties or geometric consider-
ations have been advocated as responsible for the improvement.
Introducing another element into the lattice of a given metal is an
effective way to modify its electronic/chemical properties by
creating a bimetallic surface through: i) formation of heteroatom
bonds leading to a ligand effect, and ii) alteration of the average
metal-metal bond length, resulting in a strain (e.g. compressive or
tensile) effect [20]. Besides the aforementioned changes in
morphology (i.e., geometric features), the formation of a bimetallic
surface likely gives rise to modifications of the electronic
properties of both Rh and Fe metals and alters the average Rh-
Rh metal bond. This might partially explain the observed
enhancement of the HER activity.

In order to examine the stability of the catalysts, the Rh-Fe NPs
were subjected to 50CV cycles in 0.1 M NaOH electrolyte within the
potential range from —0.5V to —1.5 V (Fig. 12 and Fig. S5-S9). Fig. 12
shows the 1°¢, 5™ 10 20™ and 50™ CV corresponding to the
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Fig. 15. FE-SEM images of NPs obtained at (a) j=—0.5mAcm 2, (b) —2mAcm 2 and (c) —4mAcm 2 for 3200 of deposition time. Scale bar is the same for all images.

sample obtained at —0.5mAcm~? for 1600s (i.e., the best
performing HER catalyst). It can be seen that the electrocatalytic
activity starts to slightly fade from the 10" cycle, although the loss
is not pronounced. The broad oxidation band recorded ca. —0.95V
corresponds to the oxidation of H, adsorbed onto the catalyst. In
order to reveal possible changes on NP morphology and composi-
tion, FE-SEM images were taken after the HER tests (Fig. 13). No big
changes in NP morphology were noticed when comparing the
images before and after the HER experiments. The chemical
composition remained the same although the density of NPs
seemingly diminished a little bit. Stability was also assessed by
means of chronoamperometry at —11V (inset of Fig. 12). A
reduction of 35% of the current density was observed after holding
the potential for 2h. The previously observed decrease of NP

density can partly explain such apparent decrease in the catalytic
activity. Nevertheless, the loss in not pronounced and an increase
in the electrocatalytic activity was indeed observed in some cases
(Fig. S9). Therefore, the here-developed substrate-supported Rh-Fe
NPs hold promise in hydrogen production.

Finally, the HER activity of Rh—Fe NPs obtained at —0.5, —2 and
—4mAcm~2 but longer deposition times (3200s) show a declined
electrocatalytic activity (Fig. 14) probably due to an exceedingly
large coverage and concomitant decrease of the surface area. In
fact, the samples obtained under these conditions show bigger
particles (Fig. 15). Deposits feature more than one layer of NPs (see
for instance Fig. 15c) so that one can refer to them as ‘nano-
particulate films’. This result puts forward the importance of high
surface area for enhancing HER activity.

83



274 I. Golvano-Escobal et al. / Electrochimica Acta 194 (2016) 263-275

4. Conclusions

Rh and Fe can be successfully co-deposited in the form of NPs
by means of a low-cost method directly on a substrate. NPs
showing tunable composition and size have been obtained by
galvanostatic electrodeposition from the same electrolyte formu-
lation. Relatively narrow particle size distributions were obtained
within the studied range of current densities and up to 1600s of
deposition time. Larger deposition times render nanoparticulate-
like films. The Fe content could be increased from 15 at% to 36 at%
by increasing the applied current density. In this way, Rh can be
partially replaced by a more abundant and less expensive element
like Fe. XPS measurements are consistent with the presence of
mainly metallic NPs. The electrocatalytic activity toward HER has
been assessed in alkaline media with good results. Tunable HER
performance has been observed depending on the electrodeposi-
tion conditions utilized to grow the NPs. The present work
indicates that electrodeposition is a convenient method to
prepare substrate-supported Rh-Fe based NPs for hydrogen
production.
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Supplementary data

Electrodeposition of sizeable and compositionally tunable rhodium-iron
nanoparticles and their activity toward hydrogen evolution reaction

Irati Golvano-Escobal, Santiago Surifiach, Maria b Bard, Salvador PangJordi
Sort and Eva Pellicet

Figure S1. FE-SEM images of NPs obtained at j= 42 am for different deposition times

(3200, 1600 and 400 s).



Figure S2. FE-SEM images of NPs obtained at j= Atam™ for different deposition times

(3200, 800 and 200 s).

Figure S3. Particle size distribution at the intkdacurrent densities and deposition times.

In the following sheets the size distribution hggtoms for NPs electrodeposited under the
studied electrodeposition conditions are shown.
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Figure S4. HRTEM images of Rh—Fe NPs obtainedsat4 mA cm?, t = 400 s.
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HiI1GHLY-ORDERED MACROPOROUS Fe-P FILMS WITH

MAGNETIC AND ELECTROCATALYTIC PROPERTIES

For consistency’s sake, this chapter is structured like a research article:

ABSTRACT

Highly-ordered macroporous iron-phosphorous (Fe-P) films have been electrodeposited potentiostati-
cally from a citrate-sulfate bath onto Au surfaces pre-patterned with a colloidal crystal mask of polystyrene
spheres of 350 nm in diameter. The electrolyte contained sodium hypophosphite as the P source, enabling
the incorporation of up to 14 at.% P in the porous samples. For comparative purposes, continuous films
have been obtained galvanostatically on unpatterned Au surfaces. In both cases, the P content could be
varied by adjusting the deposition potential or current density. Remarkably, oxygen incorporation in the
films declined with an increase in the P content. Tunable magnetic response was observed due to the dis-
similar chemical composition, with coercivity values being larger in the macroporous films. Additionally,
wettability analyses showed that these were more hydrophobic, reaching contact angle values of about
130°. Both hydrogen and oxygen evolution reactions (HER and OER, respectively) have been studied in

alkaline media. The macroporous Fe-P films showed faster kinetics for OER.

4.1. INTRODUCTION

Hydrogen is a key energy carrier that can be obtained from water splitting or, more precisely, elec-
trolysis, which means that an electric current is being passed through the water [1, 2, 3]. The electrolysis
of water provides a sustainable and environmentally-friendly way to contribute towards the constantly
growing demand for energy supply and storage. However, the production of H, is constrained by the
sluggish kinetics of the oxygen evolution reaction (OER) at the anode side of a water electrolyzer [4, 5]. For
this reason, huge efforts are devoted to develop low cost bifunctional electrocatalysts with high activity
towards both OER and hydrogen evolution reaction (HER) in the same electrolyte. RuO, and IrO, are the
benchmark catalysts for OER [6] whereas Pt is the jewel in the crown of HER. However, Ru, Ir and Pt are
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all costly and their supply is not sustainable [7, 8, 9]. Therefore, the production of more efficient and cheap
HER/OER catalysts remains an ongoing challenge. During the last years, transition metal phosphides
(TMPs) have attracted the interest of the scientific community for their outstanding catalytic activity to-
wards HER [10, 11, 12, 13]. Their OER performance has been comparatively less investigated [14, 15].
Very recently, Hu et al. demonstrated that Ni,P is an efficient bifunctional catalyst for water splitting [15].
Paik and co-workers also demonstrated that porous carbon coated nickel phosphides nanoplates (NisP4
and Ni,P) outperformed NiO and Ni(OH); in OER experiments [16].

Downscaling, and/or the introduction of porosity into the catalyst structure are already some of the
effective strategies that have been reported to further enhance the OER and HER activity of the transition
metal-based catalysts [17, 18, 19, 20]. Materials with spatially ordered porous features at the nanometer
scale have been explored over the last years. Owing to the synergies arising from their constituent
elements, fancy shape, and large surface-to-volume ratio (5/V), these materials are advantageous for a
wide variety of applications. Photonic devices, catalysis, separation technology, nano-electronics, sensors,
batteries, supercapacitors, fuel cells, sorption, thermal insulation, surfaces with special wetting properties,
are just some of the myriad applications of porous materials. Although several methods toward periodic
porous structures are available, deposition of the material over a colloidal crystal template followed by
the selective removal of the latter is attractive for several reasons [21]. The approach encompasses the
following steps: (1) the preparation of a colloidal dispersion, (2) the anchorage of the fine particles (typically
uniformly sized spheres) onto a substrate by dip-coating, spin-coating, or electrophoretic deposition, (3)
the filling of the empty space between the close-packed spheres with the target material, and (4) the
selective removal of the colloidal particles, which can be accomplished by their dissolution in an organic
solvent or calcination. As a result, the inverse replica of the parent colloidal crystal template is obtained.
Several routes have been employed to date to fill the voids between the beads, namely, sol-gel, emulsion-
gel, or liquid phase reaction [22, 23, 24]. Electrodeposition has also been employed to fill the interstitial
space between the particles with great success [25]. Compared to other methods, it offers a good control
on the degree of filling and wall thickness. Most importantly, many elements can be deposited and
co-deposited from the same electrolyte with the possibility of fine-tuning their atomic ratio by simply
adjusting the electrochemical parameters [26, 27]. For bead sizes (and, in turn, pore sizes) greater than 50
nm, the resulting films are commonly termed macroporous.

Motivated by the encouraging performance of TMPs as OER/HER electrocatalysts, we report here
on the synthesis of ordered Fe-P macroporous thin films by electrodeposition through colloidal crystal
templates. Special emphasis is laid on ensuring the growth of high-quality porous films with tunable
phosphorous content and magnetic properties. Alongside, continuous (also named fully dense for the sake
of clarity) Fe-P films directly electrodeposited on an unpatterned electrode were produced for comparative
purposes. The electrocatalytic properties of the films toward both OER and HER are assessed in alkaline

media, indicating its bifunctional character.

4.2. RESULTS AND DISCUSSION

4.2.1. MORPHOLOGY AND STRUCTURE OF FULLY DENSE AND MACROPOROUS Fe-P riLMms

Fully dense and macroporous Fe-P films were deposited on Si/Ti/Au substrates by electrodeposition

from the same electrolyte. For the latter, polystyrene (PS) spheres were previously self-assembled on the Au
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surface by electrophoresis. Fully dense P-free Fe deposits could be prepared as well using this electrolyte
after proper adjustment of the electrodeposition conditions (see below). For the sake of comparison,
macroporous films made of pure Fe were also synthesized. In this case, however, a different electrolyte
(see Experimental section for details) was employed since the inclusion of P in the deposits could not
be avoided when plating from the P-containing electrolyte. Figure 4.1 shows the E-t and j-t transients,
respectively, recorded during the growth of the fully dense and porous Fe-P films. The former were plated
at current densities ranging from -10 to -50 mA cm~2 (Figure 4.1a), whereas the latter were deposited at
constant potential values ranging from -0.96 to -1.1 V (Figure 4.1b). Notice that potentiostatic deposition
onto the patterned Au surfaces was selected since the real working area (unshielded areas of the substrate)
could not be precisely determined. Values close to the stabilized potential (E;) previously recorded during
the growth of fully dense films were applied for the deposition of the macroporous films. Nevertheless,
the lowest applied potential was -0.96 V since no significant deposition was observed at less negative
potentials even for long deposition times.

Figure 4.1a shows that the value of E; decreases as the applied current density is made more negative.
A similar trend is observed in Figure 4.1b. Namely, the current density shifts toward more negative values

as the applied potential is decreased. The j-t curve corresponding to the deposition of pure Fe onto the
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Ficure 4.1: Representative a) E-t transients recorded during the deposition of fully dense Fe-P films on the
Au surface at the indicated current densities and b) j-t transients recorded during the deposition of Fe-P on

colloidal template arrays patterned on Au at the indicated potentials.
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patterned Au surface is included in Figure 4.1b. In this case, the applied potential was -1.2 V since Fe(II)
was not efficiently discharged at less negative potentials and, therefore, complete coverage of the voids
was not attained even for long deposition times.

Figure 4.2 shows the field emission scanning electron microscope (FE-SEM) images of the fully dense
films grown at current densities of -10, -20, -30 and -50 mA cm™2 and fixed deposition charge. The films
show a very smooth, featureless surface at the lowest current density. The grain morphology becomes
gradually visible and cracks appear upon increasing the current density. These changes in morphology
are accompanied by variations in the chemical composition. The deposit produced at -10 cm ™2 is virtually
free from phosphorous (<4 at.% P as determined by ICP-OES) whereas the rest contains a significant
amount of P between 15 and 22 at.% (see Table 4.1) Notice that the inclusion of P in the films brings about
a reduction in the oxygen content. In Ni-P electroless coatings, the presence of P is known to trigger the
formation of a protective layer consisting of metallic Ni and nickel phosphide that acts as a barrier for
oxygen diffusion on the metal surface [28]. Nevertheless, the presence of oxygen could not be completely
avoided, in agreement with previous reports on electroplated Fe-P coatings [29]. Figure 4.3 shows the
FE-SEM images of the Fe-P macroporous films obtained through the E-t curves shown in Figure 4.1b after
PS spheres removal. The films display an ordered pore arrangement, the pore size being determined
by the diameter of the spheres (350 nm). Slight differences in both pore wall morphology and pore size
were noticed as a function of the applied potential. The samples deposited at potentials ranging from
-0.96 to -1.0 V showed an almost identical architecture consisting of nearly a monolayer of hemispherical
orderly arranged pores. The occurrence of domain sizes as large as 250 um? was observed. Meanwhile, the
films obtained at more negative potentials (Figure 4.3d, e) showed an ill-defined pore structure, featuring
discontinuities between neighboring pores and rougher pore walls. Nevertheless, high porosity remained.
Typically, the removal of the PS beads is accomplished by immersing the samples in an organic solvent like
chloroform or toluene. However, it did not work out in our case. Instead, a multi-step cleaning process
was devised to successfully etch away the beads. The as-deposited samples were first ultrasonicated in
dimethyl sulfoxide (DMSQO) and dimethylformamide (DMF) (4 min each), followed by CHCl; for 15 min.

Finally, the PS-free porous deposits were thoroughly rinsed in water.

TasLE 4.1: Fe, P and O content (in at.%) determined by EDX in the fully dense Fe-P films as a function of the

applied current density.

j [mA cm™2] at. % Fe at. %P at. %O

-10 61 0 39
-20 64 20 16
-30 61 22 17
-50 63 15 22

Table 4.2 lists the amount of Fe, P and O detected in the porous films deposited within the selected
experimental conditions. The phosphorous content generally increased as the applied potential was made
more negative from 6-8 at.% to 14 at.%. Notice that the P contents were lower than in the fully dense
counterparts, which can be understood considering that the diffusion and nucleation events in confined
cavities are different from those on planar substrates. Besides, the codeposition of higher amount of
phosphorus was accompanied by a reduction in the oxygen content, as it was observed for the fully dense

films. However, the variation did not follow a monotonic trend. The porous pure Fe film obtained from
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Ficure 4.2: Low and high (inserts) magnification FE-SEM images of the fully dense Fe-P films obtained at
different current densities: a)j =-10 mA cm™2, b) j = -20 mA cm™ and ¢) j = -30 mA cm™2, and d) j = -50 mA
cm™2. The scale bars indicated in a) apply to b)-d).

a different bath showed an oxygen percentage similar to the macroporous Fe-P films with 10-14 at.% P.
However, in this case the applied potential is not strictly comparable and, therefore, the bath formulation

itself also plays a role in determining the Fe/O ratio.

TasLe 4.2: Fe, P and O content (in at.%) determined by EDX in the macroporous Fe-P films as a function of

the deposition potential.

E[V] at. % Fe at. % P at. % O
-0.96 60 8 32
-0.98 57 6 37

-1.0 69 10 21
-1.05 62 12 26

-1.1 65 14 21
-1.21 74 0 26

INote that this sample was electrodeposited from a P-free electrolyte as detailed in the Experimental section.

Figure 4.4 shows a detail of the X-ray diffraction (XRD) patterns in the 43-46° 20 range of some selected
fully dense and porous Fe-P films. The main peak of the body-centered cubic (bcc) phase of Fe, if so,
appears in this angular range. The weak diffraction peak located at 20 = 43.6° is due to the holder.
It is known that Fe-P produced by electrodeposition gradually changes from micro/nanocrystalline to
amorphous-like by increasing the phosphorus content [30]. The boundary between a microcrystalline and
a fully homogeneous amorphous structure is difficult to determine and depends on the bath formulation

and electrodeposition conditions. Typically, it stands for 20 at.% P. The fully dense films did not show
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Ficure 4.3: Low and high (inserts) magnification FE-SEM images of the macroporous Fe-P films obtained at
different deposition potentials: a) E =-0.96 V,b) E=-098 V,c) E=-1.0V,d) E=-105Vande) E=-1.1V.f)
FE-SEM image of a P-free Fe macroporous film deposited at E = -1.2 V. The PS spheres were removed prior to

the imaging. The scale bars indicated in a) apply to b)-f).

any reflection independently of the P content. Meanwhile, the porous samples did show a relatively wide
(110) bce-Fe peak always. No other peaks ascribed to intermetallic phases such as FeP, Fe,P or Fe3P phases
were detected in the full XRD patterns. Therefore, the continuous films were ultra-nanocrystalline or
amorphous-like, whereas the walls of the porous films were nanocrystalline. For the macroporous films,
the position of the a-Fe reflection shifted toward higher angles as P was incorporated into the deposits.
For example, a shift ca. 0.2° was observed when 12 at.% P was alloyed with Fe (compare green and blue
profiles in Figure 4.4). This shift can be explained considering that the atomic radius of P is smaller than

that of Fe, which causes a shrinkage of the unit cell.
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FIGURE 4.4: Zoomed detail of the XRD patterns in the 43-46 2° range of selected samples. The peak marked

with an asterisk belongs to the holder. ‘f.d.” and "p.” stand for fully dense and porous films, respectively.

4.2.2. SURFACE WETTABILITY

The wettability of the fully dense and macroporous Fe-P films was characterized by the sessile drop
technique, using 1.5 uL of Milli-Q (MQ) quality water droplets. Figure 4.5 and 4.6 show photographs of
the drop profile immediately after the drop was placed onto the films’ surface. The corresponding contact
angle values are depicted in each case. The macroporous Fe-P films exhibit higher contact angles than
the fully dense counterparts. For the latter, the values range from 80° to 100°. For the former, the values
vary between 107° and 135°. Therefore, it is clear that the porous surfaces are more hydrophobic, which
is likely because the air trapped within the pores precludes their wetting. This indicates that the Cassie
and Baxter model predominates in the macroporous films [31]. Fluctuation of the contact angle values
within the same series of samples (fully dense vs. macroporous) can be understood on the basis of their
dissimilar chemical composition (P, O contents) and slightly different morphology (see for example Figure

4.3). In any case, the effect of porosity dominates over the chemical composition.

4.2.3. MAGNETIC PROPERTIES

The room temperature hysteresis loops of the fully dense and macroporous Fe-P films deposited at
varying current densities and potentials, respectively, are shown in Figure 4.7. Well-defined hysteresis
loops were recorded in all cases irrespective of the P content. For the fully dense films, a soft-ferromagnetic
behavior with Hc values ranging between 2 Oe and 11 Oe was observed. The saturation magnetization
(Ms) decreased as the P content increased. However, the film obtained at the lowest current density,
with virtually no P, showed an Mg lower than expected. Indeed, the value was smaller than either the
film with 15 at.% P or the Mg of bulk Fe (217.6 emu/g). This result can be understood considering that
this sample contains twice the amount of oxygen than the others, as determined by EDX. The hysteresis
loops were normalized after dissolving the films for ICP-OES analyses, which enabled to determine the
deposited mass of iron but not that of oxygen. Although Fe is mostly oxidized at the outermost surface, the

occurrence of either antiferromagnetic (hematite) or ferrimagnetic iron oxides with lower Mg (maghemite,
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Ficure 4.5: Photographs of the MQ-water droplets on the surface of fully dense Fe-P films obtained at: a) j =
-10mA cm™,b)j=-20 mA cm™2 and ¢) j = -30 mA cm™?, and d) j = -50 mA cm™2.

FiGure 4.6: Photographs of the MQ-water droplets on the surface of Fe-P macroporous films obtained at: a) E

-096 V,b) E=-098V,c)E=-1.0V,d) E=-1.05V and e) E = -1.1 V. f) P-free Fe macroporous film deposited
atE=-12V.

magnetite) would cause a decrease of the Ms.

Compared to the fully dense films, saturation was reached at much higher applied fields in the

macroporous analogues. This is probably due to the hindrances imposed by the reduced lateral size of
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FiGure 4.7: Room temperature hysteresis loops of a) fully dense Fe-P films prepared at the indicated current
densities and b) macroporous Fe-P films prepared at the indicated potentials. The inset in b) shows a magnified
detail at low fields.

the pore walls on domain wall propagation as well as the loss of the in-plane shape anisotropy. Pure Fe
sample does show the highest Ms. A gradual decrease of the Mg with an increase of the P content has been
reported in the literature for most of the metal-metalloid systems before any heat-treatment is applied
[32]. However, the macroporous films show the opposite trend, which again can be correlated with the
simultaneous change in the oxygen content. As the P content increases, that of O decreases and, therefore,
the relative amount of the ferromagnetic a-Fe phase raises. In addition, the Hc values are larger than in
the fully dense films (9-253 Oe), again as a result of the hindrances imposed by the pore walls to domain

wall propagation [25].

4.2.4. ELECTROCATALYTIC ACTIVITY TOWARDS OER aAnD HER

The macroporous Fe-P films are expected to be suitable candidates for OER, not only because of their
chemical composition but also large surface area. Figure 4.8 shows the steady-state polarization curves
of the fully dense and porous Fe-P catalysts in 1 M Ar-purged KOH solution at a sweeping rate of 50
mV s71. Although 6 M KOH solution would be more realistic considering the current water electrolysis
in industrial conditions, the selected electrolyte allows a relatively good comparative analysis. While the

onset for OER is similar in both sets of samples, the kinetics is faster in the macroporous films. At potentials
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more positive than the onset potential, the corresponding current density is higher. Since the reported
current density values are referred to the geometrical area, the current densities calculated considering
the real surface area are expected to be even higher. The onset potentials for OER are similar to those
reported in the literature for nanostructured Fe-P based catalysts [33]. Another important observation is
that the addition of P to the fully dense films enhances the OER performance (see Figure 4.8a). This effect
is lost in the macroporous films. Except for the two samples fabricated at -0.96 V (8 at.% P) and -0.98 V (6
at.% P) that nearly overlap with the response of pure Fe, the others show lower OER activity. This results
is not surprising since electrocatalyts based on transition metal oxides/hydroxides of Co, Ni and Fe have
been demonstrated as the most active OER catalysts [34]. The surface of the macroporous pure Fe film
likely contains a significant amount of oxides/hydroxides.
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FiGure 4.8: Steady-state polarization curves recorded in Ar-saturated 1 M KOH electrolyte for a) fully dense

and b) macroporous Fe-P films. The response of a macroporous pure Fe film is shown for comparison in b).

Scan rate: 50 mV s71.

In electrocatalytic processes, catalysts may suffer from deformation of the structure, poisoning and thus
loss of the catalytic activity. In order to examine their catalytic durability, the fully dense and macroporous
films were subjected to 25 cycles in 1 M KOH within the potential range from +1.0 to +2.2 V. As shown in
Figure 4.9, the current density severely declines after the 5" cycle for the fully dense film prepared at -10
mA cm~2 (0 at.% P) because it fully dissolved in the dissolution. Meanwhile, for the P-containing fully

dense films, the catalytic activity either decreases a bit or even increases after 25 cycles. Similar results

102



4.2 RESULTS AND DISCUSSION

were observed for the macroporous Fe-P films (Figure 4.10). Therefore, the macroporous films show faster
kinetics than their fully dense counterparts and similar durability.
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Ficure 4.9: LSV cycling in 1M KOH (50 mV s7!) of the fully dense Fe-P films obtained at different current
densities: j = -10 mA cm ™, j = -20 mA cm™ and j = -30 mA cm™2, and j = -50 mA cm ™.
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Ficure 4.10: LSV cycling in IM KOH (50 mV s7!) of the macroporous Fe-P films obtained at different deposition
potentials: E=-096 V,E=-098V,E=-1V,E=-1.05V,E=-1.1Vand pure FeatE=-1.2V.

Regarding their HER behavior, similar trends were observed (Figure 4.11). Namely, the addition of P to

the fully dense films gradually shifted the onset for HER toward more positive potentials. On the contrary,

the P-free macroporous Fe film showed the best HER activity compared to the Fe-P macroporous films.

103



4 : HIGHLY-ORDERED MACROPOROUS Fe-P FILMS WITH MAGNETIC AND ELECTROCATALYTIC PROPERTIES

Actually, none of them outperformed pure Fe. Therefore, further improvements in either film composition

or pore architecture are needed to enhance the HER behavior of the macroporous Fe-P samples.
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FiGure 4.11: Steady-state polarization curves recorded in Ar-saturated 1 M KOH electrolyte for a) fully dense
and b) macroporous Fe-P films. The response of a macroporous pure Fe film is shown for comparison. Scan
rate: 50 mV s

CONCLUSIONS

Macroporous Fe-P films with varying P content were obtained by direct current electrodeposition on
PS colloidal crystal templates. The inclusion of phosphorous in the films reduced the oxygen amount,
as detected by EDX. The pore walls were nanocrystalline and showed the bcc-Fe structure. Higher
hydrophobic character was observed compared to the fully dense counterparts. Besides, the macroporous
films were more difficult to saturate and exhibited higher coercivity values. The saturation magnetization
varied with the Fe:P:O ratio. Both the macroporous and fully dense Fe-P films displayed reasonably good
OER and HER activity in alkaline media. The OER performance of the macroporous films was better than

the fully dense samples.
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4.3. EXPERIMENTAL SECTION

4.3.1. ELECTROCHEMICAL SYNTHESIS

Electrodeposition was conducted in a double-jacketed three-electrode cell connected to a PGSTAT302N
Autolab potentiostat/galvanostat (Ecochemie). A double junction Ag|AgCl (E=+0.210 V/SHE) reference
electrode (Metrohm AG) was used with 3M KCl inner solution and 1M Na,SO, outer solution. A platinum
spiral served as a counter electrode. To prepare the continuous films, silicon (111) substrates with e-
beam evaporated Ti (100 nm)/Au (125 nm) adhesion/seed layers were used as cathodes. In the case of
macroporous films, Si/Ti/Au substrates patterned by colloidal lithography with carboxylated PS spheres
of 350 nm in diameter (purchased from Polysciences) were used. The spheres were electrophoretically
deposited on the substrate in a custom-made cell consisting of a chamber (1 cm x 1 cm x 0.6 cm) of
poly(methyl methacrylate) (PMMA) glued to a counter electrode of platinized titanium. The Au-coated
substrate (anode) was fixed at a distance of 0.5 cm from the counter electrode (cathode). A constant
potential was then applied between the anode and the cathode using an Agilent B2902A power source.
An electric field of of 120 V cm™ was applied during 5 min. Immediately after the electrophoretic
deposition, the samples were dried on a hot plate at 50 °C for 10 min.

The electrolyte consisted of 1 M FeSO; - 7H,0, 0.1 M citric acid, 0.5 M NaH,PO; - H,O, 0.1 M (NHy),
SO, and 0.005 M ascorbic acid. The pH of the as-prepared electrolyte was 2.0 and it was kept unadjusted
for the electrodeposition experiments. Solutions were prepared from analytical grade reagents and MQ-
water. Before each deposition, the electrolyte was de-aerated with nitrogen gas. Deposition was conducted
galvanostatically in the case of the fully dense films and potentiostatically in the case of the porous films.
A constant current density between -10 and -50 mA ¢cm™2 or a constant potential in the range from -0.96
to -1.1 V were applied, respectively. All deposition processes were carried out at 32 °C under stagnant
conditions. The temperature was maintained by circulating water through the external jacket of the
electrochemical cell using refrigerated/heated circulator from Julabo (F12 model). After deposition, the
samples were rinsed with MQ-water and dried in air. The PS spheres were selectively etched away by
ultrasonication for 4 min in DMSO, followed by 4 min in DMF and finally 15 min in CHCl;. The resulting
porous films where thoroughly rinsed in MQ-water again. Pure macroporous Fe films were synthesized
from a different electrolyte containing 0.2 M FeSOy, - 7H,0, 0.1 M glycine and 0.0028 M ascorbic acid (left
at its unadjusted pH).

4.3.2. CHARACTERIZATION

The morphology and composition of the fully dense and macroporous Fe-P films were characterized
on a Zeiss Merlin field emission scanning electron microscope (FE-SEM) equipped with an energy disper-
sive X-ray (EDX) detector. Room temperature hysteresis loops were recorded using a vibrating sample
magnetometer (VSM) from MicroSense (LOT-Quantum Design), with a maximum applied magnetic field
of 2 T applied in-plane. Inductively coupled plasma optical emission spectrometry (ICP-OES) analyses
were conducted on a Optima 4300DV spectrometer from Perkin-Elmer to determine the total metal content
in the samples. For this purpose, the samples were dissolved in 6 wt.% HNO3. Normalized hysteresis
loops by the total Fe and P weights are reported. A surface analyzer (Smartdrop, Femtofab) was used
to study the wetting properties of the films (sessile drop technique). The liquid utilized in the measure-

ments was 1 uL droplets of 5 wt.% MQ-water at room temperature. The reported contact angle values
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correspond to the average of two independent measurements. XRD patterns were recorded on a Philips
X'Pert diffractometer in the 25-90° 20-range (step size = 0.03°, holding time = 10 s) using Cu K,, radiation
(note that both wavelengths A(K,1)=1.5406 A and A(Ky»)=1.5443 A were used in the intensity proportion
of I(Ky2)=I(K41) = 0.5).

4.3.3. ELECTROCATALYTIC ACTIVITY TOWARDS OER AnD HER

The electrochemical activity of the fully dense and macroporous Fe-P films towards OER and HER
was measured in the same three-electrode system used for electrodeposition. The outer solution of the
Ag/AgCl (3M KCl) electrode was made of 0.5 M KOH. All potentials measured were calibrated to RHE
using the following equation: E(RHE) = E(Ag|AgCl) + 0.210 + 0.059 pH. The as-prepared Fe-P samples
served as the WE. Polarization curves were recorded in a de-aerated 1 M KOH solution by scanning the
potential between 1.0 V and 2.2 V (vs. RHE), and between 0 V and -0.55 V (vs. RHE) during OER and
HER experiments, respectively, at 50 mV s™!. The temperature of the cell was set at 25 °C. 25 cycles were

run in order to assess electrode stability.
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DiscussioN

Three different advanced, platable, binary systems, namely Co-In, Fe-Rh and Fe-P, have been inves-
tigated from an applied perspective. Although they are dissimilar in nature, they share some common

features:

= An iron-group transition metal (Fe or Co) is combined with a post-transition metal (In), a noble
metal (Rh) or a metalloid (P).

= In the electrodeposition field, cobalt is seldom alloyed with In whereas Fe alloys (with the exception
of Fe-Ni) have been less investigated mostly due to the complex Fe electrochemistry. Therefore,

these three systems have been scarcely tackled.
= Multiphase deposits are often obtained since the mutual solubility of the elements involved is limited.

= These systems can show highly tunable ferromagnetic response depending on the In content (for
Co-In) and the Rh and P contents (for Fe-X where X = Rh, P).

The formation of spatio-temporal patterns is a phenomenon related to chaos that occurs in dynamic
non-linear open systems driven far from equilibrium. Both fluid and chemical instabilities are thought
to be behind this phenomenon. Electrodeposition does not escape from these instabilities and indeed
spatio-temporal patterns can develop in certain binary and ternary systems. This is the case of Co-In
deposits. We have observed that the spatio-temporal patterns visible at the surface of the electrodeposited
Co-In films consist of a mixture of waves, concentric rings and spirals of variable sizes. Although the
underlying mechanism is not yet clear, it seems that they originate as a result of the interplay of several
factors, being the ability to form an intermetallic compound, in particular Colnz, one of key factors as
recently pointed out. Interestingly, while hcp-Co and monoclininc Coln, are the stable phases at room
temperature for Co percentages equal or larger than 33.3 at.% according to the phase diagram, tetragonal
Colns was detected by XRD instead of Coln,.

A threshold potential value was required as well for pattern formation all over the coating. This
coincided with an abrupt change in composition from In-rich deposits (25 at% Co on average but with
regions made of almost pure In) to deposits with Co contents beyond 50 at%. XRD analyses indicated the

presence of In, Co and the intermetallic Colns compound in the deposits. A single-phase solid solution was
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thus not formed but highly heterogeneous deposits, in agreement with the known immiscibility of In and
Co in both solid and liquid states. Detailed EDX mappings were in concordance with this observation as
the distribution of Co and In elements was not homogeneous across the surface but followed "separately"
the bright and dark belts defined by the motifs. An important issue is that such spatio-temporal structures
developed under stagnant conditions, which means that natural convection is enough to promote their
formation. It was claimed in the past that intensive hydrodynamic flow and improved mass transport
conditions were needed to trigger the formation of spatio-temporal patterns. Besides, we did not observe
any switching among different types of patterns (labyrinths, waves, targets, spirals, broken spirals and
mixed patterns) with the overpotential nor a trend between the size of these patterns and the overpotential.
It might be that the potential window was not large enough so as to observe any switching, considering
that it only varied from -0.94 V to -1.05 V (E = 0.11 V). Unfortunately, the current density and, hence the
overpotential, could not be extended further since the deposits peeled off.

Due to the existence of fcc-Co and hcp-Co in the deposits, the films showed ferromagnetic response
at room temperature. Indium is diamagnetic and Colnj is weekly paramagnetic, therefore only the pure
Co phases contributed to the ferromagnetic signal. Indeed, Co-In is a rather unique system in the sense
that it is the only binary ferromagnetic alloy having the ability to form spatio-temporal patterns during
electrodeposition. An issue which remains open is to understand to what extent these spatio-temporal
patterns compete with the shape anisotropy. Regarding the nanomechanical properties, both hardness
and Young’s modulus increased with the Co content in the films. Although the mechanical response
of pure Coln; is unknown, the fact that In is a very ductile element and possesses much lower Young’s
modulus than either hcp- or fce-Co serves to understand the observed trends.

Further miniaturization of Co-In deposits in confined micron-sized cavities led to a preferential pat-
tern shape instead of the "chaotic" mixture of motifs observed for continuous films. We demonstrated
the possibility to obtain reproducible spiral-like shapes inside a confined circular geometry that is com-
mensurate with the micrometer size of the spatio-temporal features. Notably, when the continuous films
were imaged by SEM using the SE detector, the spatio-temporal patterns were clearly revealed, indicating
that the topographic features were strong. In contrast, SE images of the microdisks were featureless and
the spirals emerged only when using the In-Lens detector, which is sensitive to variations in the chemical
composition. It might be that differences in thickness (10 um versus for continuous films vs. 1 ym for
microdisks) can explain why the spirals did not show topographic features. We observed that the spatio-
temporal patterns required some thickness to build up and it can be supposed that for larger thicknesses
the spiral topography would gradually appear. As a result of the local changes in composition defined
by the spiral, a periodic modulation of the physical (electric, magnetic and mechanical) properties was
revealed. The use of a set of surface-sensitive techniques with slightly different probing depths and lateral
resolutions suggested that a net magnetic patterning extends from the surface down to several hundreds
of nanometers. The mapping of the Young’s modulus and penetration depth in individual microdisks
using the AM-FM tool of the AFM technique clearly showed that higher Young’s modulus and larger
hardness stand for Co-rich areas. Such a nanomechanical patterning was less evident in continuous films
likely because nanoidentation was used instead. Although the maximum applied force was made small
enough so that the indentation imprints were kept at the size of the bright and dark belts defining the
motifs, a larger volume of material is probed, which means that the response is no longer kept at surface
level.

Furthermore, an in-depth characterization of the layer-by-layer growth of the continuous Co-In films
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was performed. It was observed that the formation of partially stacked individual layers, undulated
and rather uniform in thickness spanned the whole film thickness. Unlike other systems (e.g. Ag-Sb),
though, we did not observe any clear oscillatory pattern in either the j-t or E-t curves registered during
Co-In deposition, which could be attributed to the formation of the nanolayers. In addition to the layered
architecture, HR-TEM studies revealed the occurrence of a columnar structure inside each individual
nanolayer. Most interestingly, MFM measurements showed that not only a magnetic patterning existed
on-top but also at the level of the cross-section, making Co-In a complex, magnetically rich system.

According to the literature, the formation of spatio-temporal patterns also took place in other Co-In
bath formulations containing di-ammonium hydrogen citrate as a pH buffer agent (replacing sodium
citrate), cobalt sulfate instead of cobalt chloride, and at different concentrations of the reagents involved.
However, we noted that the formation of spatio-temporal structures was immediately suppressed if zinc
chloride was added to the electrolyte to partially replace cobalt chloride. Co-In-Zn tertiary system was
synthesized by following the same strategy as in the case on Zn-free Co-In films, without any evidence of
the formation of self-organized patterns. Therefore, the self-organization phenomena is very sensitive to
changes in the chemical composition of the deposits.

Iron-containing materials for electrocatalytic applications were also considered in this Thesis. Elec-
trodeposition was again the technique of choice to produce Fe-Rh and Fe-P. In order to increase the S/V
ratio, the formation of NPs (Fe-Rh) and porous films (Fe-P) was targeted. In the first case, precious Rh was
partially replaced by Fe with the aim to contribute toward cost-effective hydrogen production pathways.
The concentration of sodium hexachlororhodate (III) in the electrolyte was very low (0.5 mM) to decrease
costs since the average price of the salt is comparable to that of Pt precursors (e.g. hexachloroplatinate
(IV)) used in electrodeposition. Despite the low concentration of Rh(III) in the bath, several samples could
be produced until the NPs became significantly depleted in Rh. Typically, a low conductive substrate
is employed to favor the formation of isolated NPs by electrodeposition. Here, a different strategy was
pursued. Namely, deposition was performed from an Fe(III) salt. Although Fe(Ill) often gets bad press
since it is related to low current efficiency depositions, its use precluded the formation of dense films. Asa
result, finely distributed rounded NPs were obtained over the substrate. Their size (20-80 nm) and Fe/Rh
ratio could be varied by properly adjusting the applied current density and deposition time. From the
structural viewpoint, the formation of fully alloyed Rh-Fe NPs could not be unambiguously ascertained
and phase separation likely exists at the nanoscale. Nonetheless, the NPs were mostly metallic and the
distribution of Fe across individual NPs was homogeneous. Although these NPs cannot compete with
pure Pt and some of their alloys (e.g. Pt-Ni) in terms of HER, the results were interesting for several
reasons. First of all, NPs with moderate Fe content (19 at.% Fe) outperformed pure Rh NPs obtained
under similar electrodeposition conditions. Secondly, the large surface area displayed by the NPs directly
benefited the HER response since denser coatings showed a decreased catalytic activity. This work also
demonstrated that the electrodeposition from Fe(III) salts can be advantageous in many cases, in particular
when nanosized Fe-containing materials are to be synthesized.

Fe-P films showing long range order of macropores (ca. 350 nm in diameter) were obtained by
combining template-assisted colloidal method with electrodeposition. In this case, Fe(Il)-containing bath
was employed, to which sodium hypophosphite salt was added as the P precursor. The P content could
be varied between 6 at.% P and 14 at.% P by adjusting the deposition potential. Fully dense films prepared
at -50 mA cm™? contained 15 at.% P, a percentage comparable to that of the macroporous Fe-P films
prepared at -1.1 V (14 at.% P). Remarkably, the former were amorphous-like whereas the latter were
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nanocrystalline. This indicates that not only the P content but also the substrate conditioning (planar
vs. patterned) have an influence on the crystallographic structure of the deposits. Both fully dense
and macroporous films showed tunable magnetic response, with saturation magnetization values that
depended on the relative Fe:P:O ratio in the deposits. The macroporous films were magnetically harder in
comparison to the plain films. Besides, wetting of the macroporous surfaces was hindered compared to the
fully dense counterparts, giving rise to higher contact angle values. In spite of their higher hydrophicity,
the macroporous films displayed faster kinetics toward OER. Notice that the reported contact angle values
are static and not dynamic. Therefore, direct correlation between wettability and OER/HER performance
might not be straightforward. Hydrophilic surfaces with large surface area are in principle desired for
OER/HER applications. However, in many cases, higher surface areas are linked to a higher hydrophobic

character, at it is the case here for the macroporous films.
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CONCLUSIONS

The following bullet points summarize the conclusions that can be drawn:

1.

Co-In films prepared by direct current electrodeposition from a chloride-citrate electrolyte show a
magnetic patterning of micrometer size linked to the spatio-temporal patterns spontaneously formed
during their growth. The occurrence of spatio-temporal patterns involves both compositional and

topographical heterogeneities, whose spatial distribution defines the motifs observed.

. The confined electrodeposition of Co-In in arrays of cylindrical cavities reveals that spiral-like

patterns preferentially develop against the mixture of motifs observed for the unpatterned films. The
spiral-like pattern formed in each Co-In microdisk has been studied with a set of surface sensitive
characterization techniques that have disclosed well-defined magnetic, electrical and mechanical

patterning.

Besides the self-organization phenomena observed at surface level, Co-In films exhibit an incredibly
regular layer-by-layer growth mode which spans the whole deposit thickness. Detailed local analyses
of each layer (ca. 175 nm thick) has proven the occurrence of compositional variations parallel to
the substrate plane and a columnar microstructure. As a result of the layer-by-layer architecture, the

films cross-section exhibit a stripe-like magnetic patterning.

Nanoparticles made of Fe and Rh can be obtained by electrodeposition from a Fe(III) containing
electrolyte. The Fe/Rh ratio, size and electrode coverage can be conveniently adjusted by tuning the
current density and deposition time. The obtained nanoparticles exhibit HER activity in alkaline
media. For same particular Fe/Rh ratios, the nanoparticles outperform pure Rh synthesized under

analogous conditions.

Highly-ordered macroporous Fe-P films with variable P contents can be obtained by potentiostatic
electrodeposition in colloidal crystal templates. The resulting films are crystalline, show tunable
magnetic properties, and are more hydrophobic than their fully dense analogues. The macroporous

films show higher OER kinetics in alkaline media.
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FuTURE PERSPECTIVES

Considering the results shown in the preceding sections, we briefly introduce several avenues for

future work:

= In order to improve the adhesion of continuous Co-In deposits produced at current densities beyond
-30 mA cm~2, different substrates could be explored (e.g. copper, brass, stainless steel). This would
allow to investigate whether the size of the spatio-temporal patterns and/or the motif type can be
changed as the absolute value of the current density and hence, the overpotential, is made more

negative.

= The confined electrodeposition of Co-In could be tested on lithographed substrates with arrays of
triangles or squares in order to investigate whether the spatio-temporal patterns can form in non-
circular geometries and if other motifs different from spirals are favored. In addition, the size of
the cylindrical cavities could be progressively diminished in order to find the minimum diameter

required for the spirals to develop.

= To optimize the synthesis of fully dense Fe-Rh films with near equiatomic stoichiometry so that the
formation of the CsCl-type ordered Fe-Rh alloy is guaranteed and to study the antiferromagnetic
(AFM)-ferromagnetic (FM) first-order phase transition by VSM. After electrodeposition, annealing
treatments could be applied in order to increase the crystallinity of the as-deposited film and favor
the formation of the target phase.

= The synthesis of Fe-Rh porous films could be explored and their HER performance compared to that
of Fe-Rh NPs of similar chemical composition. Their electrochemical surface area (ECSA) could be

determined by means of CV in order to have a quantitative comparison of the surface area.

= Regarding the HER performance of both Fe-Rh and Fe-P materials, although the LSV curves provide
information on the onset of HER and the current density involved, the actual volume of hydrogen
gas released remains unknown. The gas could be directly taken from the headspace of the elec-
trochemical cell at different time intervals and injected into a gas chromatograph to determine the

mmol h™'em™ of H, generated.
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» Either annealing of the macroporous Fe-P films or the synthesis from non-aqueous solvents could

be implemented to trigger the formation of the hexagonal 1:1 FeP phase. This phase is claimed to be

one of the most electroactive iron phosphides in OER.
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