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PREFACE

Motivated by the desire to contribute to solving global energy crisis and the alarming
environmental situation by using sustainable resources, this thesis is focused on the fabrication
and characterization of nanostructured materials and their application as catalysts in
electrochemical systems for biomass exploitation, with an emphasis on both electricity

generation and the valorization of biomass-derived products.
Following this central goal, the work is structured into six chapters.

The first chapter introduces biomass as a sustainable alternative resource to fossil fuels and
presents the objectives of this thesis. It outlines the advantages of biomass over conventional
resources and describes current procedures used for its exploitation, both thermochemical and
biological. Additionally, it introduces electrochemical methods, emphasizing their role in both
energy generation and the further valorization of biomass-derived compounds, with a deeper

explanation of the reactions studied in subsequent chapters.

Chapters 2 to 5 detail the experimental work conducted in this thesis. Each chapter illustrates
the synthesis of the different materials, employing strategies to reduce the amount of noble
metals, their subsequent characterization and their application as catalysts in electrochemical

oxidation reactions.

According to the role that biomass plays in the electrochemical system, the experimental section
can be divided into two sub-blocks: energy generation and further valorization of biomass-

derived compounds

The first block, which includes chapters 2 to 4, focuses on the fabrication and application of
several nanostructured materials as catalysts in OER and FOR, for electrical energy generation.
In Chapter 2, the ternary material CoFeP is employed for the OER, while Chapters 3 and 4

investigate the FOR using Pd-based catalysts modified with light elements such as P and H.

In the second block, encompassing chapter 5, the synthesis of Ni-based catalysts and their use
for the electrochemical valorization of glucose is details. GOR is studied due to the large number
of high-value-added products that can be generated using a NiSngg alloy, thereby avoiding the
use of noble metals. By varying the reaction conditions, it has been possible to modulate the

products and electrocatalytic activity, achieving a highly competitive Faradaic efficiency.

13



Finally, chapter 6 offers a general discussion of the experimental section and the obtained
results, followed by the general conclusions of the thesis and a short section on future work of

interest to be done.
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SUMMARY OF RESULTS

The global energy situation coupled with the indiscriminate use of fossil fuels is currently a major
problem for both human health and the prosperity of the planet. Biomass represents a highly
promising renewable resource, and electrochemical processes can serve as an efficient
technology for energy conversion and the sustainable generation of a wide variety of high-value
products. However, the main current challenge is the development of competitive, efficient, and

cost-effective catalysts.

Nanostructured materials are highly valuable in this field due to their large surface area and the
ability to modulate their properties through structural, compositional, and morphological
changes, providing them versatility across a wide range of application fields. Historically, noble
metals such as Pt or Pd have been the primary choice as catalysts due to their remarkable
electrochemical properties despite their high cost, limited availability, and susceptibility to

contamination with CO.

In this context, in the different chapters of the thesis, | detail the work | have undertaken to
produce and optimize different catalysts for application in electrochemical systems, either for
electricity generation or for the valorization of compounds extracted from biomass. Among the
four types of materials produced, two are based on Pd alloys modified to enhance both activity
and stability. In the other two catalysts, | have replaced noble metals with more cost-effective

and abundant transition metals.

In Chapter 2, the development of a bimetallic electrocatalyst based on cobalt-iron oxyhydroxide
derived from cobalt-iron phosphide nanorods is detailed. This material is used in high-
performance anodes for the OER at high current densities, exceeding 1 A cm™. Under alkaline
conditions and anodic polarization, phosphorous depletion and a morphological transition
occur, converting the initial CoFeP nanorods to CoFe oxyhydroxide nanoplates with a high ECSA.
This procedure enables the preservation of the metal homogeneous distribution on the support,

achieving a high density of active sites.

In Chapter 3, the application of the compound PdHoss@C;N as a catalyst in the FOR reaction is
studied. The introduction of hydrogen modifies the electronic energy levels, increasing the
specific activity to achieve a current density of up to 5.6 A-mgpq2, Which is 5.2 times higher than
that of Pd/C. Additionally, the introduction of hydrogen reduces the onset potential and

enhances stability, as it exhibits the slowest current decay compared to the reference
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electrocatalysts. Analysing the results using DFT, it is observed that the d-band of the
PdHo.ss@C;N surface is downshifted, weakening the adsorbate binding and thus accelerating the

rate-limiting step of the FOR.

In Chapter 4, the synthesis of the ternary compound Pd,Sn0sP and the effect of phosphorus
incorporation into the Pd-Sn alloy on the electrocatalytic response for formate oxidation are
detailed. As a result, Pd;SnosP exhibits very high catalytic activity, with record mass current
densities of up to 10.0 Amgps. Additionally, compared to Pd16Sn, not only is the activity
improved, but the stability of the catalyst is also enhanced. To understand how phosphorus
affects the reaction mechanism, the system was studied using DFT calculations, which confirm
that the presence of phosphorus favors the desorption of CO,, thus reducing the energy barrier

of the rate-limiting step.

In Chapter 5, | detail the effect of introducing an oxophilic element into Ni nanoparticles used as
catalysts in the oxidation of glucose. We observed that incorporating Sn not only enhances the
reaction kinetics but also that NiSngs achieves excellent current densities and a Faradaic
efficiency of 93% towards formic acid. A DFT study shows that Sn facilitates the adsorption of
glucose on the Ni surface and promotes the formation of catalytically active Ni®* species. At low
concentrations and potentials, formic acid overoxidation to carbonates reduces the total
Faradaic efficiency, while at high concentrations, the non-Faradaic glucose degradation pathway

is promoted, increasing selectivity towards fructose, acetic acid, and lactic acid production.
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RESUMEN DE RESULTADOS

La situacién energética global, junto con el uso indiscriminado de combustibles fdsiles,
constituye actualmente un grave problema tanto para la salud humana como para la
prosperidad del planeta. La biomasa representa un recurso renovable altamente prometedor, y
los procesos electroquimicos pueden servir como una tecnologia eficiente para la conversion de
energia y la generacidn sostenible de una amplia variedad de productos de alto valor. Aun asi,
el principal desafio radica en el desarrollo de catalizadores competitivos, eficientes y rentables

econdmicamente.

Los materiales nanoestructurados tienen un gran valor en este ambito debido a su gran area
superficial y a la capacidad de modular sus propiedades mediante cambios estructurales,
composicionales y morfoldgicos, lo que les otorga versatilidad en una amplia gama de campos
de aplicacién. Histéricamente, los metales nobles como el Pt o el Pd han sido la eleccidon principal
como catalizadores debido a sus notables propiedades electroquimicas, a pesar de su alto costo,

disponibilidad limitada y susceptibilidad a la contaminacién con CO.

En los diferentes capitulos de la tesis, he detallado el trabajo que he llevado a cabo en la
fabricacion y optimizacién de diferentes catalizadores y su aplicacién en sistemas
electroquimicos, ya sea para la generacién de electricidad o para la valorizacién de compuestos
extraidos de la biomasa. De los cuatro tipos de materiales producidos, dos estdn basados en
aleaciones de Pd modificadas para mejorar tanto la actividad como la estabilidad. En los otros
dos catalizadores, he reemplazado los metales nobles por metales de transicion mas abundantes

y econdémicos.

En el Capitulo 2, se ha detallado el desarrollo de un electrocatalizador bimetdlico basado en
oxihidréxido de cobalto-hierro derivado de nanorods de fosfuro de cobalto-hierro. Este material
es usado en anodos de alto rendimiento para la OER a densidades de corriente elevadas,
superiores a 1 A cm™. Bajo condiciones alcalinas y polarizacién anddica, ocurre una disminucion
de fésforo y una transicion morfoldgica, convirtiendo los nanorods iniciales de CoFeP en
nanoplates de oxihidréxido de CoFe con una alta ECSA. Este procedimiento permite la
preservacion de la distribucion homogénea de metal en el soporte, logrando una alta densidad

de sitios activos.

En el capitulo 3, se estudia la aplicacién del compuesto PdHoss@C;N como catalizador en la

reaccién FOR. La introduccién del hidréogeno modifica los niveles de energia electrénicos,
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incrementando de la actividad especifica, para obtener una densidad de corriente de hasta 5.6
A-mgpqa7L, que es 5.2 veces mayor que la del Pd/C. Ademas, la introduccién del hidrégeno reduce
el potencial de inicio y aumenta la estabilidad, ya que exhibe la menor tasa de decaimiento de
corriente en comparacion con los electrocatalizadores de referencia. Analizando los resultados
mediante DFT, se observa que el d-band de la superficie de PdHqss@C;N se desplaza hacia abajo,

debilitando la unidén del adsorbato y acelerando asi el paso limitante de la reacciéon FOR.

En el capitulo 4, se detalla la sintesis del compuesto ternario Pd.SnosP y el efecto de la
incorporaciéon del fosforo en la aleacion de Pd-Sn sobre la respuesta electrocatalitica para la
oxidacién de formato. Como resultado, Pd.Sng sP presenta una actividad catalitica muy elevada,
con densidades de corriente masiva récord de hasta 10.0 A-mgpq 2. Ademds, al comparar los
resultados con Pd; ¢Sn, no solo se mejora la actividad, sino también la estabilidad del catalizador.
Para comprender cémo afecta el fésforo al mecanismo de reaccion, se ha estudiado el sistema
mediante cdlculos DFT los cuales confirman que la presencia de fosforo favorece la desorcion de

CO,, reduciendo asi la barrera energética del paso limitante de la reaccion.

En el capitulo 5, se estudia el efecto de introducir un elemento oxofilico en nanoparticulas de Ni
como catalizadores en la oxidacion de la glucosa. Observamos que la incorporacion de Sn no
solo mejora la cinética de la reaccidn, sino que también el NiSn0.6 alcanza excelentes densidades
de corriente y una eficiencia Faradaica del 93% hacia el acido férmico. Un estudio DFT muestra
que el Sn facilita la adsorcién de glucosa en la superficie de Ni y promueve la formacién de
especies activas Ni**. A bajas concentraciones y potenciales, la sobreoxidacion del dcido formico
a carbonatos reduce la eficiencia Faradaica mientras que, a altas concentraciones, la
degradacion no Faradaica de la glucosa se promueve, aumentando la selectividad hacia la

produccién de fructosa, acido acético y acido lactico.
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CHAPTER 1

GENERAL INTRODUCTION

1.1. BIOMASS-DERIVED COMPOUNDS

Fossil fuels have played a crucial role as energy sources and chemical feedstocks since the
Industrial Revolution to the present day. Their high energy density, low oxygen/hydroxide
content, easy accessibility and simple implementation compared to other energy sources have
propelled significant technological, social, and economic advancements in society. However, the
exploitation of these compounds has also had several negative impacts on society and the
environment. About 87% of global greenhouse gas emissions is due to the use of fossil resources,
thus they are the primary contributors to global warming, local air pollution and acid rain. In
addition to their harmful effects, fossil fuels pose a long-term challenge due to their status as
non-renewable resources. As extraction becomes more difficult, the cost of these resources will
gradually increase. This dilemma is aggravated by the continuous rise in energy demand, driven
by global population growth, and industrial and technological development, among other
factors. Despite efforts to increase awareness about the negative consequences of their use,
their dominance in critical sectors such as transportation, electricity generation, and industrial

production of chemicals hinders the transition to more sustainable alternatives.

The transition towards renewable and sustainable energy sources and chemical feedstocks has
become indispensable not only to reduce current dependence on fossil fuels but also to mitigate
the adverse effects on the planet. However, it is important to diversify energy supplies to avoid
overexploitation of any of them. One of the foremost renewable energy sources, alongside solar,
wind, and hydroelectric power, is energy derived from biomass, commonly referred to as
bioenergy. Bioenergy accounts for 55% of renewable energy and contributes over 6% to the
global energy supply. Furthermore, the utilization of modern bioenergy has been steadily
increasing by an average of approximately 3% between 2010 and 2022, underscoring its current

significance.!
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Biomass encompasses all organic matter derived from living organisms, including plants,
animals, and microorganisms. It is a very heterogeneous and chemically complex renewable
resource with a chemical composition comprised of C, H, O, and N. Lignocellulosic biomass
stands out as the most abundant and cost-effective biomass source, composed of cellulose,
hemicellulose, and lignin. While cellulose consists of a polysaccharide made exclusively of
glucose molecules, hemicellulose can include a variety of sugars such as mannose, xylose,
arabinose, galactose, among others. Due to its more amorphous structure compared to
cellulose, hemicellulose can be degraded more easily. On the other hand, lignin represents the
most complex and resistant biopolymer, composed of three different phenylpropanoid
monomeric units: p-coumaric alcohol, coniferyl alcohol, and sinapyl alcohol. Additionally,

various lipids can also be extracted from biomass and converted into biodiesel and glycerol.?
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Scheme 1.1. Scheme of some of the possible biomass reaction pathways

The utilization of biomass is characterized by being a carbon-neutral process, which means that
in net terms, it does not contribute to the increase in CO, emissions in the atmosphere. This is
because the CO; released during its use is equivalent to the carbon previously absorbed during
its growth, thus closing the carbon cycle. This aspect justifies the increasing trend in the use of

biomass, as it helps to reduce associated CO; emissions.?

In developing countries, the consumption of fossil fuels is significantly lower compared to
developed nations like the United States, Australia, or Germany. Additionally, in many of these
countries, the generation of biomass waste is considerable due to predominant agricultural

activity and the lack of efficient waste management systems. Despite this abundance, the reuse
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of biomass for energy production remains limited due to the lack of infrastructure and
appropriate technologies for its transformation, as well as a lack of awareness about its

benefits.?

1.1.1. Methods for biomass conversion

The traditional use of biomass has often involved its direct combustion, especially in less
economically developed countries. It remains one of the most utilized methods due to its
simplicity and adaptability of technologies used for fossil fuels. However, comparable to the
situation with fossil fuels, biomass combustion poses health and environmental problems due

to the poor process efficiency.

Besides being an energy source, biomass exhibits remarkable versatility by offering a wide range
of compounds that can be utilized in various applications. This biomass conversion process,
where different compounds are decomposed and transformed into various high-value products,
is known as biorefining.>® These compounds encompass not only fuels but also chemicals,
pharmaceuticals, and a variety of bioproducts applicable to industry. The biorefining processes
can be divided into two main categories: (1) thermochemical methods that include pyrolysis,
gasification or hydrothermal liquefaction and (2) biochemical processes like enzymatic

hydrolysis, anaerobic digestion, fermentation or transesterification.>>®

In thermochemical methods, the organic matter is heated to high temperatures breaking down
the molecules to obtain energy and other valuable compounds. A clear example is the direct
combustion of biomass, in which molecules are heated under an excess amount of oxygen.
Gasification and pyrolysis processes occur when this organic matter is heated under controlled
oxygen levels (gasification) or in the absence of oxygen (pyrolysis). Through gasification, biomass
is converted into primarily gaseous products like syngas, containing CHs4, CO>, H,, and CO, among
others. Pyrolysis mainly yields bio-oil, biochar, and other gaseous and aerosol products,
although varying experimental conditions can result in a greater variety of compounds. The
hydrothermal liquefaction and aqueous phase reforming processes are thermochemical
depolymerization methods performed in a liquid environment, taking place in a chamber at
lower temperatures than the aforementioned processes. These methods involve subjecting
biomass to high pressures, in the presence of water, to enhance the conversion efficiency. While
the hydrothermal liquefaction process yields biocrude oil, fermentable sugars, along with other

valuable byproducts, aqueous phase reforming systems focus on producing gaseous products
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like hydrogen, but also other small carbon molecules, alcohols, and other chemically

functionalized products.

On the other hand, biochemical processes involve the transformation of biomass using
microorganisms, resulting in slower but milder conditions and greater selectivity. Enzymatic
hydrolysis, as its name suggests, employs enzymes to depolymerize biomass to obtain simple
sugars, such as glucose and xylose. Subsequently, these monosaccharides are converted into
derivative compounds such as bioethanol or biobutanol through anaerobic digestion and
fermentation. In anaerobic digestion, specialized bacteria break down organic materials in the
absence of oxygen, producing biogas as a primary final product. Alternatively, fermentation
involves the metabolic action of various microorganisms, such as yeast or bacteria. During
fermentation, sugars are converted into alcohol and other byproducts through biochemical
reactions. Depending on the specific microorganisms and substrate used, fermentation canyield
various end products, with bioethanol being one of the most commonly produced.
Transesterification is a chemical reaction commonly used in the conversion of biomass into
biodiesel. In this process, triglycerides are broken down into fatty acid alkyl esters (biodiesel)
and glycerol. The reaction proceeds through a series of steps where the alcohol molecule
replaces the glycerol backbone of the triglyceride, resulting in the formation of biodiesel and

glycerol as byproducts.

While both thermochemical and biochemical processes are effective, they present several
disadvantages. In the case of thermochemical processes, they require high temperatures and
pressures, leading to significant energy consumption and the generation of greenhouse gases,
detrimental to the environment. Conversely, biochemical processes are known for their high
selectivity and ability to operate under conditions close to ambient, but their main limitation lies
in their relatively slow production rate. Moreover, both the processes and the microorganisms
involved are sensitive to factors such as pH and temperature, meaning that any variation can

negatively impact process efficiency.

1.2. ELECTROCHEMICAL BIOMASS CONVERSION

Electrochemical methods stand out as an alternative to these thermochemical and biochemical
strategies.’ On one hand, these processes can be highly efficient and selective, with mild working
conditions and lower environmental impact. Besides, they facilitate operation across a diverse
pH range, with heightened reaction kinetics. Their scalability is readily achievable, owing to both

process safety considerations and the compounds employed. Furthermore, electrochemical
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methods can be integrated with thermochemical and biochemical processes, thus contributing
to maximizing the performance and sustainability of the biomass value chain. Just like with
previous methods, electrochemical processes can be employed both for energy generation,
using fuel cells, and for obtaining a wide range of derivative products by applying energy to the

system.>%0

1.2.1. Electrochemical cells

Electrochemical cells serve as devices for electrochemical reactions. They consist of two
electrodes, an anode and a cathode, an electrolyte, and an external circuit. At the anode, species
undergo oxidation, releasing electrons that flow through the external circuit, generating
electricity. These electrons are used at the cathode to undergo reduction reactions, thus closing
the circuit. This configuration is primarily used in galvanic cells (fuel cells or batteries) where the
cell voltage is driven by the reaction. In electrolytic cells, an external energy input drives the
chemical reaction. A reference electrode is introduced to control the applied potential. The
positive and negative ions created in the reaction travel through the electrolyte to complete the

circuit and maintain charge neutrality.°

The different types of electrochemical cells can be classified in various ways according to their
characteristics. For instance, they can be classified based on the state of the electrolyte used
(solid, liquid, or gel), as well as by their nature (aqueous, organic, etc.). Additionally, they can
also be categorized according to the membrane used, among other parameters such as
electrode configuration, operating temperature, working pressure, electrode composition, and
the specific application for which they are designed. Another important classification is based
on their mode of operation: batch mode or continuous flow mode. In continuous flow mode,
reactants are supplied continuously, allowing for continuous energy production. The
electrochemical response is often more efficient due to a more effective contact between the
electrolyte and the electrode, leading to higher reaction rates and increased energy conversion
efficiency. However, this setup entails greater complexity in assembly and operation. Multiple
additional factors must be considered, such as flow pressure, flow rate, and system tightness.
On the other hand, in batch mode cells, a specific quantity of reactants is loaded, and the
chemical reaction continues until the reactants are depleted or a specific goal is achieved. The
process is simpler and more direct. By loading a specific quantity of reactants in a single
operation cycle, the need for continuous material supply is avoided. This results in quicker and

easier assembly and disassembly.
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Figure 1.1. Schematic representation of the two main electrochemical cell configurations:

Single-chamber (a) and two-chamber configuration (b).

Additionally, the first type of cells can also be classified according to whether they have a single-
chamber or two-chamber configuration separated by a membrane (Figure 1.1). Those with a
single chamber allow reactants to mix freely, while two-chamber cells separate the anodic and
cathodic reactions using a selective membrane to prevent unwanted sub-processes. The main
drawback of this second type is the increased system resistance due to the separation of the
electrodes and the introduction of the membrane. Nonetheless, due to their simplicity and ease
of assembly, both single-chamber and two-chamber configurations have been explored

throughout the thesis.

1.2.2. Fuel cells

Fuel cells are devices where the chemical energy of the fuel is converted into electricity through
redox reactions. When the fuel is supplied to the anode it oxidizes, releasing electrons that travel
through an external circuit to the cathode, generating electricity. Fuel cells stand out in the
search for sustainable solutions to satisfy energy demands for their high efficiency, eco-
friendliness, and reliance on abundant and renewable fuel resources. Moreover, fuel cells
facilitate the creation of simple and portable systems, demonstrating their versatility in

application.

Fuel cells and batteries have the common aim of converting chemical energy into electricity. **

Their operational distinction lies in the fact that while batteries harness the chemical energy
stored in their electrodes, fuel cells rely on the chemical energy of a supplied fuel. Fuel cells

theoretically offer unlimited operational time, subject to enough reactants in the electrolytic
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medium and effective separation of the generated products. In contrast, batteries have a finite

operational lifespan, requiring replacement or recharging after a certain period of use.!?

In recent years, various types of fuel cells have been developed, such as SOFC, MCFC, AFC, PAFC
or PEMFC (Table 1.1). Among them, PEMFCs have gained significant importance due to their
versatility in various applications, especially in the automotive industry.?* They use a solid
polymer as an electrolyte and Pt-based catalyst. These cells are known for their high-power
density, fast start-up time, high efficiency, and low operating temperature. However, PEMFCs
use pure H, as fuel, which needs to be stored under high pressure and handled properly.

Additionally, H; is flammable and requires careful transportation.

As an alternative, DLFCs have been extensively investigated especially in mid-size power
applications ranging from a few hundred watts to around 3 kW. In these cells, liquid fuel is
introduced at the anode, while O, is used at the cathode. They exhibit a higher volumetric energy
density, benefit from a well-established infrastructure, and are easier to store and transport
compared to PEMFCs. Moreover, liquid fuel cells tend to have simpler system designs and can
operate at lower temperatures, reducing the complexity and cost of thermal management
systems. Besides the intrinsic characteristics of fuel cells, DLFCs can be categorized based on the

type of fuel utilized in their operation.

Table 1.1. Overview of leading DLFC technologies. Adapted from Francisco et al published

review.
Energy
Fuel E° (V) density Anode Reaction (Dis)Advantages
(WhL?)

e High energy density
e Fast start-up
e High efficiency
H2 1.23 2350 Ho> 2H"+2e e Clean technology
e Careful storage and transport
e Expensive infrastructure
e Flammable

e High energy density

e Cheap fuel
CHsOH + H,0 > e Easily handled, stored and transport
Methanol 1.21 4820 .
CO; + 6H* + 6e e High fuel crossover
e Toxic fuel

e Low cell voltage and efficiency
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Ethanol

Propanol

Ethylene

glycol

Glycerol

FA

Dimethyl

ether

Furfural

Cyclohexane

Decalin

1.15

1.12

1.22

1.21

1.45

1.20

1.16

1.06

1.09

6280

7080

5800

6400

2110

5610

3915

1578

1893

C,HsOH + 3H,0 >

2CO; + 12H* + 12e

C3H;0OH + 5H,0 -

3CO; + 18H* + 18e

C2H502 + 2H20 ->
2C0O; + 10H* + 10e

C3HgOs + 3H,0 >
3CO; + 14H* + 14e

HCOOH -
COz + 2H* + 26

(CH3),0 + 3H,0
9
2C0, + 12H* + 12e
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Fuel easily produced and storage
Relative Non-toxic

high energy density

Slow oxidation

Difficult complete reaction, side
products

Fuel crossover

High electrochemical energy density
Safe handling
Many unwanted byproducts

Non-volatile

High fuel volumetric energy density
Existence of distribution
infrastructure

Difficult complete oxidation

Low power density and cell voltage
High cost

Fuel crossover

Pt usually used as catalyst.

Really low cost

Non-toxic, non-volatile, non-
flammable

High energy density

Early research phase

Non-toxic, non-flammable

Mil operation conditions

Limited fuel crossover

Rapid electrooxidation

Higher theoretical cell potential and
power energies

High fuel cost

Low volumetric energy density

CO poisoning

Well stablished storing and handling
technologies

Non-carcinogenic, non-toxic, non-
teratogenic and non-mutagenic
Less toxic than methanol

volatile

formaldehyde and methanol as
byproducts

Electrochemical activity lower than
methanol

High energy density

Regenerative fuel cell

Low power density

Need a development of effective
catalyst

Non-volatile

CO free



Dodecahydro- e High OCV
N- e Regenerative fuel cell
1.18 1715 - L t densit
ethylcarbazol e Low current density .
e Need a development of effective

e catalyst

e Fuel availability and cheap.
CeH1206 + H20 > e Non-toxic
Glucose 1.26 4430 CeHyO7+2Hr+2 | ° Highenergy density
e Low electrochemical efficiency
€ e Many Byproducts
o Difficult complete oxidation
e Chemically stable, available
NHsBH, + 6OH- > e High enérg?/ den5|ty.
Ammonia e Non-toxic, inexpensive
1.62 8400 NHs* +BO2" +4H20 + o The hydrolysis lower cell efficiency

6e- e Crossover

borane

e Complex equipment to eliminate H,
e Farfrom commercialization
e Clean oxidation

1/3NH3 + OH- > e Power density higher than H,

Ammonia 117 1704 1/6N + 1/2H;0 + e Need to be used in aqueous solution

(35 wt%) e Toxic

€ e Catalyst degradation
e Crossover
e No CO produced
e High power density
e High open circuit potential

Sodium L6a 2940 BHs + 8 OH > e Quite toxic
borohydride (30 wt%) BO; + 6H,0 + 8e- e Hydrogen oxidation competition

e Observed OCV much lower
e Commercialization problems
e Noble metal catalysts
e High energy density
e Easy transport,

CO(NH2)2+
e Non-flammable, non-toxic

60H™ > e Non-volatile

CO; + N2+ 5H0+ | e Sluggish electrokinetics

Urea 1.15 4694

6o e Dominant OER
e Low durability
e Declined power output
e High rection rate
e Non-toxic, environment-friendly

L-C¢HgO
sHsOs = e |nexpensive

Ascorbic acid 1.23 - CeHsOg +2H* + e Low crossover

2e- e Low power
e Early research phase
e Far from commercial
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1.2.3. Electrochemical valorization of biomass-derived intermediates

Once the biomass is fractioned, the small constituent molecules can be further modified
precisely into a variety of high-value products through electrochemical methods, either by
adding or removing functional groups (Table 1.2). This ability for molecular manipulation quickly
and efficiently not only offers great flexibility in organic compound synthesis but can also be
tailored to various industrial needs and specific applications. Additionally, the low energy
consumption associated with electrochemical methods makes them an attractive environmental

option. Thus, they contribute to the sustainability of biomass transformation processes. >18

Table 1.2. Summary of electrochemical valorization chain from biomass-derived compounds.

Adapted from Francisco et al published review.®

Biomass . .
Intermediate products Final product
groups
Glyceraldehyde, glyceric acid, formic acid, glycolic
acid, oxalic acid, tartronic acid, 1,3-

Glycerol . . . .
dihydroxypropan-2-one, 2-oxomalonic acid, lactic
acid

Acetol 1,2-propanediol, acetone, 2-propanol

Ethanol Acetaldehyde, acetic acid, ethyl acetate

Polyols . . .

Xylose Xylonic acid, xylitol, d-valerolactone
Gluconic acid, glucaric acid, glyceraldehyde,

Glucose glyceric acid, tartronic acid, glycolic acid, oxalic
acid, formic acid, sorbitol,

Galactose Galactonic acid

Mannose Mannonic acid
2,5-dihydroxymethyl furan, furandicarboxylic acid,

Hydroxymethyl furfural = 2,5-diformylfuran, 2,5-dihydroxymethylfurfural, 2,5-
hexanediol, 5-methylfurfural

Furans 2-methylfuran, furfuryl alcohol, furoic acid, maleic
acid, 5-hydroxyfuroic acid, 5-hydroxy-2(5H)-

Furfural . .
furanone, 1,5-pentanediol, hydroxyfuroin, 2,5-
dimethyltetrahydrofuran

. Levulinic acid Valeric acid, valerolactone, 2,7-octanedione
Carboxylic
acids .
2,7-octanedione n-octane
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4-hydroxy-2-butanone 1-butanol

Valeric acid n-octane

Lactic acid Lactaldehyde, acetic acid

Pyruvic acid Lactic acid

Itaconic acid Methylsuccinic acid, 2,5-dimethyladipticacid
Maleic acid Succinic acid

L-glutamic acid 3-cyanopropanoic acid

3-cyanopropanoic acid = Adiponitrile

L-cysteine L-cysteric acid
L-phenilalanine Benzyl cyanide
L-isoleucine 2-methylbutyronitrile
L-alanine Acetonitrile, 2-aminopropan-1-ol
L-valine Isobutyronitrile
) ) . Glycolonitrile, ethanolamine, 2-aminopropane-1,3-
Amino acids L-serine )
diol
L-threonine Lactonitrile, 1-amino-2-propanol
L-glutamine 3-cyanopropionamide
L-aspargine Acetamide

. . 3-cyanopropionic acid, pyruvic acid, succinonitrile,
L-aspartic acid . . _ .
2-aminobutane-1,4-diol, 2-oxosuccinic acid

L-arginine N-(3-cyanopropyl)-guanidine

) 5-aminopentanenitrile, 1,5-pentanediamine, 5-
L-lysine . .
aminopentanamide

L-prolyne 2-pyrrolidone
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1.3. BASIC ELECTROCHEMICAL REACTIONS STUDIED

Numerous electrochemical reactions have been observed to employ both biomass and its
constituent molecules, obtained through biorefinery processes, for both energy generation and
subsequent modification to obtain derivative compounds. To optimize the response of each of
these processes and make them more efficient, understanding their mechanisms and

characteristics is essential.

One of the most important reactions studied in energy-generating devices is the OER mainly for
its involvement in key energy technologies such as electrolyzers and metal-air batteries.
Understanding this reaction is also crucial because it competes with biomass oxidation reactions,

potentially reducing their efficiency.

The oxidation reaction of FA/formate has been also extensively researched for its application in
DLFCs. This reaction enables rapid electrooxidation, higher theoretical cell potential, and power
energies under mild conditions. On the other hand, the oxidation reaction of glucose has been
extensively studied for its versatility in obtaining derivative products, which is of great interest
to the industry. Finally, ORR and HER are the primary reactions occurring at the cathode of an

electrochemical system, where they capture the electrons generated at the anode.

1.3.1. Oxygen evolution reaction

The OER is an important electrochemical process applied to energy storage, in metal-air
batteries, or coupled with cathodic electrochemical conversions such as CO2RR or water
splitting. The OER in alkaline media follows the overall four-electron transfer process with a

formal potential of 1.23 V vs RHE:

A40H > 0,+2H,0+4 e

However, the reaction proceeds through different elementary steps, and they require the
application of an overpotential to take place. The oxygen precursors involved in the reaction
depend on the pH of the medium. Under basic conditions (Figure 1.2), the precursor is OH",
whereas under neutral or basic conditions, it is H,O. The OER typically proceeds through two

possible pathways:*
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0,+H,0+e OH
2 2 M

OH- 0, e
J

o

H,O+e

Figure 1.2. Conventional OER mechanism under alkaline conditions.

On one hand, the reaction can proceed via the AEM. In this reaction, a molecule of OH" is
adsorbed onto an active site and undergoes oxidation progressively until forming O, which is
then desorbed. On the other hand, the OER can also occur via the 12M mechanism. In this
pathway, M-O species are formed through the same process as in the AEM, but instead of
oxidizing to MOOH, this MO species couples with another MO species to form first the M-0-O-

M species and finally O,, which desorbs.

These reaction mechanisms are suggested with the premise that OER is a surface phenomenon
on the catalyst, involving the adsorption and transformation of various precursors in solution
and a change in valence state at the active sites. However, in certain transition metal oxides,
destabilization occurs, elucidated by another mechanism involving oxygen from within the
catalyst structure. This mechanism is referred to as the LOM. In these pathways, the release of
oxygen creates a vacancy in the lattice that is subsequently filled by the insertion of OH/H,0

species.

1.3.2. Formate oxidation reaction

FA, with the chemical formula HCOOH, is the shortest chain carboxylic acid, composed of a single
carbon atom. It is a biodegradable compound, relatively non-toxic, and mildly corrosive.
Moreover, it is more economical compared to similar compounds. These properties make it
widely utilized in the chemical industry, it serves as a preservative and finds application in the
production of pharmaceuticals, dyes, agricultural products, and cleaning agents, among other

uses. It is also a common additive and preservative in the food industry.

Recently, it has gained considerable interest as a hydrogen donor agent, being employed in
various chemical processes. Compared to molecular hydrogen, it is more advantageous in terms

of transportation and storage safety. Its short-chain structure ensures that its dehydrogenation
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results in only CO; and H;, making it a promising candidate as a hydrogen storage material. With
a high volumetric hydrogen content, 1L of liquid FA contains 26.5 moles of H, (53 g Hy/L).
Additionally, this dehydrogenation reaction can be achieved under mild conditions. Similarly, it

can also be utilized for CO storage, as the dehydration reaction produces H,0 and CO.

In addition to the previously mentioned applications, FA/formate is gaining interest as a
precursor in DLFCs.? This type of cell is appealing due to its high effectiveness in operating
portable devices, in terms of transportation, storage, utilization, and safety of liquid fuels.
Although traditionally acidic conditions and other compounds like methanol or ethanol have
been used, direct formate fuel cells have stood out for their high oxidation kinetics and high
theoretical cell voltage of 1.45 V, but also for their ease of transportation and storage due to

being a solid compound under ambient conditions.

The main drawback of using formate as an energy source in an electrocatalytic process is the
catalyst contamination and deactivation during the oxidation process. The oxidation of formate
is a 2-electron process, but the reaction mechanism has two possible pathways. On one hand,
there is direct oxidation where formate is converted to CO,, which is the most efficient and
favourable reaction. On the other hand, there is indirect oxidation which generates CO as an
intermediate. This CO can strongly adsorb to the surface of catalysts, leading to the deactivation

of active sites and thus inhibiting the process.

1.3.3. Glucose oxidation reaction

Glucose is a monosaccharide aldohexose containing six carbon atoms, one of which forms part
of an aldehyde group, while the others are bonded to hydroxyl groups. Glucose stands out for
its abundance, making it an attractive option for various applications. Besides being a key
component in human nutrition, it is used in the production of biofuels, bioplastics, and industrial
chemicals. Its availability, low cost, and non-toxicity make it particularly valuable in fields such
as biotechnology and medicine, where it is utilized in drug manufacturing and tissue
engineering, among other innovative applications. Primarily, glucose is derived from biomass

sources such as cellulose and hemicellulose through enzymatic or chemical hydrolysis processes.

The oxidation of glucose has been extensively studied for its application in both biotic (enzymatic
and microbial) and abiotic fuel cells, as well as in sensors. In most of these applications, glucose
reactivity is based on the oxidation of the two functional groups located at the end of the
molecule. Initially, the oxidation of the aldehyde group to form an acid group results in gluconic

acid. Subsequently, the oxidation of the hydroxyl group yields glucuronic acid and glucaric acid.
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The performance of fuel cells using glucose as a fuel is inferior to that of other compounds such
as ethanol, methanol, FA or glycerol. For this reason, and due to the wide range of products
obtained through its oxidation, glucose has recently been investigated as a precursor for
obtaining other industrially and medically relevant products. In addition to the products
resulting from the oxidation of the functional groups, such as gluconic acid and glucaric acid,
other compounds with shorter chains can be obtained through C-C bond cleavage. Some notable
examples include glyceric aldehyde, tartronic acid, glycolic acid, glyceric acid, oxalic acid, and
especially FA. Furthermore, through isomerization reactions, fructose can be obtained, from

which lactic and acetic acid, among others, can be derived.

1.3.4. Oxygen reduction reaction

As previously explained, fuel cells involve two interconnected processes. While oxidation
reactions such as FOR or GOR occur at the anode, reduction reactions take place at the cathode,
utilizing electrons provided in the other half-reaction. Typically, during FOR or GOR processes,
the ORR occurs at the cathode.'®?! This reaction is not only important in fuel cells but also in
storage devices, such as metal-air batteries. The ORR is a multi-step reaction that follows a four-
electron pathway, directly resulting in the production of H,0 in acidic medium, or OH- in alkaline

medium:

0, + 2H,0 + 4e = 40H"

Despite the reaction being possible in both acidic and basic pH, in alkaline media, a less corrosive
environment is provided to the catalysts, and the kinetics of the ORR are faster compared to
acidic media. There are two main pathways in the ORR. On one hand, the reaction can occur via
the direct pathway, which involves 4 electrons. On the other hand, it can also take place via the

indirect conversion:

0, + H,0 + 2e” > HOy

HO; + H,0 + 2e” - 30H"

2 HOy - 20H + 02

The GOR can be also coupled with the HER, as an alternative to the OER (1.23V vs RHE) due to

the lower oxidation potential (0.05 V vs RHE) that presents GOR.
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1.3.5. Hydrogen evolution reaction

The search for sustainable alternatives to fossil fuels has triggered renewed interest in hydrogen
as a clean and highly efficient energy source. Currently, it has been demonstrated to be a fuel of
significant interest for various types of vehicles, as its combustion only yields water, unlike fossil
fuels. From its negligible levels in 2020, the production of clean hydrogen, both for its direct use
as well as for the production of derivative fuels, is expected to increase to more than 500 million
tons by the year 2050. This significant increase in clean hydrogen production underscores the

need to seek and optimize different methods for its generation.??

There are indeed various methods for obtaining H, from biomass, such as gasification or
pyrolysis. However, it has been observed that electrochemical methods are a sustainable and

efficient alternative for production. 23

The HER is one of the fundamental reactions in electrochemistry, in which H; is obtained through
the reduction of H® or H,0 from the electrolytic medium. There are two reaction mechanisms
during water electrolysis depending on how H.q4s reacts: Volmer-Tafel, where Hads reacts with
another nearby H.qs, and Volmer-Heyrovsky, where Hads reacts with precursors in the medium.
Moreover, the HER mechanism varies significantly depending on the pH conditions (Figure 1.3)

in which it occurs.?*#?°

Tafel reaction Heyrovsky reaction Tafel reaction Heyrovsky reaction

% e " ® (' W )
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Volmer reaction Volmer reaction
(acidic media) (basic media)

Figure 1.3. Reaction mechanisms of HER on an electrode surface in acid (left) and alkaline (right)

conditions. (Extracted from: Copyright 2019, Elsevier Ldt. %)

The first step of the reaction involves reducing a precursor to obtain adsorbed hydrogen on the
catalyst surface. Subsequently, the formation of H, occurs through two possible processes: on

one hand, via the Heyrovsky step, where Hads reacts with a species in solution, undergoing
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reduction, or through the Tafel step, where the reaction takes place between two adsorbed

hydrogen species.

1.4. ELECTROCATALYSTS

The cost-effective implementation of electrochemical processes for biomass conversion
depends largely on the process's effectiveness. In biomass electrooxidation processes, the OER
can pose a challenge because these reactions are typically performed in alkaline media with a
higher concentration of OH than biomass reagent. This concentration disparity leads to
competition between the OER and biomass conversion, which reduces the biomass conversion
efficiency. To address this challenge, working potentials are adjusted to hinder or reduce the
OER intensity. In this context, catalysts play a crucial role by being selected in a manner that not
only inhibits the OER but also enhances the desired conversion, thus ensuring an optimal and

sustainable process.?’

Electrocatalysts are fundamental. In electrocatalytic reactions, the interface between the
catalyst and the reaction medium is critical, as it is the surface atoms that dictate the specific
reaction rate. The low coordination of surface atoms on the catalyst is the essence of catalysis,
as surfaces with low coordination exhibit higher surface energy, resulting in increased reactivity

for reagent adsorption. Nanomaterials providing high surface areas are fundamental.28-3°

1.4.1. Synthetic methods

The performance of electrocatalytic nanomaterials is heavily influenced not just by their
composition but also by their structure and morphology. Hence, ensuring precise control and
uniformity over the particles produced becomes imperative for their optimization. There are
numerous techniques for synthesizing these materials, which can be classified into two main
groups: bottom-up and top-down. While top-down methods involve the degradation or breaking
down of macroscopic materials to reduce their size to the nanoscale, bottom-up methods
involve the combination of atoms or molecules to form particles or compounds within the

required range, with colloidal methods being an example of this second approach.

Thermal decomposition methods are widely used for their ability to precisely control both the
morphology and composition of particles, all without the requirement of extreme pressure or
temperature conditions or costly equipment. Moreover, they enable the production of a diverse
array of NCs, ranging from simple oxides, chalcogenides or metals to more complex structures

like core-shells or Janus particles.3!
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Figure 1.4. Schematic representation of the steps involved in the NCs formation.

In these methods (Figure 1.4), the soluble precursors decompose with temperature, typically
within the range of 180 to 340°C, leading to the formation of atomic units (or monomers). In the
presence of a reducing agent, monomers assemble to form small nuclei, which subsequently
grow to eventually form nanostructures. Ensuring monodispersity of the NCs requires a distinct
separation of the nucleation and growth phases. This is accomplished by inducing
supersaturation to accelerate nucleation. Once nucleation initiates, the concentration
diminishes, thereby halting further nucleation. The remaining monomers then bind to the nuclei

to facilitate the continuation of the growth process. 32734

There are two main types of thermal degradation methods: heat-up and hot-injection
methods.3> Both methods are based on the same principle of creating supersaturation but differ
in the timing of adding the reactants. In the hot-injection method, compounds are injected at
high temperatures, creating an instantaneous supersaturation of monomers, leading to rapid
nucleation.®® In contrast, in the heat-up method, precursors are first added, and then the
temperature is gradually increased. In this latter method, nucleation takes place once the
concentration reaches a critical value, which depends on the nature of the reactants and the

reducing agent.?’

The main issue with these compounds is that their high surface energy makes them more
reactive and prone to aggregation. To prevent particle aggregation and control their
morphology, capping agents (as surfactants, polymers or polyelectrolytes) are employed. These

substances adhere to the surface of NPs, preventing their aggregation either through steric
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hindrance or electrostatic repulsion, thereby inhibiting their union with other particles.
Moreover, these surfactants preferentially adhere to specific structural faces, depending on the
nature of the compounds involved. This selective adhesion enables control over particle shape,

allowing for the synthesis of spheres, cubes, rods, and so forth.

The high reactivity of the particles, as well as some of the reagents used, makes them prone to
oxidation, especially at the relatively high temperatures involved. For this reason, the Schlenk
line is used for their synthesis. Before synthesis, vacuum conditions at around 100°C are applied
to remove oxygen, water, and other organic impurities, thus preventing the uncontrolled

oxidation of the precursors. Subsequently, an inert atmosphere is introduced.

1.4.2. Noble metal-based catalysts

As previously mentioned, the presence of catalysts has become crucial for the application of
electrochemistry and the development of various reactions. Noble metals exhibit remarkable
versatility, demonstrating high performance across a diverse range of reaction conditions. They
are capable of maintaining their catalytic activity under varying pH levels, temperatures, and

reaction environments.

The main drawback of these noble elements lies in their scarcity and high cost, which limits their
widespread application in many industrial processes and emerging technologies. Consequently,
there is a continuous need to search for alternatives and strategies to reduce dependency and

maximize their efficiency and sustainable use in industry and technology. °

Different strategies can be considered to reduce dependency on noble elements as catalysts: (1)

reducing the amount, (2) alloying, or (3) substitution with other elements.

To decrease this dependency, taking into account their high cost, the first strategy involves
modifying these compounds to increase their activity. This way, the amount used can be reduced
while maintaining the same effectiveness. There are multiple strategies available for this
purpose, such as structural and morphological modification of catalysts, as these factors play a
fundamental role in NCs. Additionally, reducing the particle size or improving their dispersion on
different substrates can increase the available surface area, thus enhancing catalytic

performance.

The incorporation of other elements has emerged as the main strategy for reducing the

utilization of noble metals. Research efforts have been directed towards the formation of a
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diverse array of compounds, including metal alloys, oxides, chalcogenides, phosphides, and
more. However, a challenge associated with these compounds lies in their synthesis. Given their
complexity, precise control over nucleation and growth of the two or more elements introduced
is essential. Nevertheless, thanks to extensive research over the past decades, significant

progress has been made in achieving this control.

These compounds not only enhance the activity of monometallic catalysts but also introduce
new properties or modify existing ones. In the field of heterogeneous catalysis, the incorporation
of multiple elements opens a range of possibilities due to finely tuning the electronic structure
through controlled modification of the composition and structure of NPs. For example, the
presence of certain elements can promote the adsorption and activation of specific substrates,
promoting biomass oxidation reactions and inhibiting oxygen evolution. Another advantage of
introducing a second or third element is the improvement in catalyst stability. Depending on the
reaction being used, especially in the oxidation of organic compounds such as FA or methanol,
noble elements like Pt or Pd can become contaminated due to the production of intermediates
such as CO. The introduction of poisoning-tolerant materials such as Ni, Co, Fe or Sn promotes

the degradation of poisoning species, extending the material's durability.

Finally, another strategy to reduce dependency on noble metals is their substitution with other,
more cost-effective elements. In biomass oxidation reactions, transition metals such as Fe, Co,
Ni, or Cu have shown significant activity, often surpassing that of Pd or Pt. However, the primary
challenge with these compounds lies in their low stability under extreme pH conditions,
particularly in acidic environments. Nonetheless, oxidation reactions of compounds like FA or
glucose tend to be more efficient under alkaline conditions. In such conditions, metal surfaces
tend to oxidize, forming oxyhydroxides at working potentials, which have demonstrated

considerable oxidizing activity and high stability.

1.5. OBIJECTIVES

The general objective is to fabricate efficient catalysts to exploit completely the properties of
biomass and its derivatives, thereby reducing the reliance on fossil fuels and initiating a reversal
of the pollution and global warming situation. To achieve this, the thesis focuses on the synthesis
of nanostructured materials using chemical methods to attain high activity and stability for
oxidation reactions under alkaline conditions. To achieve this, this thesis presents several main

objectives:
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1. Develop and optimize colloidal synthetic methods to prepare NPs with controlled
composition, structure, and morphology.

2. Establish the possibility of reducing or entirely eradicating the utilization of toxic or costly
elements while achieving a material with superior electrochemical properties compared to
previously documented analogues.

3. Elucidate the mechanism governing electrochemical reactions, investigating the processes
and interactions dictating the conversion.

4. Establish a correlation between the electrocatalytic behaviour and the composition of the

nanostructured compounds employed in the different oxidation reactions.

To achieve these general goals, more specific objectives have been established for each of the

chapters of these thesis.

In the second chapter, the goal is to fabricate CoFeP nanoparticles as catalysts for the OER
reaction and determine the mechanism by which phosphorus modifies the material

electrocatalytic properties.

In the third and fourth chapters, the objective is to enhance the electrocatalytic properties of Pd
by incorporating light elements such as P or H, as well as other metals like Sn. The aim is to
establish experimentally and theoretically how these elements affect the active sites in the

formic acid oxidation reaction.

In the fifth chapter, the goal is to introduce an oxophilic element, such as Sn, to Ni nanoparticles
to enhance their activity and efficiency in the GOR. In addition to elucidating the mechanism of
GOR, the objective is to establish theoretically and experimentally the effect of Sn on Ni active

sites and glucose molecules.
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CHAPTER 2

Cobalt-iron oxyhydroxide obtained from the metal
phosphide: a highly effective electrocatalyst for the
oxygen evolution reaction at high current densities.
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2.1. ABSTRACT

The development of high current density anodes for the OER is fundamental to manufacturing
practical and reliable electrochemical cells. In this work, we have developed a bimetallic
electrocatalyst based on cobalt-iron oxyhydroxide that shows outstanding performance for
water oxidation. Such a catalyst is obtained from cobalt-iron phosphide nanorods that serve as
sacrificial structures for the formation of an oxyhydroxide through phosphorous loss
concomitantly to oxygen/hydroxide incorporation. CoFeP nanorods are synthesized using a
scalable method using TPOP as a phosphorous precursor. They are deposited without the use of
binders on NF to enable fast electron transport, a highly effective surface area and a high density
of active sites. The morphological and chemical transformation of the CoFeP NPs is analysed and
compared with the monometallic cobalt phosphide, based on the structural and chemical
characterization of the materials in alkaline media and under anodic potentials. The resulting

bimetallic electrode presents a Tafel slope as low as 42 mV dec? and low overpotentials for OER.
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For the first time, an anion exchange membrane electrolysis device with an integrated CoFeP-
based anode was tested at high current densities of 1 A cm, demonstrating excellent stability
and Faradaic efficiency near 100%. This work opens up a way for using metal phosphide-based

anodes for practical fuel electrosynthesis devices.

2.2. INTRODUCTION

The production of fuels by electroconversion coupled with renewable sources is one of the
backbones of a sustainable energy future. In most of these systems, such as the electrosynthesis
of H, NHs, or CO; reduction products, the corresponding cathodic reaction is usually coupled to
the OER. Nevertheless, OER is the most sluggish reaction in the overall process and its complexity
derives from the four reaction steps associated with this reaction. Consequently, a rational
design of the anode requires strategies for overcoming these drawbacks. The use of multi-
metallic catalysts is advantageous as can provide appropriate metallic sites for achieving a more
effective reduction of the energy barriers associated with each step.? To this end, a dispersion
of metallic atoms in the electrode frame and skeleton should be ensured to achieve an adequate
density of active sites with adjacent locations of the metallic sites to reach high production rates.
Furthermore, this rational design of the anode must take into account its electrical conductivity
to guarantee adequate electron transport, the mass transport to or from the active sites to
prevent diffusion limitations and also the increase of the kinetic rate constant associated with

the reactions taking place in the active site.

The use of metal oxides as electrocatalysts has the limitation of their low conductivity. Among
the alternative compounds proposed, TMPs are excellent candidates, as some of them present
metallic-like properties and exhibit much higher conductivities® than the corresponding metal
oxides. TMPs have attracted much interest as electrocatalysts for water splitting for both half-
reactions, HER and OER.Y7 In this context, cobalt, iron and the corresponding bimetallic
phosphides have been reported as electrocatalysts for OER, displaying low overpotentials.”2 So
far, most of these studies have been focused on the electrocatalytic activity at low and medium
currents (10-50 mA cm) while working at high current densities, > 1 A cm?, has barely been
studied despite its relevance concerning the demonstration of industrial feasibility. For
achieving such high production rates, more attention must be paid to different features such as
high active site density, high turnover frequency and efficient mass transport of the chemical

species from and toward the electrocatalysts to optimize the reaction overpotentials.
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However, most metal transition compounds are not stable under the oxidizing conditions of OER
and the influence of the chemical transformation of these materials in the catalytic reaction
should be considered.®*! Usually, metal (oxy)hydroxides are generated in situ at the surface of
oxides, selenides, or even phosphides.>*191271% |n some cases, the transformation is not only
limited to the surface, and also affects the electrocatalyst bulk, which can be detrimental if the
new material possesses low conductivity. A detailed analysis of the material conversion and the
role of the non-metallic element needs to be faced for a complete rational design of the anode.
Metal (oxy)hydroxides are well known to have a high electrocatalytic performance, providing

1820 |n fact, for these

highly active sites for OER,>*>"Y7 especially those containing Fe, Co or Ni.
materials, the combination of Fe with Ni or Co has led to improved activity.?! The enhancement
of the electrochemical activity for OER in bimetallic CoFe-based electrocatalysts compared with
the corresponding monometallic compounds has also been corroborated by observing a
decrease in the overvoltages.*?>* This is a critical aspect in the design of the anodes for

achieving commercially viable electrolysers for fuel production.

In this work, we report on a detailed investigation of CoFe bimetallic phosphide and the
transformation mechanism in alkaline electrolyte leading to high performance anodes for OER
at high current densities, >1 A cm™. The rational procedure to prepare the electrodes involves
as the first step, the synthesis of tiny nanorods mainly composed of CoFeP. They are obtained
by a “heating up” process, using triphenyl phosphite which is advantageous against other
phosphorous precursors because is air-stable and inexpensive.”> A NF substrate has been
selected as a 3D scaffold of the electroactive material because of its high conductivity and porous
structure. The simplicity of the method employed for loading the electrocatalyst should be
highlighted because of its potential scalability and the fact that no additives or heat treatments
are used. The CoFeP/NF electrodes were characterized from a morphological, structural,
physicochemical and functional point of view before and after OER in alkaline electrolyte. The
most significant results concern the depletion of phosphorus (linked to the formation of CoFe
oxyhydroxide) and the radically different morphology between the initial nanorod-like shape
found in the CoFeP powder and the nanoplate-like shape of the oxyhydroxide after OER. All of
these characteristics allow a rational design of the anode for working at high current densities.
Then, the effectivity of the proposed strategy for the anode design is tested for reaching 1 A cm-
2 for OER. The significance of the transformation of the bimetallic phosphide into a bimetal

oxyhydroxide and the role played by phosphorus have been corroborated.
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2.3. EXPERIMENTAL

2.3.1. Synthesis of colloidal CoFeP NPs

For the synthesis of the CoFeP NPs,% 2.4 g (10 mmol) of HDA (90%, Acros Organics) were mixed
with 10.0 mL of ODE (90%, ACROS Organics) and 2.6 mL (10 mmol) of TPOP (99%, ACROS
Organics) in a 50 mL flask. The system was degassed, heated to 130 °C and kept at this
temperature for 1 h to remove low boiling point impurities, moisture, and oxygen. Then, the
mixture was cooled down to 60 2C and 4 mL of ODE containing 380 mg (1 mmol) Co»(CO)s (95%,
ACROS Organics) and 0.3 mL (2 mmol) Fe(CO)s (Sigma Aldrich) were added. Firstly, the
temperature was increased to 230 2C, and then stirred for 30 min, secondly heated to 300 2C
for 40 min and kept at this temperature for 1 h. Finally, the system was allowed to cool down to
200 °C by removing the heating mantle and subsequently cooled rapidly down to room
temperature with a water bath. The product was precipitated using acetone and centrifuged for
3 min at 7500 rpm. To remove organics, three dispersion and precipitation cycles using
chloroform and acetone were additionally carried out to obtain a cleaner CoFeP precipitate. To
synthesize the Co,P NPs used as reference material, an identical procedure was followed but

without adding the iron precursor.

2.3.2. Ligand removal

10 mL of a dispersion CoFeP or CozP in hexane (10 mg mL?!) was mixed with 10 mL acetonitrile
to form a two-phase mixture. Afterward, 1 mL HBF, solution (48%) was added. The resulting
solution was sonicated until the NPs transferred from the upper to the bottom layer. Finally,
these NPs were washed with ethanol three times and dispersed in 10 mL ethanol with around

0.5 mL of DMF for further use.

2.3.3. Electrode preparation

First, NF substrates were cleaned in an ultrasonic bath in 1 M HCI, water and ethanol for 10 min
in each one. A suspension of 10 mg mL™? of the CoFeP NPs in ethanol was prepared and sonicated
for 30 min. The cleaned NF substrates were dipped into this suspension for 30 s and
subsequently, the dispersion excess was removed. Finally, the electrode was dried at ambient
temperature. The deposited amount of catalyst used for the objective of this work was
estimated to be enough to guarantee enough active site density > 108 cm to facilitate reaching
a current density higher than 1 A cm™. Electrodes with a higher amount of electrocatalyst have

been prepared by repeating the immersion and drying steps up to four times. Unless otherwise
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stated, the electrodes were prepared with a single immersion and the samples named “after

OER” were subjected to a current density of ca. 120 mA cm™ during 2 h.
2.3.4. Morphological, Structural and Physicochemical characterization

Structural characterization was performed by XRD using a Bruker D8 Advance diffractometer
equipped with a Cu Ka (1.5406 A) radiation source, LYNXEYE super speed detector and Ni filter.
A Bragg-Brentano (6-20) configuration was used with a step size of 0.0252. The morphology of
the electrodes was analysed by a Zeiss Auriga 60 FESEM. Both the HRTEM and STEM-EELS are
obtained in an FEI F20 at 200kV. The HRTEM was acquired with a condenser aperture of 100 um,
no objective aperture, spot size 3 and a BM-UltraScan CCD camera. The STEM-EELS was acquired
with a condenser aperture of 70 um, no objective aperture, nominal camera length 30 mm, spot
size 6, and Gatan EF-CCD camera. The same conditions apply for STEM-EDS, with a detector
EDAX SUTW X-Ray detector, 136 eV resolution (Z> Z(Be)), and a detector area of 30 mm?. The
EELS and EDS supporting STEM images are from an annular dark field detector (DF4). For
analysing the samples, the initial CoFeP or Co,P samples were diluted in hexane before
deposition on the grid. For the analysis of the electrode after OER, the electrocatalyst was
scraped from the NF substrate, and the resulting powder was dispersed in hexane by sonication
before the deposition on the HRTEM grid. For the XPS analysis, a monochromatic X-ray source
Al Ka line was used in both a PHI 5500 Multitechnique System (Physical Electronics) for the
electrodes before OER and a NEXSA X-Ray Photoelectron Spectrometer (Thermo-Scientific) for

the electrodes after OER.
2.3.5. Electrochemical measurements

The electrochemical performance of the CoFeP-based electrodes was analysed with a Biologic
VMP-300 potentiostat using a three-electrode cell. All the potentials were measured against an
Ag/AgCl reference electrode. The potentials in the RHE scale are calculated according to: E (vs
RHE) = E (vs Ag/AgCl) + 0.205 V + 0.059-pH. To evaluate the oxygen evolution reaction activity,
LSV and CV were performed at a scan rate of 5 mV s in 1 M KOH. All the potentials were
corrected with the IR drop, and the corresponding R was determined by EIS. The overpotentials
were calculated in all cases as n = E — 1.23 V, where E is the applied potential vs RHE. The
determination of C4 by CV was performed between 0.1 and 0.2 V vs Ag/AgCl, a potential region
with no faradaic processes, at different scan rates. The electrochemically ECSA was calculated
as Cq/Cs, where C; is a reference capacitance for a planar surface taken as 40 uF cm™.2”-%2 Nyquist

plots were obtained by EIS in the frequency range of 50 kHz to 100 mHz and employing a signal
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amplitude of 10 mV. The fitting of the experimental EIS curves to the equivalent circuit was
performed with the Biologic software. The calculation of the TOF can differ from study to study.?’
In this work, TOF is calculated as the number of product molecules (O2) per second and active
site: TOF =jA/(4 N e), where j is the current density, A is the area, N is the number of active sites
and e is the elementary charge constant (1.6-10° C). The calculated number of active sites is
3.2-10% and 2.3-10*® for CoFeP and Co,P, respectively. They are estimated considering that both
Co and Fe metallic atoms at the surface act as active sites. The metallic content was calculated
from the measure of the electrode mass before and after the electrocatalyst loading and the
elemental ratios obtained by EDS in the as prepared electrodes. In the full cell assembly, water
splitting was performed in a two-electrode configuration with the two compartments separated
by a Sustainion (Dioxide Materials) alkaline exchange membrane. The gas outlets from the
anodic and cathodic compartments were connected to two inverted graduated cylinders filled
with water to measure accumulated O; and H,, respectively. For the theoretical calculation of
the volumes, they are considered ideal gases. The presence of H, was corroborated by gas

chromatography using He as a carrier gas.

2.4. RESULTS AND DISCUSSION

2.4.1. Characterization of the CoFeP NPs and the fabricated CoFeP/NF electrode

The bimetallic CoFeP NPs obtained by the TPOP route were characterized in terms of
morphology, crystallinity and composition. HRTEM images were performed to obtain
information about the nanostructure morphology. Figure 2.1a and b and Figure 2.51 show the
synthesized CoFeP NPs exhibiting a nanorod-like shape with lengths up to about 18 nm and a
diameter of 2-3 nm. FFT in Figure 2.1b reveals the presence of the CoFeP PNMA 62 phase that
is according to the XRD analysis in Figure 2.52. Importantly, the planes observed in isolated
nanorods (Figure 2.1a) can be ascribed to the (020) and (210) planes of CoFeP PNMA. Figure
2.1a shows a sketch of the nanorod crystallographic arrangement. It was observed that these
rods present a growth direction [010] (and its corresponding (020) observed planes), that
coincides with the longitudinal axis of the nanorods, which is further supported by its relative
orientation with the resolved (210) planes of CoFeP. Additionally, EELS compositional maps of
Co, Fe and P were also performed to get insights into the nanostructure composition. Figure 2.1c
shows a particle composed of the coalescence of different nanorods. A similar spatial
distribution of the three elements along all the particles was found, coherent with the expected
stoichiometry of the CoFeP. Nevertheless, EELS quantification reveals a slightly higher

concentration of Co against Fe, Co/Fe = 1.5. Monometallic Co,P NPs were also analysed by
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HRTEM. They also exhibit rod-like shapes (Figure 2.S3), having similar sizes to the bimetallic
nanorods. The planes found have interplanar distances similar to that of CoFeP and are
according to the Co,P PNMA, which was further corroborated by FFT (Figure 2.54). As in the case
of CoFeP, Co and P, are homogeneously distributed through the Co,P nanorods as revealed by
EELS (Figure 2.S5).In both, CoFeP and Co,P NPs the metal to phosphorous ratio, based on the
atomic concentration obtained by EDS, was near 1.3, which is lower than the stoichiometric.
This can be partly due to the presence of oxygenated species such as metal phosphates or the

presence of CoP as a secondary phase.

CoFeP PNMA [001]

Figure 2.1. (a) HRTEM images showing individual nanorods (from the red squared region in the
lower magnification images in the inset) and the schematic illustration of the orientation of the
nanorods on the right side. (b) FFT spectrum of the HRTEM image on the right that corresponds
to the red squared region of the image on the left showing the planes ascribed to the CoFeP
PNMA 62. (c) EELS compositional maps of Co, Fe and P in CoFeP nanorods. The inset shows the

corresponding STEM-ADF image.
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XPS is used to gather information about the first fourth or sixth atomic monolayers (2-3 nm) at
the sample surface. This has been employed to characterize the surface composition and
chemical nature of the synthesized electrocatalyst, although it can be altered after its deposition
on the NF by the interaction with the ambient air. The full survey spectrum of a bare CoFeP/NF
electrode shown in Figure 2.56 reveals the presence of Co, Fe, P, O and C. In the P 2p spectra
(Figure 2.57), the largest peak is located near 133.3 eV and can be correlated with the presence
of phosphate species.”!® This confirms that the surface of the electrocatalyst is composed of
metal phosphate rather than phosphide after air exposure, which usually occurs in metal
phosphides.>? The Co 2p spectrum in Figure 2.57 exhibits the 2ps/, and 2p1/; signals with the
overlapping of different contributions including satellite peaks. The fact that the position of the
strongest peak in the Co 2p*? region (781.2 eV) was higher than the typical metal peak positions
of oxides, together with the predominant peak in the O 1s region at 531.1 eV (Figure 2.57) are
in agreement with the presence of metal phosphate.?®3° The small peak located at 778.1 eV in
the Co 2p*? could be assigned according to some authors to the presence of metal phosphides,

/2 signal is challenging to be identified because of the small amount

but the corresponding Co 2p
of phosphide detected at the surface.>* Accordingly, a very small peak at 130.1 eV in the P 2p
spectrum can be attributed to metal phosphide. The Fe 2p*? signal (Figure 2.57) revealed the
presence of oxidized iron species.’ Therefore, the results from the XPS characterization indicate
that the outer layer of the electrocatalyst surface shows a transformation from metal phosphide

to phosphate, even when the samples were stored in a protective atmosphere before the

analysis.
2.4.2. Characterization of the CoFeP-based electrodes working as anodes for OER

Metal phosphides can be unstable in alkaline media (1 M KOH) under anodic conditions, then, a
detailed physicochemical characterization was performed before and after OER to study the
material transformation and especially the role of phosphorous. Despite the transformation, the
electrodes were stable for OER and any significant decay of the current was observed at about
100 mA cm (Figure 2.S8). Figure 2.2a-d show the morphology of the CoFeP NPs on the NF
surface before and after OER by FESEM images. The small particle size of the CoFeP nanorods
favors a good dispersion of the electrocatalyst on the NF surface. In the as-prepared electrodes,
a porous network of interconnected NPs with spherical shape is observed (Figure 2.2a), probably
derived from the coalescence of the initial CoFeP nanorods observed in Figure 2.1a and the
oxidation of the surface leading to an outer metal phosphate layer. The CoFeP/NF electrodes

were analyzed after CA at different times selecting a potential in the OER region with a current
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density near 100 mA cm™. A radical change of the overall morphology was observed (Figure
2.2b-d) after OER, now displaying nanostructures with a plate-like shape resembling 2D units
and thus conferring high effective area to the electrode. However, there was no significant
evolution of the morphology from 5 to 120 min of OER. The approximate dimensions of the
nanoplates are 200-400 nm and 10-40 nm in length and thickness, respectively. For comparison
purposes, the Co,P/NF electrodes were also analyzed by SEM before and after OER (Figure 2.59).
A similar morphological change was observed after 120 min of OER, although in this case, the

nanoplates were smaller with approximated lengths of 60 nm and thickness of 10 nm.

(e)

STEM-HAADF

Figure 2.2. SEM micrographs showing the morphology of the (a) as prepared and after (b) 5, (c)
30 and (d) 120 min of OER for a CoFeP/NF electrode. (e) EELS compositional maps of the powder
obtained by scrapping the electrocatalyst from the electrode surface of the CoFeP/NF electrode

after 120 min of OER.

Despite the huge transformation of the material, a homogeneous distribution of Co and Fe is
observed in the EELS maps as shown in Figure 2.2e. Remarkably, we could not observe any
presence of crystalline planes in the HRTEM images neither in the corresponding FFT patterns
obtained in the samples after OER, pointing out the amorphous nature of the transformed
material. Furthermore, the high oxygen signal together with the absence of phosphorous,
suggests that oxygenated phases as oxygen and hydroxyl groups have replaced the initial
phosphide/phosphate species forming oxyhydroxide structures. To further investigate these
assumptions, high resolution XPS spectra in Figure 2.3 and S10 in the electrodes after OER are
compared with the previous results using fresh samples (Figure 2.57). To increase the intensity
of the XPS signal, the analysis was performed in a sample synthesized by four immersions in the

iron precursor dispersion. We must stand out on several significant features. On one hand, there
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is a low concentration of residual phosphorous at the surface (see Table 2.51). On the other
hand, a significant change in the O 1s spectrum is noticeable after OER (Figure 2.3). Apart from
the peak around 532.5 eV that can be attributed to absorbed H,0, the main signal can be
deconvoluted in two peaks. The one at 529.4 eV is according to M-0O and the largest peak at
530.8 eV would correspond to M-OH species supporting the presence of metal oxyhydroxides.®
These characteristics are endorsed for the measured spectra in the 2p regions of cobalt and iron
in Figure 2.3, 2.57 and 2.510, in which the most intense peaks are shifted to lower energies in
agreement with the expected values of oxyhydroxides compared to the initial phosphates.
Concretely, the peak at 779.8 eV in the Co 2p region can be correlated with Co®. Therefore, after
the electrochemical measurements in alkaline media, the material is transformed in terms of
morphology and composition from the initial CoFeP to CoFeO4H, material. After immersing in
the 1 M KOH solution, a morphological change already occurs, afterwards, the cyclic
voltammogram of the CoFeP (Figure 2.511) shows an anodic irreversible peak appearing at 1.35
V vs RHE that is only present in the first cycle. This peak has been attributed to the irreversible
evolution of CoOOH.'*3132 Accordingly, a peak near the same potential region was also observed
in the Co,P/NF electrodes. After this anodic peak, the current densities for OER remain constant
as evidenced by the overlapping of the first and second voltametric curves in Figure 2.511. The
complete morphological transformation of the CoFeP structure together with the phosphorous
loss leading to CoFeOyHy is favoured by the small size of the initial NPs and the interconnected
porous network of these NPs that facilitate the permeability of the alkaline electrolyte. Raman
analysis in Figure 2.512 supports the presence of metal oxyhydroxide. Concretely, the bands at
575 and 675 cm™ can be correlated with cobalt and iron oxyhydroxides,®3> although the
presence of oxides/hydroxides as secondary phases cannot be discarded. On the other hand,
Co,P/NF electrodes were also analysed by XPS after OER (Figure 2.513). No evidence of different
oxidation states of cobalt with respect to the bimetallic material is found as the Co 2p region

presents the same characteristics.
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Figure 2.3. XPS spectra in the Co 2p and O 1s regions for the CoFeP/NF electrodes after OER.
2.4.3. Electrochemical analysis of the electrodes using CoFeP as electrocatalyst

The electrochemical activity of the initial bimetallic CoFeP/NF transformed to CoFeOxH,/NF has
been investigated in 1 M KOH electrolyte. Figure 2.4a shows the cyclic voltammograms after IR
correction for the CoFeP/NF electrodes, compared with both the Co,P/NF electrode and the
bare NF scaffold. The bimetallic CoFeP/NF electrode presents the best catalytic activity for OER,
outperforming the monometallic Co,P/NF. The overpotentials for OER at 10 and 100 mA cm?,
are 285 and 335 mV for CoFeP/NF and 345 and 410 mV for Co,P/NF, respectively. The bare NF
also presents electrochemical activity for OER in alkaline media,3*38 but significantly lower than
the bimetallic phosphide-loaded electrodes. The Tafel representation depicted in Figure 2.4b
further confirms the favourable OER kinetics in the bimetallic electrocatalyst. The Tafel slope for
Co,P/NF is 53 mV dec?, while for CoFeP/NF is as low as 42 mV dec?. To the best of our
knowledge, the latter value is the lowest reported for cobalt iron phosphide-based anodes
without using a hybrid material (as compared in Table 2.52). Additionally, the behaviour of the
CoFeP/NF electrodes was tested during cycling for OER displaying good stability after 500 cycles
(Figure 2.514).

The effect of the deposited amount of electrocatalysts was studied by repeating different cycles
of immersion in the CoFeP dispersion and drying up to four times, leading to different catalyst
loading (see inset of Figure 2.515a). The potentials for a given current density are reduced as the

catalyst loading increases as expected. For 10 mA cm™, the overpotential is 360 mV for four
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immersions, 15 mV lower than for the one of a single immersion (Figure 2.515a). However, as
the catalyst loading increases the current density normalized by the mass loading decreases
(Figure 2.515b). Then, for the lowest loaded amount of catalyst, there is an optimum dispersion
of the CoFeP on the NF maximizing the number of reactive sites available per overall amount of
catalyst. The overpotentials achieved in this work, considering the loaded amount of
electrocatalyst, are one of the lowest reported for CoFeP-based anodes for OER without the

addition of other binders or conductive materials (see Table 2.52).
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Figure 2.4. (a) Cyclic voltammogram recorded at 5 mV s}, (b) Tafel plots, (c) (ja-jc)/2 vs scan rate
plot and (d) calculated TOF values as a function of the potential for CoFeP/NF and Co,P/NF in 1
M KOH. (e) Cq and (f) log (Ret / Q) vs overpotential from the Nyquist plots for CoFeP/NF in 1 M
KOH. The green line in (e) indicates the Cq value obtained from cyclic voltammograms in Figure

2.4c and the red line in (f) the linear fitting of the points.

To get more insights into the origin of the catalytic activity of CoFeOxH, obtained from the
bimetallic phosphide, the double-layer capacitances were calculated from the (ja-jc)/2 versus the
scan rate plot obtained from Figure 2.516. The calculated Cq values are similar for the CoFeP/NF
and Co,P/NF and are estimated as 120 and 140 mF cm, respectively, as shown in Figure 2.4c.
Then, ECSA values of 3000 and 3500 cm? are obtained for CoFeP/NF and Co,P/NF, respectively,
referred to a planar surface. The huge ECSA values can be correlated with a high density of active
sites due to good dispersion of the material favoured by the low particle size and the porous

structure of the electrode scaffold that allow the full penetration of the electrolyte.
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Figure 2.4d displays TOF values deduced from the calculated number of active sites based on
the loaded amounts of electrocatalysts. A TOF value of 0.1 s is reached at 358 mV for the
CoFeP/NF, while for Co,P/NF 425 mV is required. This demonstrates that despite both electrodes
possessing similar ECSA and estimated number of active sites, the bimetallic phosphide exhibits
a faster kinetic toward OER. This may be caused by the catalytic combined effects of the metallic
Co and Fe adjacent sites cooperating on the four steps of the water oxidation reaction. This is
supported by the lower value of Tafel slope in the CoFeP/NF electrode. In this regard, the
concentration of iron is not critical in the OER activity, as when the concentration of iron
decreases by 40%, the bimetallic electrode produces similar overpotentials. This is in agreement
with a previous work using comparable Co/Fe ratios.® A contribution derived from the nickel
substrate cannot be discarded as active nickel species for OER can be generated in the alkaline

electrolyte.

Nyquist plots obtained from electrochemical impedance spectroscopy are useful to better
understand the electrocatalyst kinetics for OER. Then, they were recorded at different applied
potentials (Figure 2.517a), and the obtained spectra were fitted according to the model circuit
displayed in Figure 2.517b. Ry is the electrolyte resistance and the R, and Q, (a constant phase
element) at high frequencies can be tentatively associated with the Ni/electrocatalyst interface
or to the presence of a passive film.3 Cqy and Ry are related to the charge transfer to the
electrolyte and they can provide information about the OER kinetic parameters. Concretely, the
exchange current density (jo) and the Tafel slope (b) can be estimated from the Nyquist plots

using the following expression:*-42

log (Rict) = log (Z_;) = %17 + log (%) (1)

where b=2.3RT/a.F in mV dec?, being a, the overall transfer coefficient given by a.=(n¢ /v+ n:Ba),
where n¢is the number of electrons transferred before the RDS, v is the stoichiometric number
with a typical value of one, n.is the number of electrons transferred in each occurrence of the
RDS, and B is correlated with the symmetry factor.**** On one hand, Cq values calculated from
Figure 2.517 are represented in Figure 2.4e as a function of the overpotential. Although they are
in the same order of magnitude as that obtained by cyclic voltammograms in the region without
faradaic currents (Figure 2.4c), there exists some dispersion of values in the considered range of
potentials. On the other hand, according to equation (1), Figure 2.4f shows a linear relationship
between log(R«) and n. The points in Figure 2.4f can be fitted to a straight line with good fitting
(R? = 0.996). The Tafel slope (b) can be calculated as 48 mV dec? while a value of 42 mV dec?
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was determined from the voltammogram in Figure 2.4b. Then, the overall a, can be calculated
as 1.24-1.41. Such values suggest that a step subsequent to the first electron transfer is the RDS
with v=1, n=1 and n.=1.** According to equation (1), from the intercept with the y-axis the

exchange current density is calculated to be 1.1-10° mA cm™.

The excellent characteristics based on the kinetics and the active site density suggest that the
synthesized CoFe-based anodes are good candidates for working at high current densities as
feasible and reliable electrodes. Thus, the electrochemical activity of these anodes was
evaluated at higher applied potentials and the effect of the temperature was studied. Figure
2.5a shows the potential region of current densities > 1 A cm™ at 22 °C and 50 °C. For reaching
1 A cm?, the overpotential is only 475 mV, and they decrease by 80 mV when the temperature
rises to 50 °C. Furthermore, the stability tests at 1 A cm in Figure 2.5b show that the current
density remains constant at 22 °C while at 50 °C there is a slight decrease with time may be due
to a lack of thermal stability of the experimental set-up. Table 2.1 summarizes the approximate

overpotential values achieved for 10, 100 and 1000 mA cm™ based on Figure 2.5a.
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Figure 2.5. (a) Cyclic voltammogram and (b) chronoamperogram at a current density of ca. 1 A

cm™ at 22 2C and 50 oC for the CoFeP/NF electrode in 1 M KOH.
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Table 2.1. Overvoltage for OER at selected current density values at 22 and 50 @C.

. n/mv
mA cm2
) / 22 °C 50 °C
10 285 240
100 335 290
1000 475 405

2.4.4. Anion exchange membrane water electrolysis performance

The stability of the electrocatalysts is a critical issue in fuel production and should be tested
under more realistic conditions of continuous electrolyte flow to better evaluate its commercial
viability. For this goal, the developed cobalt iron oxyhydroxide anode was integrated into an
electrolyser schematized in Figure 2.6a for H, and O, production, which is a relevant
configuration for an industrial application. The cell comprises two compartments separated by
an alkaline anion membrane, with the anolyte and catholyte recirculating at a high flow rate
through the respective compartments. Consequently, this configuration allows for the
separation and collection of both produced gases, where hydrogen is evolving in the Ti/Pt plate

(10 cm?), and oxygen is evolving in the CoFeOxH,/NF anode with a geometric area of 1 cm?.

The stability of the full cell was examined at a high current density of nearly 1 A by heating the
electrolytes at 50 C. Figure 2.6b shows good stability of the current during 2 h, without any
significant decay. Additionally, the volumes of H, and O, were measured for 10 min after 2 h at
1 A in the same conditions. The inset of Figure 2.6b displays the points corresponding to the
measured gas volumes while the straight lines correspond to the calculated values. An excellent
agreement between the experimental and theoretic values was found, which means that the
faradaic efficiency for OER and HER in both processes is near 100%. The outlet gas stream from
the cathode was analysed by gas chromatography confirming the presence of hydrogen gas.
Similar results were obtained at room temperature (Figure 2.518) displaying also good stability.
In that case, because of the lack of temperature control, an initial increase in the current was

reported before thermal equilibration.
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Figure 2.6. (a) Sketch of the alkaline exchange membrane electrolyser using geometric
electrodic areas of 1 cm? in the anode and 10 cm? for the Ti/Pt cathode. (b) Chronoamperogram
in the full cell depicted in (a) at a current density near 1 A and heating the electrolyte to 50 2C.

Inset: experimental (points) and calculated accumulated (solid lines) volumes of H, and O,.

2.5. CONCLUSIONS

In this work, an efficient anode for OER obtained by the in-situ generation of amorphous cobalt
iron oxyhydroxide from the corresponding bimetallic phosphide on NF is reported. In the
chemical conversion, phosphorous acts as a sacrificial element for homogeneous metal
oxyhydroxide formation facilitated by the electrolyte permeation within the nanoporous
structure. The initial CoFeP/NF electrode is synthesized from tiny rod-like NPs of bimetallic
phosphide obtained by a feasible and scalable synthesis. These nanorods were dispersed in a 3D
framework of a highly conductive metallic NF as a key element in the anode design. It ensures a
high density of active sites as well as an appropriate pore size to guarantee the release of oxygen
gas. Under alkaline media and anodic polarization, apart from the phosphorous depletion, the
morphology radically changes from the initial nanorods to CoFe-oxyhydroxide nanoplates with
a high electrochemically active surface area. Remarkably, this procedure guarantees maintaining
a homogeneous distribution of metal atoms on a NF that allows for a rational design of the
anodes to achieve a high density of active sites. The presence of Co and Fe atoms promotes
favourable catalytic effects on the four-step reaction of water oxidation. Then, this rational
anode design allows achieving working conditions of high current densities (higher than 1 A cm”

2) at optimized overpotentials lower than 500 mV for 1 A and Tafel slope as low as 42 mV dec™.
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Remarkably, apart from the feasible and scalable manufacturing route of the CoFeOxH,/NF

electrode, its stability was excellent in an alkaline exchange membrane flow cell at 1 A, which

makes this electrode a robust and promising anode in high production rate devices for fuel

electrosynthesis.
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SUPPORTING INFORMATION

2.7. SI RESULTS
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Figure 2.5S1. HRTEM images of the CoFeP nanorods.
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Figure 2.52. XRD pattern of the CoFeP powder before the ligand removal.
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Figure 2.53. HRTEM images of Co,P nanorods and the schemes displaying the orientation of

these nanorods.

Figure 2.54. a) HRTEM image of an individual nanorod and (b) the corresponding FFT spectrum
showing the planes ascribed to the Co,P PNMA.
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Figure 2.S5. EELS compositional maps of Co and P in the as prepared Co.P nanorods and the

corresponding STEM-ADF image on the left.
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Figure 2.56. XPS survey of CoFeP/NF before OER labelling the main signals.
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Figure 2.57. XPS spectra in the P 2p, Co 2p, O 1s and Fe 2p regions for the CoFeP/NF electrode

before OER (as-prepared).
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Figure 2.58. Chronoamperograms starting from ca. 100 mA-cm™ for CoFeP/NF and Co,P/NF

electrodes.
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Figure 2.59. SEM micrographs of Co,P/NF electrodes: (a) as-prepared and (b) after 120 min of

OER at 100 mA-cm™.
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Figure 2.510. XPS spectra in the Fe 2p region for a CoFeP/NF electrode (prepared by four

immersion/drying steps) after OER.

Table 2.51. Atomic percentages determined by XPS in the electrodes after OER.

Atomic concentrations Co Fe P (o)
/%
Co,P/NF 10.4 0 2.6 48.3
CoFeP/NF 8.8 5.6 1.5 47.2
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Figure 2.511. First and second cyclic voltammograms at 5 mV-s™ for a CoFeP/NF electrode in 1

M KOH.
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Figure 2.512. Raman spectrum for a CoFeP/NF electrode after OER.
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Figure 2.513. XPS spectra in the Co 2p and O 1s regions for a Co,P/NF electrode (prepared by

four immersion/drying steps) after OER.
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Figure 2.514. Cyclic voltammograms corresponding to the 1% and 500" cycles at 200 mV-s™.
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Figure 2.515. Cyclic voltammograms for (a) current density and (b) current density normalized

by the electrocatalyst mass loading vs E vs RHE recorded at 5 mV-s for CoFeP/NF after 1, 2 and

4 immersions/drying steps. Co,P/NF after 4 immersions was included in (a). Inset in (a) shows

the electrocatalyst mass loading as a function of the number of immersions.
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Figure 2.516. Cyclic voltammograms of CoFeP/NF (a) and Co,P/NF (b) electrodes at different

scan rates (5, 10, 20 and 40 mV-s) in 1 M KOH.
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Figure 2.517. (a) Nyquist plots of the CoFeP/NF electrode in 1 M KOH for different overpotentials
(see Figure 2.4f) showing the experimental points and the theoretical curves adjusted by the

equivalent circuit in (b).
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Figure 2.518. Chronoamperogram in the full cell depicted in Figure 2.6a at a current density near
1 A at room temperature (without temperature control). Inset: experimental (points) and

calculated (solid lines) accumulated volumes of H, and O..
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Table 2.52. Comparison of the CoFeP-based electrodes for OER in 1 M KOH in chronological

order.

Catalyst

(Coo.saFep.46)2P

(Coo.saFep.46)2P

Co-Fe-P

COo,7FEo,3P/CNTS

FE1C02P

CoFeP

CoFeP

CoFeP-1.8

Co,P-Fe,P

Intermediate

precursor material

Co-Fe-O nanocubes

Co-Fe-O nanocubes

CoFe- MOFs

C01-xFexOO H

Fe-Co MOFs

COF8204, NaH,PO;

CoFe-PBA

nanocubes

CoFe LDHs

FeOOH/

C0304

Catalyst
loading/

mg-cm?

N/A

0.2°

1.0

0.5

0.012 mgon
a RDE?®

0.05mgona
GC?

0.015 mg on
aGC

3.41

3 (Co304) +4
(FeOOH)

(precursors)

72

N / mV

280

370*

244

243

362

350

180

242 (100

mA-cm??)

185

Tafel /
Stability
mV- dec Ref.
test
1
N/A N/A 1
1000
N/A 2
cycles*
30 hat10
58 3
mA-cm
3hatl0
36 4
mA-cm?
8 h at ca.
50 5
4 mA-cm™
12 hat 10
59 6
mA-cm?
20 hat 10
55 7
mA-cm?
40 h at
53 100 8
mA-cm
250 h
from 10
51 9
to 100
mA-cm?



50 hat 10
CoFeP CoFe(OH)y 15.1 193 73
mA-cm?

35hat10
Co,P@NC-Fe,P FeHP-ZIF-67-2 1 260 41 and 50

mA-cm

12 hat10
p-CoFeP-0.35 Zn/Fe-Co PBA-x 0.283 280 48.8 and 20

mA-cm?

lhatl
CoFeP Direct synthesis ca. 0.5-2 285-270 42
A-cm?

2Calculated from the reported experimental procedure

*in 0.1 M KOH
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CHAPTER 3

Palladium hydride on C.N to Boost Formate
Oxidation

3.1. ABSTRACT

The lack of electrocatalysts for the FOR hampers the deployment of DFFC. To overcome this
limitation, herein, we detail the production of palladium hydride particles supported on C;N
(PdHo5s@C:oN ) via a facile method. PdHoss@C;N displays excellent FOR performance reaching
current densities up to 5.6 A-mgpq* and stable cycling and CA operation. The Pd lattice expands
due to the hydrogen intercalation. Besides, an electronic redistribution associated with the
distinct electronegativity of Pd and H is observed. Both phenomena modify the electron energy
levels enhancing the activity and stability of the composite catalyst. More specifically,
differential functional theory calculations show H intercalation to downshift the Pd d-band
centre in Pdoss@C;N, weakening adsorbate binding and accelerating the FOR rate-determining

step.
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3.2. INTRODUCTION

Fuel cells are an attractive alternative to conventional fossil fuel-based combustion
technologies, offering high efficiencies of conversion from chemical to electrical energy. Among
the possible liquid fuels, FA/formate offers a particularly simple oxidation reaction, involving the
transfer of just two electrons.® In particular, FA is regarded as a safe, low-cost, and low-toxicity
hydrogen carrier, with a large content of hydrogen, 4.4 wt %, excellent stability, low ignition
point, and convenient transportation and storage.®® But it is the use of formate in alkaline cells
the one that is attracting more recent attention. The use of a solid formate salt is beneficial in
terms of storage and transportation over liquid FA.%> ¥° Formate is also characterized by much
lower toxicity and corrosiveness than FA, and therefore it can be used at higher
concentrations.' 12 Besides, the FOR presents faster reaction kinetics, lower over-potentials,
faster reaction kinetics and reduced poisoning when compared with FA.231> Additionally, DFFC
also present faster kinetics due to the rapid ORR kinetics in alkaline medium when compared
with an acid environment.'? &7 Moreover, formate is industrially used for the production of
FA, thus having a reduced price. On top of all this, the synthesis of formate from CO2RR has seen
rapid progress recently and may reach industrialization in the foreseeable future, which could

make DFFCs a net-zero CO, technology.®%°

Pd is the most promising candidate to catalyse the FOR. However, the performance of Pd is still
far from optimum in terms of stability and also activity.?! As a main drawback, Pd binds too
strongly to hydrogen, limiting its desorption and thus blocking the adsorption sites available for
additional reactants.?* 22> To improve the FOR performance, we need to develop effective
strategies to tune the electronic properties of Pd and particularly to reduce the adsorption
energy of the intermediates. Recently, the introduction of lighter and smaller elements to diffuse
within the Pd lattice and expand it has awakened notorious attention. By changing the metal
lattice parameters, the electronic properties of the metal can be modified and potentially
optimized.?*?® Among possible light elements, H is particularly suitable to modify the Pd
structure owing to the small atomic radius of H and the high affinity of Pd towards this

element.?”%

To maximize its dispersion, electrocatalytic particles are generally supported on electrically
conductive high surface area supports, such as carbon.?® However, traditional carbon materials
contain a uniformly distributed surface charge, which makes them catalytically inactive. To
overcome this limitation, nitrogen-doped carbon and carbon nitrides can be used.?! In particular,

C2N has emerged as a new 2D graphene-like layered covalent organic material.3?3* The presence
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of N atoms within the carbon lattice introduces polarity to interact with polar species and
enhances thermal stability.3>3” Besides the electrical conductivity of C;N is higher than that of
other C-N materials. The unique porous structure of C;N increases the electron density of the N

atoms, which enables them to act as excellent sites for the nucleation and growth of metal.3® 39

Taking into account all the above, we developed a strategy to produce palladium hydride
(PdHo.ss) nanodendrites supported on C;N. Such composite catalyst was tested towards FOR in
alkaline media. To rationalize the obtained results, DFT calculations are used to identify the
effect of H intercalation on the d-band centre of Pd within the composite Pdoss@C;N and its

influence on the binding of adsorbates.

3.3. RESULTS AND DISCUSSION

Palladium hydride NPs were produced in the presence of C;N using Pd(acac), as metal precursors
and OAm as a solvent and hydrogen source (see details in the Experimental section, Figure 3.51).
In the presence of C;N, Pd heterogeneously nucleates and grows at N sites on the C;N surface
which offer lone electron pairs and thus act as electron donors coordinating with the metal ions.
Figure 3.52 shows the nanosheet structure and composition of the initial C;N support. Figures
1la-c and 3.S3 display representative SEM and TEM micrographs of the particles supported on
C:N. The final product consists of the C;N covered with small hyperbranched NPs or
nanodendrites. HRTEM micrographs reveal that the nanodendrites have a crystal phase in
agreement with the Pd cubic phase (space group =Fm-3m) but with a significantly larger lattice
parameter a=b=c=4.0190 A, well above that of pure Pd a=b=c=3.89 A. The larger lattice spacing
measured confirms the presence of H within the Pd lattice.?®*? Since the presence of H linearly
affects the lattice parameter of PdH, from the HRTEM data we calculated a H/Pd atomic ratio of
ca. 0.58. The XRD pattern of PdHoss@C;N was consistent with that of the Pd face-centred cubic
(fcc) structure (Pd-PDF#87-0641) but, consistently with HRTEM results, diffraction peaks were
shifted to lower angles. A reference Pd@C;N sample was produced by annealing PdHoss@C;N
under Ar at 450 °C for 2 h to remove the intercalated hydrogen. As shown in Figure 3.2a, after
the annealing treatment, the shift of the XRD pattern disappeared. These results further confirm
the expansion of the Pd lattice with the introduction of H.?”28 HAADF-STEM micrographs (Figure
3.1d) and STEM-EELS elemental composition maps (Figure 3.1e) of PdHoss@C,N show the
presence of C, N, and Pd, being all the elements homogeneously distributed at the nm scale.
Additional TEM, HRTEM, and STEM-EELS of the Pd@C;N sample show a relatively similar

architecture with a homogeneous distribution of the different elements (Figure 3.54).
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Figure 3.1. Structural and chemical characterization of PdHoss@C;N. a) SEM image, b) TEM
image, ¢) HRTEM and corresponding FFT spectrum of the PdHoss@C;N, visualized along its [101]
zone axis. d, e) HAADF-STEM and EELS chemical composition maps obtained from the red
squared area of the STEM micrograph. Individual Pd Mys-edges at 335 eV (red), N K-edges at
401 eV (green) and C K-edges at 285 eV (grey) and composites of Pd-N, N-C and Pd-N-C.

As an additional reference material, self-standing PdHoss NPs were synthesized using the same
procedure as for the synthesis of PdHoss@C;N but in the absence of C;N. Afterward, these NPs
were physically mixed with C;N to produce PdHoss/CoN. TEM images of PdHoss and SEM images
of PdHo.ss/CoN samples show the PdHgss NPs to be highly agglomerated (Figures 3.S5 and 3.56),
which reveals the presence of C;N during the Pd-based NP synthesis to decisively contribute to
their dispersion. Besides, the XRD pattern of the PdHoss/C,N sample displays an additional peak
at ca. 35° associated with the presence of a small amount of the PdO phase (JCPDS 06-0515),
which reveals that the coordination of PdHss with C;N during synthesis, through the N atoms,

contributes to prevent it surface oxidation.

Figure 3.2b,c displays the XPS spectra of Pd@C;N and PdHss@C;N. For both materials, the high-
resolution Pd 3d XPS spectra presented two doublets. The majoritarian component, at 335.4 eV
(Pd 3ds/,) for PdHoss@C:N, was associated with Pd” and the minoritarian, at 336.5 eV (Pd 3ds/2),

with an oxidized Pd** chemical environment.? %3 The Pd 3d spectra of PdHoss@C;N was shifted
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about 0.2 eV toward higher binding energies than Pd@C;N, which indicates a charge
redistribution within the palladium hydride, with Pd giving electrons to H. The presence of
electron-deficient Pd in PdHoss@C,N is consistent with previous reports.** > Electron-poor Pd
has been reported to reduce the electron exchange with CO 2nt* orbitals, which translates into
a weaker CO adsorption.®® Thus, PdHoss@C,N may present a higher resistance towards CO

poisoning during FOR than Pd@C;N.
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Figure 3.2. a) XRD patterns of C;N, Pd@C,N, PdHoss@C;N, PdHgss/C2N, b) High-resolution Pd 3d
XPS spectra and c) valence band XPS spectra of PdA@C;N and PdHoss@C;N. The d-band widths
are indicated by the double-headed arrows, and the black dash line highlights the Fermi level
position.

The valence band XPS spectra of PdA@C;N and PdHo ss@C;N are displayed in Figure 3.2c. A broad
band of states, contributed by Pd 4d electronic states, is observed in both spectra.?” 28
PdHoss@C;N shows a narrower bandwidth of ca. 4.95 eV as compared to 5.91 eV of PA@C;N,
which indicates a modified electronic structure. Such narrower bandwidth results from the
increase of distance between Pd atoms within the PdH.* Besides, a new peak in the band

structure of PdHp ss was observed at 6.17 eV and it was associated with the interaction between

the H 1s and Pd 4d electronic states within the PdH.%’

The FOR performance of PdHoss@C;N, Pd@C;N, PdHqss/C2N, and commercial Pd/C was studied
in a conventional three-electrode system. First, CV curves were obtained in an Ar-saturated 0.5
M KOH solution (Figure 3.3a). In the cathodic scan, the current density peaks in the potential
region -0.6 to —0.8 V vs. Hg/HgO are assigned to hydrogen adsorption. Besides, equivalent peaks
in the anodic scan are associated with the desorption of hydrogen.*® In the anodic scan, the
increase of current density observed at about —0.2 V vs. Hg/HgO is assigned to the surface
oxidation of palladium. Additionally, the current density peak associated with the PdO reduction
is found at about -0.2 V versus Hg/HgO during the cathodic scan. The distinct hydrogen
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adsorption/desorption features of hydrogen between PdHoss@C:N and Pd@C;N, indicate

different surface atomic configurations.

The ECSA was estimated from the PdO reduction peak. CV curves showed the Pd oxide reduction
peak area to be significantly larger on PdHoss@C:N than on Pd@C;N, PdHoss/C:N and Pd/C,

suggesting a larger ECSA. Quantitatively, ECSA was calculated from:

=2
ECSA = QuC-cm”7) (1)

Qpdo (ﬂC'Cm;é)XPdloading (mg-cm=2)x10

where Qpgo = 405 uC cm~2 is the charge involved in the reduction of a PdO monolayer, Q is the
charge obtained from the integration of the PdO reduction peak, and Pdicading is the Pd amount
loaded on the working electrode.?® From this equation, the ECSA values for Pdgss@C;N, Pd@C;N,
PdHo.ss/CoN and Pd@CB catalysts were 40.84 m? g™, 31.51 m? g™, 24.75m?g and 18.78 m? g™,
respectively. Thus, significantly larger ECSAs were obtained with the growth of PdHoss in the

presence of C;N.*% >0

The electrocatalytic activity toward FOR was investigated by CV in a solution containing 0.5 M
KOH and 0.5 M HCOOK (Figure 3.3b). The obtained current was normalized to the calculated
ECSA. Even when normalizing to the ECSA, the PdHoss@C;N catalyst exhibited a much higher
specific activity when compared with the reference catalysts. PdHoss@C;N delivered a peak
current density of 27.44 mA cm, well above that of PA@C,N (16.25 mA-cm™2), PdHoss/C2N
(14.37 mA-cm™), and Pd/C (11.43 mA-cm™2). Even larger differences were obtained when
normalizing to the mass of Pd. PdHoss@C;N exhibited the highest mass activity at 5.60 A mg Pd"
! which was 5.2-fold larger than that of Pd/C (1.07 A mg Pd) and well above that of the other
electrocatalysts. PdHo ss@C;N-based electrodes also provided the lowest onset potentials, as
shown in Figure 3.3d. The onset potential of PdHoss@C;N was -0.71 V, much smaller than that
of PA@C;N (-0.64 V). Besides, as shown in Figure 3.3e, the lowest Tafel slope was also obtained
for PdHoss@C,N, at 90.4 mV dec?, significantly below that of Pd@C,N, PdHoss/C:N and Pd/C
catalysts at 101.9, 168.6 and 208.1 mV dec?, respectively. The lowest Tafel slope of the
PdHo.ss@C;N catalyst indicates promoted FOR kinetics.

Figure 3.3f resumes the specific and mass activities of all catalysts in this work toward the FOR.
Additionally, figure 3.3g and Table 3.51 compare the results obtained in the present work with
state-of-the-art Pd-based catalysts reported to date. Overall, PdHoss@C,N shows outstanding

specificity and mass activities, above most catalysts reported so far.

The electrocatalytic stability of PdHoss@C;N was evaluated using CA measurements at -0.2 V in

0.5 M KOH + 0.5 M HCOOK electrolyte for 5000 s (Figure 3.3h). PdHoss@C;N exhibited the
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slowest current decay compared with the reference electrocatalysts. To remove the
accumulated poisoning species, a rapid potential scan to oxidize and reduce the Pd surface was
tested. Figure 3.3i shows the regeneration capacity of the tested catalysts. After every 1000 s of
CA test, the catalysts were re-activated by cycling for 100 s in a clean 0.5 M KOH solution. This
simple regeneration strategy allows cleaning the surface of the catalyst from adsorbed
contaminants and thus recovering most of the catalytic activity. After 1000 cycles in the voltage
range -0.9 to 0.3 V vs. Hg/HgO in 0.5 M KOH + 0.5 M HCOOK electrolyte, the catalyst was
collected and analysed. As shown in TEM and HRTEM images in Figure 3.57, the post-FOR

product maintained the initial architecture, crystal phase and composition, without significant

variations.
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Figure 3.3. Electrochemical performance of PdHpss@CaN, PA@C;N, PdHoss/C:N, Pd/C catalysts
for FOR. a) CV curves in Ar-saturated 0.5 M KOH solution and b, c) ina 0.5 M KOH + 0.5 M ethanol
solution normalized by the geometric area (b) and the mass of Pd (c), d) enlarged CV curves at
the onset potential, e) Tafel plot and calculated Tafel slopes, f) Comparison of mass activity and
specific activity, g) Comparison of peak potentials between this work and previous reports, h)

CA curves, i) CA curves with CV reactivation every 1000 s for PdHo ss@C;N.
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To provide the theoretical basis for the experimental results, the thermochemical reaction
energetics of the FOR on PdHoss@C:N and Pd@C;N were investigated by DFT calculations using
the (111) surface of FCC Pd. The PDOSs of PA@C,N (111) and PdHoss@C,N (111) surfaces is
displayed in Figure 3.4a. The d-band of the PdHoss@C;N surface is downshifted, with a centre
farther away from the Fermi level (-2.02 eV) than that of the Pd@C;N surfaces (-1.77 eV). We
also calculated the d-band centre of the (111) surface, which gives the same result (Figure 3.S8,
Supporting Information). The configurations of the adsorbed FOR intermediates (HCOOu:,
HCOOm.", H" and CO,*) on the surface of PdHoss@C,N are displayed in Figure 3.4c. A priori, on

Pd-based catalysts, the FOR direct path follows four steps:
HCOO + “ = HCOOu "> HCOOmo*—> H* + CO* > H+CO, + (2)

where * denotes a surface site; and HCOOy;", HCOOmo', H" and CO," are the formate bidentate,
formate monodentate, H and CO; adsorbed on the sites, respectively.’ > Figure 3.4b displays
the free energy profiles of FOR steps. The results show an endothermic second step, HCOOy* >
HCOOm", having associated the highest energy barrier for both catalysts. DFT calculations show
that the energy barrier for this RDS is 1.047 eV for PdHo5s@C;N surfaces and significantly higher
for Pd@C;N (1.151 eV) surfaces, which is consistent with the lower onset potential and higher
activity of the former. Besides, the energy barrier for the desorption of the reaction products is
also much lower for PdHgss@C;N (0.738 eV) than for PdA@C;N (0.986 eV), which is consistent

with the higher activity and stability of the former.
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Figure 3.4. a) d-band centres of Pd 4d partial density of states, b) Gibbs free energy diagrams of
FOR intermediates for PdHoss@C;N and Pd@C;N, c) Evolution of the local structural

configurations illustrating FOR process of PdHo ss@C;N. (* represents the active site).

3.4. CONCLUSION

In summary, PdHoss@C;N was prepared using a one-step in situ growth method based on the
heterogeneous nucleation and growth of PdHoss on the surface of C;N. The grown palladium
hydride displays a favourable architecture with a high surface area. The presence of H provides
several advantages, including an expansion of the Pd lattice and an electronic reconfiguration
within the material that promotes the FOR catalytic performance, improving both activity and
stability. DFT calculations show the presence of H to downshift the Pd d-band centre within
Pdoss@C;N, weakening the adsorbate binding and thus accelerating the rate-limiting step of the
FOR. Overall, the presence of H allows tuning the Pd crystallographic and electronic structure to
enhance electrocatalytic properties. Beyond FOR, the same strategy is susceptible to be applied

to other electrocatalytic reactions.
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SUPPORTING INFORMATION

3.6. SI EXPERIMENTAL SECTION

3.6.1. Chemicals

OAm (approximate C18 content 80-90%) was purchased from ACROS Organics. Palladium(ll)
acetylacetonate (Pd(acac),, Pd 34.7 wt%), potassium hydroxide (KOH, 85%), sulfuric acid (95—
98%), NMP (99.99%), diethyl ether (99.9%) and Nafion (5 wt% in a mixture of low aliphatic
alcohols and water) were obtained from Sigma-Aldrich. EDA (99%), HACO (99%), CAA (98%), ODE
(90%) and a reference Pd catalyst, 20% Pd on activated carbon powder, were purchased from
Alfa Aesar. Hexane, ethanol and acetone were of analytical grade and obtained from various
sources. MilliQ water was obtained from a Purelab flex from Elga. All chemicals were used as

received, without further purification.

3.6.2. Synthesis of Hexaaminobenzene

CAA was added into a 15 mL glass vial placed in a 0 °Cice bath under vigorous stirring. Next, 5.64
mL EDA and a few drops of concentrated sulfuric acid were added. Then the ice bath was
removed and the obtained solution was warmed up to room temperature. Afterwards, the
solution was transferred to a 15 mL Teflon autoclave, where it was maintained at 80 °C for 12 h
to complete the amination reactions. Then the solution was cooled to room temperature and
the obtained mixture was vacuum filtrated using a PTFE membrane (0.47 um), rinsed with
diethyl ether and degassed ethanol three times, and finally vacuum dried overnight. The identity
of the final product was confirmed by 1H NMR. 1H NMR (400 MHz, H,0-d,, 6): 3.39 (s, 2H, NH,)
(Figure 3.51).

3.6.3. Synthesis of C;N

An equal mol ratio of HAB and CAA, and degassed NMP were placed into a three-necked round
bottom flask placed in an ice bath under argon gas. Under vigorous stirring, a few drops of
concentrated sulfuric acid were added. Then the ice bath was removed and the mixture was
warmed up to room temperature. The resulting solution was heated to 175 °C for 12 h. After
cooling to room temperature, the mixture was vacuum filtrated, washed with ethanol and water
three times, and finally freeze-dried for 24 h. The obtained black solid was annealed at 450 °C

for 3 h under argon gas with a ramp rate of 5 °C min™2,
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3.6.4. Synthesis of PdHo,ss@CzN, Pd@C2N, PdHo,ss and PdHo_ss/CzN

10 mL OAm, 5 mL ODE, and 5 mL of a C;N ethanol solution (6 mg mL™) were added to a three-
necked flask and heated to 120 °C for about 1h min under Ar atmosphere to remove water,
ethanol, and oxygen. Afterwards, 0.5 mmol Pd(acac), were added to the solution and the
temperature of the mixture was slowly increased to 180 °C at a rate of 5 °C min* and maintained
for 30 min. After cooling, the obtained black product was washed with ethanol and hexane via
centrifugation three times, dried in a vacuum oven at 60 °C overnight, and annealed at 350 °Cin
an Ar gas atmosphere for 2 h to remove the organic ligands. As a reference, Pd@C;N was
synthesized by annealing the PdHgss@C:N in Ar gas at 450 °C for 2 h. Additionally, PdHoss NPs
were also produced in the absence of C;N and they were physically supported on C;N by
sonication in ethanol and hexane mixed solution to produce a third reference sample,

PdHo.ss/C2N.

3.6.5. Structural characterization

Powder XRD was performed on a Bruker AXS D8 Advance X-ray diffractometer with Cu-Ka
radiation (A= 1.5406 A). SEM analysis was conducted with a Zeiss Auriga microscope equipped
with an EDS detector operating at 20 kV. TEM, HRTEM, HAADF-STEM and EELS analysis were
obtained using a field emission gun FEI™ Tecnai F20 microscope with a Gatav Quantum filter at
200 kV. XPS measurements were conducted on a SPECS system equipped with an Al anode XR50
source operating at 150 W and a Phoibos 150 MCD-9 detector. ICP-MS was conducted with a

Shimadzu simultaneous ICP atomic emission spectrometer ICPE-9820.

3.6.6. Electrochemical Measurements

Electrochemical measurements were conducted at room temperature with an electrochemical
workstation (CHI 760E, CH Instruments) using a standard three-electrode system. A Hg/HgO (1
M KOH) and graphite rod were employed as reference and counter electrodes, respectively. The
catalyst ink was produced by ultrasonically dispersing 2 mg of the catalyst powder in 750 uL
isopropanol, 230 uL deionized water and 20 uL of 5 wt% Nafion solution. The working electrode
was prepared by drop-casting 5 plL of the catalyst ink on a 5 mm diameter GC electrode and
letting it dry naturally. CV curves were recorded at a scan rate of 50 mV s™! in Ar-saturated
aqueous solutions that contained 0.5 M KOH or 0.5 M KOH + 0.5 M HCOOK. CA measurements
were conducted at -0.2 V vs. Hg/HgO for 5000 s in a 0.5 M KOH + 0.5 M HCOOK electrolyte.
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3.6.7. Computational method

We have employed VASP ¥ 2 to perform all the DFT calculations within the GGA using the PBE
formulation.® We have chosen the PAW potentials*® to describe the ionic cores and take valence
electrons into account using a plane wave basis set with a kinetic energy cutoff of 400 eV. Partial
occupancies of the Kohn-Sham orbitals were allowed using the Gaussian smearing method and
a width of 0.05 eV. The electronic energy was considered self-consistent when the energy
change was smaller than 107 eV. A geometry optimization was considered convergent when the
force change was smaller than 0.02 eV/A. Grimme’s DFT-D3 methodology was used to describe

the dispersion interactions.®

The equilibrium lattice constant of FCC Pd unit cell was optimized, when using a 10x10x10
Monkhorst-Pack k-point grid for Brillouin zone sampling, to be a=3.886 A. The equilibrium lattice
constants of hexagonal C;N monolayer unit cell were optimized, when put together with a
vacuum layer in the depth of 15 A and using a 3x3x1 Monkhorst-Pack k-point grid for Brillouin
zone sampling, to be a=8.310 A. We then use it to construct a Pd(111)/C2N heterojunction
surface model (model 1). It should be noted that we also constructed the Pd(200)/C2N model
and calculated the formate adsorption energy on both Pd(111)/C,N and Pd(200)/C,N. Because
the adsorption energy of formate on Pd(111)/C,N was higher than on Pd(200)/C;N, we used the

former model for further calculations.

The Pd(111) part of model 1 has a p(3x3) periodicity in the x and y directions and 3 atomic layers;
the C;N part has a unit cell of C;N monolayer; the Pd(111)/C;N slab was separated in the z
direction by a vacuum layer in the depth of 15 A in order to separate the surface slab from its
periodic duplicates. Model 2 was built by adding one layer of H atoms between the topmost
layer of Pd(111) part in model 1 and second layer of Pd(111). During structural optimizations, a
2x2x1 k-point grid in the Brillouin zone was used for k-point sampling, and all atoms were

allowed to relax.

The adsorption energy (Eaqs) of adsorbate A was defined as: Eads = Eafsurf — Esurf — Eagg), Where Eajsurs,
Esurf and Eag are the energy of adsorbate A adsorbed on the surface, the energy of clean surface,
and the energy of isolated A molecule in a cubic periodic box with a side length of 20 A and a

1x1x1 Monkhorst-Pack k-point grid for Brillouin zone sampling, respectively.

The transition state of an elementary reaction step was located by the nudged elastic band (NEB)
method.” In the NEB method, the path between the reactant(s) and product(s) was discretized
into a series of five structural images. The intermediate images were relaxed until the

perpendicular forces were smaller than 0.02 eV/A.
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Figure 3.51. 'H NMR spectrum of HAB. (*H NMR (400 MHz, H,0-d5, 6): 3.39 (s, 2H, NH2))
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Figure 3.52. a-b) SEM, c¢) TEM images and d) EDS result of C;N.
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Figure 3.53. a-d) TEM images of in situ PAH@C;N

Figure 3.54. a) TEM images of PdA@C;N, b) HRTEM and corresponding FFT spectrum Pd@C;N,
c) HAADF-STEM and EELS chemical composition maps of PdA@C;N obtained from the red
squared area of the STEM micrograph. Individual Pd My4s-edges at 335 eV (red), N K-edges at
401 eV (green) and C K-edges at 285 eV (grey) and composites of Pd-N, N-C and Pd-N-C.
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Figure 3.S5. a-c) SEM images and d) EDS result of PdH/C,N.

Figure 3.56. a-d) TEM images of PdHo ss NP without C;N
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Figure 3.57. a-d) TEM images; e-h) HRTEM images and corresponding FFT spectra of
PdHoss@C;N after 1000 cycles in the range -0.9 to 0.3 V vs. Hg/HgO

|
d
ORBD
oXPD 0
oORP O
oogQQ O bQQQOU
[
c 120 {—Pd@CN ! : PA@C,N-5,=2.09 ¢V
—PdH, @C,N i PdH, ;@C,N-5,=2.29 ¢V
90 -
wn
(e}
2 60
=%
30 -
0 il . ) A\M AV, W'Y
-8 -6 -4 2 0 2 4 6

Figure 3.58. a, b) Simulated PdHgss@C,N models and c) d-band centre of Pd@C,;N and
PdHo.ss@C;N.
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Table 3.51. Summary of the FOR activity and stability of Pd-based nanoalloys.

Mass activity

Specific activity

Electrocatalyst Electrolyte Ref.
(A mgpq?t) (mA cm™)
This
PdHoss@C:N 5.6 27.4 0.5 M KOH + 0.5 M HCOOK
work
PdsAusAg1/CNT 4.5 14.5 1.0 M KOH + 1.0 M HCOOK 8
PdNi/C 4.5 12.0 1.0 M KOH + 1.0 M HCOOK 9
PdRh/C 4.5 8.1 1.0 M KOH + 1.0 M HCOOK 10
PdssAgsoRhi1s/C 3.3 5.9 1.0 M KOH + 1.0 M HCOOK 11
Ag20PdsoNizo 3.0 10.9 2.0 M KOH + 2.0 M HCOOK 12
PdAgPt aerogels 2.9 3.5 0.5 M KOH + 0.5 M HCOOK 13
PdAgC
gLl 2.7 10.1 1.0 M KOH + 1.0 M HCOOK 14
aerogels
Pd7,Ceas/C 1.1 194 1.0 M KOH + 1.0 M HCOOK 15
Pt-Ag all
§ atloy 0.8 32.6 1.0 M KOH + 1.0 M HCOOK 16
nanoballoon
Pdi0/Ag-CNTs 4.7 0.9 1.0 M KOH + 1.0 M HCOOK 17
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CHAPTER 4

PHOSPHOROUS INCORPORATION INTO PALLADIUM
TIN NANOPARTICLES FOR THE ELECTROCATALYTIC
FORMATE OXIDATION REACTION
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4.1. ABSTRACT

The deployment of DFFCs relies on the development of active and stable catalysts for the FOR.
Palladium, providing effective full oxidation of formate to CO,, has been widely used as FOR
catalyst, but it suffers from low stability, moderate activity, and high cost. Herein, we detail a
colloidal synthesis route for the incorporation of P on Pd,Sn NPs. These NPs are dispersed on CB
and the obtained composite is used as electrocatalytic material for the FOR. The Pd,Sno sP-based
electrodes present outstanding catalytic activities with record mass current densities up to 10.0
A mgpqt, well above those of Pdi6Sn/C reference electrode. These high current densities are
further enhanced by increasing the temperature from 25 °C to 40 °C. The Pd,SnosP electrode
also allows for slowing down the rapid current decay that generally happens during operation
and can be rapidly re-activated through potential cycling. The excellent catalytic performance

obtained is rationalized using DFT calculations.
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4.2. INTRODUCTION

Fuel cells, characterized by high efficiencies of conversion from chemical to electrical energy,
are an appealing alternative to conventional fossil fuel-based combustion technologies. Among
the possible energy carriers, liquid and solid C; and C; fuels, such as ethanol, methanol, FA, or
formate, are particularly attractive. Such fuels can be directly produced from CO2RR, thus
enabling a zero-CO; energy cycle, and offer advantages in terms of safety, storage, and

transportation over carbon-free energy carriers such as hydrogen, hydrazine, or ammonia.’

DFAFCs have received special attention due to their high energy density, low fuel crossover, and
superior theoretical cell potential of 1.45 V, which is well above that of direct ethanol fuel cells,
1.14 V, and direct methanol fuel cells, 1.21 V. Despite these advantages, DFAFCs have not
reached the market because of drawbacks associated with the use of an acid medium, including
moderate stability related to the degradation of the electrodes and membrane, and the toxicity

and corrosiveness of FA at high concentration.

As an alternative to DFAFCs, DFFCs have received much less attention despite their several key
advantages.>”’ The use of a solid formate salt is beneficial in terms of storage and transportation
over liquid FA. Formate is also characterized by much lower toxicity and corrosiveness than FA,
and therefore it can be used at higher concentrations.>® Besides, DFFC present faster kinetics

due to the rapid ORR kinetics in alkaline medium when compared with an acid environment.?

However, the performance and overall cost-effectiveness of DFFCs strongly depend on the
performance of the catalyst activating the FOR. FOR can proceed through two main pathways.’
A first pathway is the direct formate oxidation to CO,. This is the most convenient mechanism
for electrochemical application because it is the fastest and most energetically efficient. The
second pathway is the indirect reaction that involves the initial formation of intermediate COaqs

that is afterward oxidized to CO,.

As a drawback of DFFCs, the demanding FOR requires the use of noble metal catalysts such as
Pt and Pd. Among FOR electrocatalysts, Pt generally displays the highest initial activities, but it
also suffers from poor stability.'®2* Pt-based catalysts generally drive FOR through the indirect
path, producing CO,q4s that strongly bind to the surface active sites, thus rapidly deactivating the
catalyst.'® Besides being slightly more abundant and less expensive than Pt, Pd also shows higher
long-term activity and durability, which has positioned Pd as the state-of-the-art FOR catalyst.>

416-20 However, pure Pd catalysts still suffer from too elevated cost, and unsatisfactory activity
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and durability for the deployment of cost-effective commercial DFFC.2! While competition
between the two FOR mechanisms exist in pure Pd catalysts, Pd oxidizes formate mainly through
the direct pathway.?? During this process, formate decomposes into surface adsorbed Hags and
CO2245.23 Hags binds strongly to the Pd active sites, which is generally assumed to block the
adsorption of unreacted formate molecules and, consequently, reduce the catalytic activity.?*
%6 Besides, the production of CO.¢s through the minoritarian indirect reaction pathway also

affects the catalyst's long-term activity.

Several strategies have been developed to overcome the limitations of Pd catalysts. The main
approach is the alloying of palladium with other metallic or non-metallic elements. This alloying
target three main objectives: i) to optimize the palladium electronic energy levels to tune the
adsorption energy of precursors/intermediates/products; ii) to provide additional surface
adsorption/reaction sites; and iii) to minimize the amount of Pd used. In this scenario, numerous
noble metal Pd-based alloys have been tested, including Pd-Ag,?”~%° Pd-Rh,° Pd-Au,3**? Pd-Ag-
Ir,® Pd-Ag-Ru,®* Pd-Ag-Rh,* or Pd-Au-Ag®®. Besides, the alloying of Pd with abundant metals such
as Sn, Cu, Ni, or Co is not only particularly interesting in terms of cost but also to promote the
interaction with hydroxyl groups.?#3’3® The formation of M-OH weakens the adsorption of
poisoning intermediates such as CO.ss and Hag. As an example, J. Noborikawa et al.
demonstrated Pds;Cu13/C to have 1.8 times higher activity than monometallic Pd/C.** Qiao Wang
et al. showed that the incorporation of Cu into AgPd resulted in a factor 1.2 mass activity
increment and improved stability compared to the binary compound.? Besides, Sankar et al.
reported Pd,3Co/C with a mass activity of 2.5 A mgpqt and PdNi/VC with 4.5 A mges?, well above
that of Pd/C.3840

Among the different Pd alloys, PdSn is particularly interesting both in terms of cost and
performance in oxidation reactions. We and others have demonstrated that the incorporation
of Sn remarkably improves the Pd resistance towards poisoning and the electrooxidation
catalytic activity by both electronic and geometrical effects.** Several previous works have
tested Pd-Sn alloys for the FA oxidation reaction (FAOR).*->3 Liu et al. showed Pd,Sn as the most
effective catalyst in comparison with other Pd,Sn, alloys and pure Pd/C.>! Wang et al. obtained
PdSn alloy NPs on carbon nanotubes with 1.81 times higher activity and superior stability
towards FAOR than the palladium counterpart. Additionally, Hwang et al. deposited PdSn on Ti
and demonstrated excellent performance in the interconversion between CO, and FA.>%>3
Surprisingly, very few studies have focused on the application of Pd-Sn alloys as FOR

electrocatalysts in DFFCs. Recently, Sasidharan et al. reported a PdssSnis alloy with an excellent
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FOR activity of 5.7 A mg?, which is more than 3.5 times that of Pd/C, and prominent stability.>*
Additionally, Hosseini-Benhangi developed a novel class of non-metal flow batteries using
bifunctional CO,/formate electrocatalysis based on binary PdSn and ternary PdSnPb and PdSnin

alloys.>®

Phosphorus is an inexpensive non-metallic element with abundant valence electrons. Its alloying
with metals modify the metal's electronic state, facilitating the adsorption of hydroxyl species
and hampering the adsorption of poisoning compounds and the dissolution of metal ions from
the catalyst surface. To the best of our knowledge, no studies have reported the use of palladium
phosphides for FOR. However, Pd-P and Pd-M-P alloys have been demonstrated as efficient
catalysts for the FAOR.>*®' As an example, the ternary PdNiP exhibits a remarkable
improvement in electrocatalytic activity towards FA, methanol, ethanol oxidation, and HER
compared to the binary PdNi.52%° Besides, we demonstrated the incorporation of P to PdSn
alloys to significantly improve the catalyst performance towards the ethanol oxidation

reaction.%®

In this work, we demonstrate that the incorporation of phosphorus into PdSn NPs results in a
significant improvement of the FOR electrocatalytic performance. Using a colloidal synthesis
method, Pd-Sn-P particles are prepared and afterward supported onto CB. The FOR activity and
stability of the produced composite electrodes are experimentally analysed. Besides, the

outstanding performances obtained are rationalized using DFT calculations.

4.3. RESULTS AND DISCUSSION

4.3.1. Catalyst physico-chemical properties.

As detailed in the experimental section (Supporting Information, Sl), phosphorous-containing
palladium tin-based catalysts were prepared through a four-step approach (Scheme 4.1). In the
first step, colloidal Pd-Sn NPs were grown from the co-reduction of Pd(acac), and Sn(OAc), at
230 °C using OAm as both solvent and reducing agent, and TOP and MAC as stabilizers and
shape-directing agents.®” Afterwards, phosphorous was incorporated into the Pd-Sn NPs
through reaction with HMPT at 300 °C. In a third step, Pd-Sn-P NPs were supported onto CB
Vulcan XC-72 to maximize the particle dispersion for electrochemical application. Once
supported, the NP surface ligands were removed using an acid treatment and posterior

annealing under an inert atmosphere to obtain a ligand-free electrocatalyst.®’~7*
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Scheme 4.1. Schematic view of the process used to prepare the palladium tin phosphide-based

catalyst.

TEM analysis of the produced Pd-Sn-P NPs shows them to be characterized by elongated
geometries with an average length of 20 nm and an average thickness of 9 nm (Figure 4.1a).
SEM-EDS and ICP-MS data confirmed the presence of the three elements with an atomic ratio
of Pd/Sn/P =2/0.8/1 (Figure 4.S1b). The powder XRD pattern of the Pd,Sn sP particles resembles
that of an orthorhombic Pd,Sn phase with space group Pnma (JCPDS 01-89-2057, Figure 4.1b).
Figure 4.1c shows a representative HRTEM image of the Pd,SngsP NPs. The FFT of the magnified
detail matched that of the Pd,Sn orthorhombic Pnma phase, consistent with XRD data. No
additional phases, particularly the binary phosphides SnP (JCPDS 03-065-9787) and PdP (JCPDS
01-077-1421), were detected by HRTEM and XRD analyses (Figure 4.S5). Figure 4.1d displays a
TEM image of the Pd,SnosP particles homogeneously dispersed onto CB, after the purification
and annealing process. HAADF-STEM and EELS analysis of the supported particles showed a
uniform distribution of the three elements throughout each NP and between NPs (Figure 4.1e).
To evaluate the electrocatalytic activity variation with the incorporation of phosphorous, binary
Pd16Sn and ternary Pd,SnosP1s containing a larger amount of P were also prepared (Figure Sla
and 4.51c). Pd16Sn and Pd,Sno sP1 s also displayed elongated morphologies (Figure 4.52 and 4.S3,
respectively) and a structure similar to the orthorhombic Pd,Sn phase (Figure 4.54 and 4.S6,

respectively).
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Figure 4.1. Structural and chemical characterization of Pd>SngsP NPs. (a) TEM micrograph. (b)
XRD pattern. (c) HRTEM micrograph, detail of the orange squared region and its corresponding
indexed FFT. (d) TEM image of the Pd,SnosP NPs supported onto CB. (e) HAADF-STEM general
image of the Pd,Sno sP NPs (left) and HAADF-STEM magnified detail of the orange squared region
on the left with the corresponding EELS elemental composition maps (right): Pd (blue), Sn (red)

and P (green).

Figure 4.2 displays the XPS spectra of Pd,Sng sP NPs. The high-resolution Pd 3d XPS spectrum has
the main doublet at 335.6 eV (3ds/;) attributed to metallic Pd, and another less intense doublet
at 337.2 eV (3ds/2) assighed to Pd?*. The Sn 3d XPS spectrum also displays two doublets, at 484.8
eV (Sn 3ds,2) and 487.0 eV (Sn 3ds/,), that are assigned to a metallic Sn and an oxidized Sn**
component, respectively. In this case, the oxidized Sn component is majoritarian. Figure 4.57
shows a comparison of the XPS spectra of Pd-Sn alloys with and without phosphorous. We
observe the introduction of P to have an electronic effect on Pd and Sn, shifting the Pd 3d and
Sn 3d spectra to lower and higher binding energies, respectively. The P 2p XPS spectrum displays
one doublet at 133.5 eV (P 2ps52) and 134.4 (P 2pis;) assigned to P within a phosphate
environment. Thus, the surface of the deposited Pd,SnosP particles was partially oxidized owing

to its exposure to air, especially the Sn and P components.
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Figure 4.2. High-resolution Pd 3d, Sn 3d, and P 2p XPS spectra of the Pd,SnosP catalyst.

4.3.2. Electrocatalytic formate oxidation.

The electrocatalytic properties of the carbon-supported Pd,SngsP NPs toward FOR were
assessed using a standard three-electrode system in a potential range of -0.9 to 0.4 V vs Hg/HgO.
Initially, CV was performed at room temperature using a sweep rate of 50 mV s in an alkaline
medium containing 1M KOH but no formate (Figure 4.3a). In these conditions, the CV curves
obtained from Pd,SnosP/C and Pd;6Sn/C catalysts displayed the characteristic Pd redox peaks in
an alkaline medium. In the forward scan, the current density peaks in the region between -0.9
and -0.4 V are attributed to the oxidation of adsorbed hydrogen and the peaks in the region
between 0.2 to 0.4 V are associated with the superficial Pd oxidation. The current density
measured in the region between -0.5 and -0.4 is associated with OH- adsorption®® Notice this
contribution is significantly larger for the samples containing P. In the reverse scan, the peak
located at -0.5 V is associated with hydrogen adsorption and the peaks in the region between -
0.2 to -0.4 V to Pd-O reduction. The ECSA was determined from the area of the Pd-O reduction
peak (Q):

ECSA = Q (uC-em™?) (3)

Qpao (WC-cmp3)-Pdioading (mg-cm=2)

where Qpgo corresponds to the charge associated with the reduction of a Pd-O monolayer (420
uC cm2). The ECSA obtained for Pd1.6Sn/C, Pd2SnosP/C and Pd,Sno sP1s/C are 44.38 m? gpq?, 197.1
m? geatand 106.2 m? gpql, respectively. Thus, despite introducing a third element, significantly

larger ECSA values are obtained for Pd,Sno sP/C compared with Pd;6Sn/C.

Figure 4.3b shows the mass-normalized voltammograms obtained from binary Pd;¢5n/C and
ternary PdySnosP/C catalysts in an Ar-saturated 1 M KOH + 1 M HCOOK solution. During the
anodic scan, a broad band at ca. -0.2 vs Hg/HgO is associated with the catalyst activity toward

the FOR. In the high potential range, the current density decreases due to the oxidation of the
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surface Pd. An extension of the FOR potential range is systematically obtained with the
introduction of P, which we related to an increase in the resistance of the surface Pd towards
oxidation. An additional extension is also systematically observed for the Pd;SngsP1s/C
electrode, which is associated with the presence of a P-related FOR site that evolves with cycling
(Figure 4.S8). In the cathodic scan, the FOR activity is recovered at ca. -0.3 V vs Hg/HgO, when
the Pd surface is reduced. As more clearly displayed in Figure 4.3c, the onset potential at 1 A
mgpq! of the Pd,SnosP/C catalyst was significantly lower (-0.66) than that of the binary Pd165n/C
(-0.55 V) and ternary Pd>SnogP1s/C (-0.62 V). The highest current densities were obtained with
the Pd-Sn-P alloys. Pd,>SnosP/C was characterized by very high mass currents up to 10.0 A mgpq”
1 at ca. -0.2 V vs Hg/HgO, which is the highest value reported to date (Figure 4.3d). This value
was more than twofold higher than that of binary Pd16Sn/C (4.9 A mgpq?) and about 1.4 times
higher than Pd;SnosP1.s/C (7.0 A mgpa?). The electrochemical impedance spectra at -0.6 V were
used to investigate the influence of P on the charge transfer phenomena (Figure 4.58). The
lowest charge transfer resistance was obtained for the Pd,SngsP, which agrees with the CV

measurements.

The catalyst stability under FOR conditions was assessed by CA in an Ar-saturated 1M KOH + 1M
HCOOK solution for 7200 s (Figure 4.3e). A relatively rapid current decay was obtained due to
the double layer discharge and the progressive accumulation of adsorbed intermediate species
(Hags and/or COags) that deactivate the catalyst active sites.?*? Pd;6Sn/C was deactivated after
2000 s, while for both phosphide catalysts the mass current was still ca. 0.1 A mg 4 * after 5500
s and 4200 s for Pd>SnosP/C and Pd,SnosP1s/C, respectively. Thus, the incorporation of P not

only increases the FOR activity but also the stability against the adsorption of poisoning species.
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Figure 4.3. (a) CV voltammograms in 1 M of KOH aqueous solution, (b,c) CV
voltammograms in 1 M KOH + 1 M HCOOK aqueous solution of Pd;sSn/C (black line),
Pd,SnosP/C (red line) and Pd,SnosP1s/C (blue line) catalysts, and (d) Comparison of
prepared Pd,SnosP/C mass current (red column) with Pd-based catalysts reported in the
literature (blue columns). (e) CA test at the voltage of the maximum current response in
1 M KOH + 1 M HCOOK aqueous solution, of Pd165n/C (black line), Pd2SnosP/C (red line)
and Pd,SngsP1s/C (blue line) catalysts.

Figure 4.4 shows the dependence on temperature of the FOR electrochemical activity obtained
from the three palladium-based catalysts. At 40 °C, the current density significantly increased
and the onset potential diminished for the phosphorized catalysts. This improved performance
is related to the fact that a higher temperature lowers the relative reaction energy barrier,
decreasing the overpotential and facilitating the desorption of CO,. The faster product
desorption allows a higher rate of unreacted formate molecules to reach the catalyst's active

sites, incrementing the current density.
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Figure 4.4. CV voltammograms of Pd165n/C, Pd2SnosP/C and Pd,SnosP1s/C at 25 °C (black line)
and 40 °C (red line).

To remove the accumulated poisoning species, a rapid potential scan to oxidize and reduce the
Pd surface was tested. Figure 4.5 shows the regeneration capacity of the three tested catalysts.
After every 30 minutes of CA test, the catalysts were re-activated by performing 2 CV cycles in
the potential range -0.9 V to 0.4 V (vs Hg/HgO). All three catalysts demonstrate a high activity

recovery and stability throughout the process.
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Figure 4.5. Successive CA curves of the Pd;sSn/C, Pd2SnosP/C and Pd;SnosP1s/C catalysts

regenerated every 30 min using two CV cycles (vertical lines).
4.3.3. DFT calculations

DFT calculations were used to gain insight into the mechanism behind the outstanding FOR
performance experimentally measured from Pd,SnosP catalysts. In aqueous conditions, the

HCOO" oxidation to CO; could occur through the following elementary steps:

* + HCOO — *HCOO (4)
*HCOO — *CO, + H* + & (5)
*CO, = *+ CO, (6)

The top-view and side-view structures of the optimized pristine Pd;Sn and Pd;SngsP and the

corresponding adsorption structures of *HCOO and *CO, are shown in Figure 4.59. The
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computational Gibbs free energy of *HCOO oxidation to *CO, was calculated comparatively on
Pd,Sn and Pd,SngsP (Figure 4.6a,b). It can be found that the free energy decreases in the first
and second steps involving the *HCOO oxidation to adsorbed *CO,, thus they are energy-
favourable exothermic reactions. However, the last step from adsorbed *CO; to free CO; is an
endothermic reaction, involving an energy barrier of 0.57 eV on Pd,Sn (001) and just 0.33 eV on
Pd,SngsP (001). Thus, it can be deemed that the Pd,SnosP (001) performs better activity than the
Pd,Sn (001) because of a significantly decreased adsorption energy of CO, after the
incorporation of phosphorous into the Pd,Sn system. That is, the adsorption energy of CO, on
Pd,SnosP (001) surface is only about -0.33 eV, which is 0.24 eV above that on Pd,Sn (001) surface
(Figure 4.6b). The modulation of the electronic structure of Pd;SngsP through introducing P to
the Pd-Sn system may play a dominant role during the reaction.”’® In addition, the adsorption
energy of HCOO on Pd,Sn (001) is -1.23 eV, and -1.42 eV on Pd,SnosP (001). We need to point
out that we further calculated the indirect FOR pathway, but this calculation yielded an energy
barrier of the oxidation of HCOO to CO of more than 3 eV on Pd,SnosP, pointing at a less

favorable path.
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Figure 4.6. (a) Change of Gibbs free energy according to reactions of (4-6) on Pd,Sn and
Pd2SnosP. (b) Adsorption energy of HCOO and CO; on Pd,Sn and Pd,;SngsP.

The decreased interaction after P doping was further confirmed by the calculation of the charge
density difference as shown in Figure 4.7. The moderate difference in HCOO adsorption energy
is also reflected in the charge density difference in HCOO-Pd,Sn and HCOO-Pd,SngsP systems
(Figure 4.7a,c). A significantly lower charge redistribution difference between CO, and Pd;Sng sP
(001) in Figure 4.7b was obtained compared with the system CO,-Pd,Sn (001) in Figure 4.7d,
implying a lower interaction. Thus, the desorption of CO, from Pd,SnosP (001) is much easier
than from Pd,Sn, which facilitates the re-exposure of active sites on the surface. The PDOS is

shown in Figure 4.7e. The interaction of the p orbital of P and the d orbital of Pd can be found
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around the Fermi level. The d band of Pd was expanded after the P doping. The d-band centre
of Pd,Sn is -2.82 eV, while it decreased to -3.34 eV in the Pd,SngsP. This decrease in the d-band

centre explains the decreased adsorption energy for the adsorbed species.
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Figure 4.7. Charge density difference plots of (a) Pd,Sn-HCOO, (b) Pd,Sn-CO,, (c) Pd2SnesP-HCOO
and (d) Pd,SnogP-CO,. The isosurface value is 0.00025 e A3. The blue region means charge

depletion while the yellow region means charge accumulation. (e) PDOS of Pd,Sn and Pd;Sno sP.

4.4. CONCLUSIONS

In summary, we demonstrated that through a phosphorization process, the electrocatalytic
performance of Pd-Sn catalysts towards FOR can be strongly enhanced. Palladium tin phosphide
catalysts were obtained by a colloidal process, in which the binary Pd-Sn was first obtained and,
subsequently, phosphorized by HMPT at 300 °C. Pd,SnosP/C catalysts exhibited not only higher
activity and stability than Pd;¢Sn/C and Pd/C catalysts but also the highest mass-specific current
densities reported so far. Furthermore, activity can be boosted by increasing the temperature
from 25 °Cto 40 °C. While a rapid current decay throughout the CA test was obtained, especially

for Pd/C and Pd;16Sn/C samples, the catalysts could be regenerated using two CV cycles. Finally,
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DFT results confirmed that the presence of P favours the desorption of CO; thus reducing the

energy barrier of the rate-limiting step.

4.5.
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SUPPORTING INFORMATION

4.6. S| EXPERIMENTAL AND THEORETICAL METHODS

4.6.1. Chemicals

OAm (98%) was purchased from Acros Organics. Palladium(ll) acetylacetonate (Pd(acac),, Pd
34.7 wt%), tin(ll) acetate (Sn(OAc),, 99%), HMPT (97%), TOP (97%), MAC (98%), potassium
hydroxide (KOH, 85%) and Nafion (5 wt% in a mixture of low aliphatic alcohols and water) were
obtained from Sigma-Aldrich. Potassium formate (HCOOK, 99%, water less than 2%) was
purchased from Alfa Aesar. CB Vulcan XC-72 was acquired from Fuel Cell Earth. Hexane, ethanol
and acetone were of analytical grade and purchased from various sources. MilliQ water was
obtained from a Purelab flex from Elga. All reagents and solvents were used without further

purification.

4.6.2. Synthesis of Pd16Sn and Pd>Sng.sPx NPs

The synthesis of Pd.SnosP NPs was adapted from our previous work.[1] Briefly, 95 mg
(0.31 mmol) of Pd(acac), and 100 mg (1.5 mmol) of MAC were mixed with 20 mL of OAm
in @ 50 mL three-neck flask and degassed under vacuum at 120 °C for 1 h. Under Ar
atmosphere, 1 mL of TOP and 73 mg (0.3 mmol) of Sn(OAc),, which were stored inside
the glovebox, were introduced. Then the temperature was raised to 230 °C at a rate of 5
°C min! and maintained for 30 min. Subsequently, the sample was heated to 300 °C for
40 min. During this temperature increase, the solution gradually turned black, indicating
the nucleation of Pd—Sn NCs. Once the solution reached 300 °C, 0.2 mL (1.1 mmol) of
HMPT was injected and the solution was allowed to react for 1 h before it was cooled to
ambient temperature with a water bath. Larger amounts of P could be introduced by
increasing the amount of HMPT during the phosphorization process. We particularly
tested the addition of 0.4 mL (2.2 mmol) of HMPT. On the other hand, Pdi1¢Sn NPs were
produced by skipping the phosphorization step, i.e. without adding HMPT. The product
was precipitated with acetone, centrifugated at 7000 rpm for 3 min and re-dispersed with
chloroform. This cleaning cycle was repeated 3 times and the final black product was kept

in hexane.
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4.6.3. Characterization

Powder XRD patterns were collected from the samples supported on a Si substrate on a Bruker-
AXS D8 Advanced X-ray diffractometer with Ni-filtered (2 um thickness) Cu K radiation (A =
1.5406 A) operating at 40 kV and 40 mA. The 26 range was between 20-80°. SEM analysis was
conducted with a Zeiss Auriga microscope equipped with an EDS detector and BSE contrast
mode, operating at 20 kV. TEM images were carried out with a JEOL 2000 FX Il working at 80 kV.
HRTEM analysis was carried out using a field emission gun FEI™ Tecnai F20 microscope at 200
kV with a point-to-point resolution of 0.19 nm. HAADF-STEM was combined with EELS in the
Tecnai F20 with a Gatan Quantum filter. XPS was analysed on a Specs system equipped with an
Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector. The CasaXPS
program was employed for the data process. ICP-MS was conducted with a Shimadzu

simultaneous ICP atomic emission spectrometer ICPE-9820.
4.6.4. Electrochemical tests

Electrocatalysts were prepared by supporting the particles onto CB Vulcan XC-72. Before
incorporating the NPs, the CB was treated with HNOs at 80 °C for 3 hours. To prepare the
catalyst, a dispersion of Pd>SngsP (Pd16Sn or Pd,SnosP1s) in hexane was mixed with a dispersion
of CB in ethanol. The mixture was sonicated for 1 h. Then the product was collected by
centrifugation and then re-dispersed in a mixture of acetic acid/ethanol (10 % v/v) to remove
surface organic ligands through sonication. Afterward, the catalyst was washed three times with
ethanol, dried at 60 °C overnight and annealed at 300 °C in an Ar atmosphere for 1 h. A catalyst
ink was prepared by ultrasonically dispersing 6 mg of electrocatalyst, 1 mL of isopropanol and
30 pL of Nafion. The working electrode was prepared by coating a GC electrode, with a surface
area of 0.196 cm2, with 3 uL of the ink and dried under ambient conditions. The amount of Pd
on the catalyst was determined ICP-MS. From the concentration of Pd on the catalyst obtained
by ICP, we determined that 0.5, 1.4 and 2.4 pg of Pd were used to prepare the Pd16Sn, Pd;Sno sP
and Pd;SnosP1s electrodes, respectively. Electrochemical measurements were conducted at
room temperature with a VersaSTAT electrochemical workstation using a three-neck-type cell
including a Pt gauze as a counter electrode and a Hg/HgO (1 M KOH) electrode as reference. The
catalytic activity was determined using CV at a scan rate of 50 mV/s in Ar-saturated aqueous
solutions containing 1 M KOH or 1 M KOH + 1 M HCOOK. EIS was carried out in the range from
0.1Hz to 100kHz with an amplitude of 10mV. Stability was explored using 7200 s CA tests at the
potential in which the maximum mass current was obtained in Ar-saturated 1 M KOH + 1 M

HCOOK electrolyte.
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4.6.5. DFT calculations.

DFT calculations were performed using the VASP.22 The interaction between the electrons and
ions was described using the PAW method.* The PBE functional with GGA was utilized to treat
the electronic exchange-correlation energies.” For all the geometry optimizations, the cut-off
energy was set at 500 eV. The 3x3x1 Monkhorst-Pack k-points were set to optimize the bulk
structure of Pd,Sn and Pd,SnosP.6 A five-layer 3x3x1 Pd,Sn (001) model which contains 30 Pd
atoms and 15 Sn atoms, and a similar Pd>SnogP model which contains 23 Pd atoms, 10 Sn and
12 P atoms were chosen to be studied comparatively. All atoms could relax until the electronic
self-consistency and the ionic relaxation reached the convergence criteria of 10~ eV and 0.02
eV/A. The adsorption energies for COOH and CO; on the surfaces were calculated based on the

following equation:

Eads = E*adsorbate - (E* + Eadsorbate ) (1)

where E"adsorbate, E- and Eagsorbate are the total energies for either COOH or CO; adsorbed

on the substrate, pure substrate and the free COOH or CO; adsorbate.
The Gibbs free energy change, AG, of each reaction step is evaluated based on CHE model:
AG = AE + AEZPE —TAS (2)

where AE is the reaction energy directly computed from the DFT calculations, AEz is the
zero-point energy obtained from vibrational frequency calculations, and TAS is the
corresponding entropy difference obtained from standard tables for gas-phase

molecules.

4.7. SIRESULTS

®
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Figure 4.S1. SEM-EDS analysis of (a) Pd1.65n, (b) Pd2SnosP and (c) Pd2SnosPas.
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Figure 4.52. TEM micrograph of Pd;sSn nanorods.
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Figure 4.53. TEM micrograph of Pd;SngsP1.s nanorods.
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Figure 4.54. XRD pattern of Pd1¢5n nanorods
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Figure 4.S5. XRD pattern of Pd,SngsP nanorods
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Figure 4.56. XRD pattern of Pd;SngsP1.s nanorods
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Figure 4.S7. High-resolution Pd 3d and Sn 3d XPS spectra of the Pd1Sn catalyst.
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Figure 4.58. Nyquist plots in 1 M KOH and 1 M HCOOK for the formate oxidation at -0.6 V of
Pd1.6Sn/C (black line), Pd2SnosP/C (red line) and Pd,SnosP1.s/C (blue line) catalysts.
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Figure 4.59. Top and side views of the optimized structures before and after the adsorption of
*COOH and *CO; on Pd,Sn (a-c) and PdxSnogP (d-f). H (small white), C (small purple), O (small
red), Pd (big white), Sn (big purple) and P (big blue).
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CHAPTER 5

Oxophilic Sn to promote glucose oxidation to formic
acid in Ni nanoparticles
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5.1. ABSTRACT

The electrochemical GOR presents an opportunity to produce hydrogen and high-value chemical
products. Herein, we investigate the effect of Sn in Ni nanoparticles for the GOR to FA.
Electrochemical results show that the maximum activity is related to the amount of Ni, as Ni
sites are responsible for catalyzing the GOR via the NiOOH/Ni(OH), pair. However, the GOR
kinetics increases with the amount of Sn, associated with an enhancement of the OH" supply to
the catalyst surface for Ni(OH), reoxidation to NiOOH. NiSn nanoparticles supported on carbon
nanotubes (NiSn/CNT) exhibit excellent current densities and direct GOR via C-C cleavage
mechanism, obtaining FA with a FE of 93% at 1.45 V vs. RHE. GOR selectivity is further studied
by varying the applied potential, glucose concentration, reaction time, and temperature. FE
toward FA production decreases due to formic overoxidation to carbonates at low glucose
concentrations and high applied potentials, while AA and LA are obtained with high selectivity
at high glucose concentrations and 55 °C. DFT calculations show that the SnO; facilitates the
adsorption of glucose on the surface of Ni and promotes the formation of the catalytic active

Ni** species.

127



5.2. INTRODUCTION

Glucose is one of the main biomass-derived compounds in terms of production volume, cost,
safety, potential uses, and ease of transportation and storage. While primarily used in the food
industry, it finds additional applications in the production of bioplastics and biofuels as well as
in pharmaceutical and cosmetic manufacturing. Besides, the GOR can be also coupled with the
HER for energy-efficient hydrogen production. As an alternative to the OER (1.23 V vs RHE), the
GOR offers a much lower oxidation potential (0.05 V vs RHE). Additionally, within this coupled
system, the GOR can be used to produce several value-added chemical compounds and fuels
under mild synthesis conditions. Among others, the value-added glucose oxidation products
range from 6C species such as gluconic acid and GRA down to OXA and FA. The relatively large
number of carbons in the structure increases the complexity of the reaction mechanisms in
action and the related challenge of maximizing product selectivity. Two main mechanisms with
a complex interconnection have been proposed in the literature (Scheme 5.1). A first GOR
pathway consists of the sequential oxidation of the aldehyde and alcohol functional groups
located at the edges of the molecule generating gluconic acid followed by glucuronic acid, and
eventually GRA.M A second GOR mechanism involves the cleavage of one of the C-C bonds. This
cleavage predominantly occurs at the glucose edge, shortening it by one carbon atom at each
step, to enter the glyceraldehyde/dihydroxyacetone route to finally yield LA (3-C), OXA (2-C) and
FA (1-C).* The 5C, 4C, and 3C compounds can be generally produced with lower selectivity due
to the difficulty in precisely stopping the C-C cleavage reaction at early stages. Glucose can
additionally isomerize to fructose under basic conditions and also enter the
glyceraldehyde/dihydroxyacetone route.® Glyceraldehyde/dihydroxyacetone further oxidizes
to form either glyceric acid or LA, respectively, that further oxidizes to TA or AA and FA,

respectively./®

Among the possible GOR products, the selective production of FA is particularly interesting
owing to its extensive use in various sectors such as agriculture, water treatment, medicines,
and especially in the food, chemical, and textile industries. Besides, in the energy field, the
development of direct FA/formate fuel cells is a topic of major interest due to their high
potential energy density, safe fuel transportation and storage, and superior theoretical cell
potential.”*! In addition, the oxidation of each glucose molecule all the way down to FA provides

10 e that can be used to produce 5 H, molecules.
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Scheme 5.1. Scheme of some of the possible GOR pathways.

The multiple GOR pathways and products underscore the importance of developing highly active
but at the same time selective electrocatalysts. While noble metals such as Pt, Au, or Rh are
commonly used for the electrooxidation of biomass-derived products, their scarcity and high
price limit their industrial application. Among the alternative catalytic materials, Ni-based
compounds are particularly attractive electrocatalysts in basic media due to their impressive
activity, high abundance, low cost, and reduced toxicity. In an alkaline media cell, the GOR
mechanism generally relies on the conversion of the surface of the Ni-based material to Ni(OH)..
Then, under GOR operation conditions, when injecting electrons at the cathode and
withdrawing them from the anode at a proper potential, the Ni(ll) ions at the anode are further
oxidized to Ni(lll), in the form of nickel oxyhydroxide (NiOOH). The formation of this NiOOH
triggers the GOR, thus Ni(lll) is considered the catalytic active species. In the process of biomass
electrooxidation, Ni(lll) acts as an electron acceptor, receiving an electron from the glucose
molecule, thus reducing back to Ni(ll). Subsequently, the electrode re-oxidizes this Ni(ll) to Ni(lll)
by withdrawing another electron, completing the cycle. This cyclic electron transfer, involving
the reduction and subsequent re-oxidation of nickel ions, plays a pivotal role in the GOR
mechanism and depends on the ability to exchange electrons with the electrode, the availability
of OH groups on the catalyst surface, and the adsorption of the glucose and intermediate

molecules: (1%
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Ni + 20H = Ni(OH), + 2¢’ (1)
Ni(OH); + OH = H,0 + NiOOH + e’ (2)

Glucose + NiOOH = Product + Ni(OH)» (3)

While nickel is widely acknowledged for its outstanding catalytic activity and versatility in
facilitating a broad range of reactions, it is also commonly noted for its lack of selectivity and
stability./#*~4 Thus, several strategies have been developed to overcome these issues. One
main approach is the formation of Ni alloys to adjust the surface electronic structure and
introduce additional anchoring and catalytic sites. In this direction, Ni has been combined with
several other transition metals such as Fe and Co within oxides, nitrides, and chalcogenides,
among others.[t*>71 Yy et al. reported NiFeO, and NiFeN, compounds that convert glucose via
the functional groups oxidation mechanism, achieving a maximum FE of 87% for GNA plus GRA.!
Lin et al. synthesized NiCoSey as a bifunctional catalyst for both GOR and HER, that directs the
reaction through the C-C bond cleavage pathway, achieving a FE for formate of 70%.1”
Moreover, Wei et al. catalyzed the GOR mainly to FA with a FE of 86 % using a Mn-doped nickel

iron phosphate.[*8

Alternatively, alloying noble metals such as Pd and Pt with p-block elements such as Sn, with
higher oxophilicity, has been demonstrated as an excellent strategy to promote
electrooxidation.*” As an example, Brouzgou et al. reported that PdsSn,/C and PdSn/C exhibited
higher electrocatalytic activity and stability than Pd/C towards the GOR.?% Our group and others
have also demonstrated the high activity and enhanced stability of PdSn and PtSn-based
catalysts towards ethanol and formate oxidation.?*2% The presence of Sn within the alloy or
SnO, forming a composite has two important effects. On the one hand, Sn can alter the
interaction with reactants/products, stabilizing intermediates. This adjustment of adsorption
energies between reactants and catalyst surface sites can significantly alter, and potentially even
entirely redirect, the reaction pathway.??® In this direction, Tang et al. showed how within a Pt-
Sn catalyst the charge transfer from Sn to Pt facilitates the C-O and C-C polarization, thus
promoting complete ethanol oxidation to CO,.?®! On the other hand, the oxophilic character of
Sn and readily formation of Sn(OH)x species contributes to promoting water activation at low
potentials, providing oxygen-containing species, OH.qs, to the surface. In this way, Sn promotes
oxidation reactions by lowering the oxidation barriers through hydrogen-bond interactions.!?”
As an example in this direction, Du et al. showed that the addition of Sn to Pd promoted AA

production through the ethanol oxidation reaction.!?* Besides, Liu et al. demonstrated that Pt-
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Sn0; core-shell heterostructures facilitate C-C cleavage by the oxidation of CO.4s and CHyads
promoted in the presence of OHags formed at Sn sites.?®! In the particular case of Ni, the presence
of Sn could potentially provide the OH.q4s needed for the re-oxidation of Ni(OH), to the active

oxyhydroxide sites (Equation 2).

Ni-Sn catalysts have been demonstrated effective in promoting the electrooxidation of
methanol, ethanol, and urea, among others, the performance of NiSn towards the GOR is yet to
be explored.?®3% |n this work, we investigate the effect of Sn inclusion in Ni nanoparticles
supported on CNTs as a catalyst for the GOR. We analyze how the amount of Sn influences the
GOR kinetics and the oxidation products at different potentials and initial glucose
concentrations. Furthermore, we explore the products generated over extended 24-hour
reactions at both room temperature and 55 °C. Additionally, we assess the stability of the
catalysts through consecutive one-hour electrochemical experiments with electrolyte
regeneration between each cycle. Besides, to rationalize the obtained results, density functional

theory (DFT) calculations are used to identify the effect of Sn on the Ni(OH); structure.

5.3. EXPERIMENTAL SECTION

5.3.1. Chemicals

OAm (98%), H,SO4 (98 %), and AA (99.8%) were purchased from Acros Organics. LA (90%) was
obtained from VWR, and GNA aqueous solution (50%) from ThermoFisher. Nickel(ll)
acetylacetonate (Ni(acac),, 95%), tin(ll) acetate (Sn(OAc)2, 95%), TOP (97%), TBAB (97%), KOH
(85%), D-(+)-Glucose (99.5%), GRA (98%), D-(-)-Fructose (99%), OXA (98%), FA (97%) and Nafion
(5 wt% in a mixture of low aliphatic alcohols and water) were obtained from Sigma-Aldrich.
MWCNT were purchased from Carnd-China. Hexane, ethanol, and acetone were of analytical
grade and purchased from various sources. MilliQ water was obtained from a Purelab flex from

Elga. All reagents and solvents were used without further purification.
5.3.2. Synthesis of NiSngs, NiSnis and Ni nanoparticles

The synthesis of NiSnos nanoparticles was adapted from our previous work.®" Briefly, 224 mg
(0.9 mmol) of Ni(acac); and 112 mg (0.5 mmol) of SnCl, were mixed with 20 mL of OAm in a 50
mL three-neck flask and degassed under vacuum at 120 °C for 1 h. Under Ar atmosphere, 5 mL
of TOP was introduced. Then the temperature was raised to 230 °C at a rate of 5 °C min. Once
the solution reached 230 °C, a solution of 2.5 mmol of TBAB in 5 mL of purged OAm was injected.

After the injection, the solution turned immediately black indicating the nucleation of Ni—Sn
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nanocrystals. Then it was allowed to react for 2 h before it was cooled to ambient temperature
with a water bath. The product was precipitated with acetone, centrifugated at 7000 rpm for 3
min, and re-dispersed with chloroform. This cleaning cycle was repeated 3 times and the final
black product was kept in hexane. To produce the NiSny s, the ratio Ni/Sn was variated increasing
the amount of SnCl; to 202 mg and reducing the Ni(OAc); to 124 mg. On the other hand, Ni

nanoparticles were produced without adding SnCl..
5.3.3. Synthesis of NiSn,/CNTs

NiSn,/CNTs electrocatalysts were prepared by supporting the particles onto MWCNTSs, with a
loading amount of 20 %. To prepare the catalyst, a dispersion of NiSny (NiSnos, NiSnis, or Ni)
nanoparticles in hexane was mixed with a dispersion of MWCNTSs in ethanol. The mixture was
sonicated for 1 h. Then the product was collected by centrifugation and then re-dispersed in a
mixture of acetic acid/ethanol (10 % v/v) to remove surface organic ligands through sonication.
Afterward, the catalyst was washed three times with ethanol, dried at 60 °C overnight, and

annealed at 300 °Cin an Ar atmosphere 1 h.
5.3.4. Characterization

XRD patterns were collected from the samples supported on a Si substrate on a Bruker-AXS D8
Advanced X-ray diffractometer with Ni-filtered (2 pm thickness) Cu K radiation (A = 1.5406 A)
operating at 40 kV and 40 mA. The 28 range was between 20-80°. SEM analysis was conducted
with a Zeiss Auriga microscope equipped with an EDS detector and BSE contrast mode, operating
at 20 kV. HRTEM images and STEM studies were conducted on an FEI Tecnai F20 field emission
gun microscope operated at 200 kV with a point-to-point resolution of 0.19 nm, which was
equipped with HAADF and a Gatan Quantum EELS detector. AC-HAADF-STEM was performed in
a double aberration-corrected Thermo Fisher Spectra 300 STEM operated at 300 KeV. The
Spectra 300 is equipped with a Super X EDS detector. XPS was analyzed on a SPECS system
equipped with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector.
The Multipak data reduction software (Physical Electronic-PHI, Inc., EE. UU.) was employed for
the data process (C 1s peak corrected at binding energy of 284.8 eV). ICP-OES was conducted

using an Agilent system model 5100.
5.3.5. Electrochemical tests
A catalyst ink was prepared by ultrasonically dispersing 6 mg of electrocatalyst, 0.8 mL of

isopropanol, 0.2 mL of H,0, and 50 uL of Nafion. Electrochemical analyses were conducted in an
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H-type electrochemical cell at room temperature with a BiolLogic electrochemical workstation.
A three-electrode system was utilized to perform all the tests with a Pt gauze as a counter
electrode and a Hg/HgO (KOH saturated) electrode as a reference. The working electrode was
prepared by coating a CP, with a surface area of 1 cm?, with 0.5 mL of the ink using an aerograph

to disperse the liquid. The amount of catalyst deposited onto the CP was 3 mg.

All the potentials were converted to RHE potential following equation (4):
Erne= Eng/mgo + 0.059 - pH + 0.098 (4)

A proton exchange membrane (Nafion 117) was used to separate anode and cathode
compartments. The cathode was prepared using a 45 mL solution of 1M KOH, while 45 mL of a
glucose solution in 1M KOH was used in the anode. CV and LSV curves were performed at a scan
rate of 5 mV/s. EIS was carried out from 100 MHz to 0.1 Hz with an amplitude of 5 mV. The ECSA
was established with the Cq, obtained by CV cycles at OCV + 50 mV at different scan rates (from

5-100 mV s?!). Generally, Cq is determined from the linear fit of the current vs the scan rate, v:

I:Cdl'v (5)

Then, ECSA is calculated by dividing the double-layer capacitance by the C;

C
ECSA= — (6)

S

which is 0.04 mF cm™ based on values reported in alkaline solution.3?

CA experiments were conducted for 1 hour at a potential range from 1.35 to 1.6V vs RHE at a
concentration of 10 mM glucose in 1M KOH. The same conditions were used, but this time
maintaining the applied potential constant at 1.45 V and 1.55 V, while increasing the glucose

concentration from 10 mM to 100 mM
5.3.6. Product analysis

Liquid products generated from the glucose electrooxidation were quantified by HPLC equipped
with a Rezex™ ROA-Organic Acid H* (8%) column (LC column 300 x 7.8 mm), diode array detector
operating at 210 nm and a refractive index detector. The mobile phase consists of a 0.005 N
H,S0, solution with a flow rate of 0.2 mL min? and a temperature of 40 °C. For the HPLC
determination, 1 mL of the sample is extracted and diluted with 0.5 mL of 2M H,SO,4 aqueous

solution. FE was calculated with the following equation (7):
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e F o mOlproduct

Qtotal

where F is the faradaic constant (96500 C mol?), n is the number of transferred electrons based

on the balanced half-cell reaction and Q is the total charge passed throughout the experiment.

Selectivity was calculated with the following equation (8):

mols,roquct * Corod
Selectivity (%) = product “procuct

100 (8)
mOlsqucose : Cglucose
where Coroqauct is the number of carbons of each product, Cgucose is the number of carbons that
the molecule of glucose has (Cgucose = 6), MOlSproduct are the mols obtained of each product, and

MolSgiucose are the mols of glucose consumed during the reaction.

5.3.7. DFT analysis

DFT calculations were carried out with the VASP.3334 The PBE functional within GGA was chosen
to describe the electronic exchange-correlation energies.* The PAW method was utilized to
describe the interaction between the electrons and the ions.’® For all the geometry
optimizations, the cut-off energy was set at 600 eV. The 2x2x1 Monkhorst-Pack k-points were
used to sample the Brillouin zone.?”? A mono-layer 3x4x1 Ni(OH); (001) model which contains
12 Ni atoms was used to represent the pristine Ni(OH), catalysts, while a mono-layer
Ni(OH),/Sn0O; which contains 6 Ni atoms and 6 Sn atoms was chosen to represent the oxidative
NiSn alloy system. A vacuum with a 15 A thickness along the z-axis was inserted to eliminate the
periodic interaction of the catalysts. A Hubbard U was specified onto the d orbitals of Ni with an
effective U value of 4.00. All atoms could relax until the electronic self-consistency and the ionic
relaxation reached the convergence criteria of 10 eV and 0.01 eV/A. The adsorption energies

for glucose on the surfaces were calculated based on the following equation (9):

Eads = E*glucose - (E* + Eglucose ) (9)

where E*giucose, E*, and Egucose are the total energies for glucose adsorbed on the Ni(OH); or

Ni(OH),/Sn0O,. A more negative E,ss means a stronger adsorption.

To determine the effect of SnO, on the O-H bond scission in both pristine Ni(OH), and

Ni(OH),/Sn0,. The formation energy of H vacancy ,E+u, was calculated according to equation 10:
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Ef-tv = Estabrv + 1/2 EH2 - Estab (10)

where Esiab-nv, Enz, and Egap are the total energies of structure with an H vacancy, gaseous H,, and
the catalysts without hydrogen vacancy, respectively. A more positive Erpy means a more

difficult O-H scission.

5.4. RESULTS AND DISCUSSION

5.4.1. Catalyst preparation and characterization

NiSn-based catalysts supported on carbon nanotubes (NiSn,/CNT) were produced in four steps
(Scheme 5.2, see details in the Experimental section). First, colloidal NiSn nanoparticles were
synthesized from the simultaneous co-reduction at 230 °C of the two metal precursors, Sn(Oac),
and Ni(acac),;, with borane TBAB within a mixture of OAm and TOP, used as solvents and
stabilizers. NiSn particles with two Ni/Sn precursor ratios, NiSnys and NiSngs, were produced.
Additionally, as a reference, a pure Ni sample was also produced in the same conditions. In a
second step, to maximize the electrocatalyst electrical conductivity and minimize the
aggregation of the NiSn particles, they were dispersed on the surface of multi-walled CNTs.
Finally, in a third and fourth step, ligands were removed using a diluted AA solution and the

material was annealed at 300 °C for 1 h under an inert atmosphere.

Purge
SnCl, Vacuum/Ar

Ni(acac),
OAm

2. Washing
3. Re-dispersion

Scheme 5.2. Schematic diagram of the preparation of the NiSn-based catalyst

Figure 5.1a-f shows representative TEM and images of the different catalysts. The Ni particles in
Ni/CNT appear very small and are distributed along the CNTs with an undefined geometry. With

the introduction of Sn, the particle geometry becomes more regular. While NiSng ¢ particles have
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a spheroidal shape with a large size and shape distribution, NiSni s particles are slightly smaller
and show a more homogeneous spherical geometry. XRD pattern (Figure 5.1g) of Ni/CNTs shows
no metal-related XRD peaks, which is consistent with an amorphous lattice. Only the XRD pattern
of the carbon nanotubes with a main peak at about 20 = 25° is observed. In contrast, the XRD
patterns of the two NiSn,/CNT catalysts produced show the presence of the orthorhombic Ni3Sn;
crystallographic phase. In both NiSn,/CNT samples, bands around 20 = 28° and 20 = 34° can be
appreciated, which coincide with the main peaks of the SnO; structure. The presence of both
metals was confirmed through ICP-OES and SEM-EDS (Figure 5.51). The Ni/Sn ratios of the two
NiSn,/CNT samples measured by ICP-OES were NiSnos and NiSny s, which slightly differ from the

nominal metal ratios used. Nevertheless, we will rely on the nominal metal ratio to refer to the

two different materials.
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Figure 5.1. (a-f) Representative TEM (a, ¢, e) and STEM-HAADF (b, d, e) micrographs of
NiSn1.8/CNT (a,b), NiSnos/CNT (c, d) and Ni/CNT (e, f) catalysts. (g) XRD patterns of NiSny.s/CNT
(black line), NiSnos/CNT (red line), and Ni/CNT (blue line) catalysts.

Figure 5.2a-b shows an AC STEM-HAADF image of the NiSnge/CNT sample. The power spectrum
analysis confirms the presence of the NisSn, phase, characterized by an orthorhombic crystal
structure within the Pnm space group. Moreover, atomic resolution AC STEM-HAADF images
display a SnO; shell surrounding the NisSn, core, with an orthorhombic structure belonging to
the Pbcn space group. Upon further examination of the atomic plane frequencies obtained from

the FFT spectra calculated using STEM-HAADF images (specifically, the bottom right panel in
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Figure 5.2a), we observed additional frequency spots corresponding to atomic planes associated
with SnO,. After filtering out these frequencies related to SnO, and aligning them with the NisSn,
core lattice fringes, we evidenced that the SnO, shell exhibits a discontinuous morphology, as
clearly depicted in the frequency-filtered map shown in Figure 5.2b. The thickness of the SnO;
shell is close to 2 nm. Frequency-filtered maps of a single nanoparticle (Figure 5.2b) and EDX
maps of a particle’s ensemble (Figure 5.2c) corroborate the core-shell structure. HRTEM analysis
of the NiSn; g nanoparticles displays a similar core-shell structure (Figure 5.52), showing a core
crystallizing in the NisSn, orthorhombic phase and a similarly thick SnO; shell. The similar shell
thickness despite the higher Sn amount is consistent with the smaller size of the NiSn s cores.
HAADF-STEM coupled with STEM-EELS analysis of the NiSn,/CNT (Figures 5.5S3 and 5.54) shows
that Sn is homogeneously distributed throughout the sample, while Ni is concentrated within
the center of the particles (core) and the O is mainly found in the nanoparticles shell. In Ni/CNT,
oxygen and nickel are equally distributed, showing full oxidation of the nickel nanostructures

(Figure 5.S5).

Figure 5.2. (a) Z-contrast AC STEM-HAADF micrograph of NiSngs nanoparticles and detail of the
orange squared region and its corresponding FFT. (b) Frequency filtered map of the nanoparticle
highlighted in (a) by the orange box showing the NisSn, core in green and SnO; shell in red. (c)
EDX elemental maps of NiSnge particles showing the Ni (green), Sn (red), and O (blue)

distributions.
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The high-resolution Ni 2p XPS spectrum of NiSngs/CNT shows two doublets at 853.0 eV (2p3/2)
and 856.7 eV (2ps2), corresponding to Ni(0)and Ni(ll) oxidation states, respectively (Figure
5.56a). The Ni(ll) chemical environment, which accounts for about 56% of the total Ni detected
on the NiSnoe/CNT surface, is generated during the acid treatment. Likewise, Sn exists in two
chemical states, Sn(0) at 485 eV (3ds;z) and Sn(IV) at 487 eV (3dss). The Sn(IV) accounts for
about 79% of the total Sn detected by XPS. The Ni/Sn atomic ratio provided by XPS is Ni/Sn =
0.1, which is consistent with the Sn surface segregation and the formation of the SnO, shell on
the NisSn;, particle surface, as observed by atomic resolution AC HAADF STEM, STEM-EDX, and
STEM-EELS analyses. Similar results were obtained for the NiSn; s/CNT sample (Figure 5.56b). In
this case, Ni(0) and Ni(ll) oxidation states account for about 47% and 53% of the total Ni,
respectively. Besides, Sn(0) and Sn(IV) account for about 10% and 90% of the total Sn. The Ni/Sn
atomic ratio provided by XPS in this sample is Ni/Sn = 0.05, consistent with the higher amount
of Snintroduced in this material, the Sn surface segregation, and the formation of the SnO; shell
on the NisSn; particle surface, as observed by HRTEM, STEM-EDX and STEM-EELS analyses. On
the other hand, the Ni 2p XPS spectrum of the Ni/CNT sample (Figure 5.57) confirms a unique

oxidation state (Ni(ll)) associated with the small size of the Ni particles in this sample.
5.4.2, Electrochemical characterization

The electrochemical properties of the Ni-based catalysts towards GOR were evaluated using a
double-compartment H-cell, with a conventional three-electrode configuration (see details in
the Sl). Electrodes were fabricated onto a 1 x 1 cm CP substrate via airbrushing using an ink
containing 3 mg of catalyst, 0.75 mL of ethanol, 0.2 mL of Milli-Q water, and 50 pL of Nafion
(Figure 5.58). Despite its lower conductivity and smaller surface area compared to Ni foam, CP

was selected as support to remove a potential role of the Ni support on the GOR reaction.

LSV in the potential range of 1.0 to 1.8 V vs RHE was first conducted in 1 M of KOH at a scan rate
of 5 mV s? (Figure 5.3a). LSV curves show a peak between 1.3 V and 1.5 V corresponding to the
Ni%/Ni?* oxidation to Ni** (NiOOH). At potentials higher than 1.6 V, LSV voltammograms display
an increase in intensity associated with the OER. The larger Ni oxidation current obtained for
Ni/CNTs and NiSnos/CNT compared with NiSn,s/CNT is consistent with the lower Ni amount of
the latter. The larger Ni oxidation current obtained with the NiSnos/CNT electrode, compared to
the Ni/CNT, can be attributed to two factors. First, in the bimetallic samples, nickel is found in
both Ni° and Ni?* states, implying that part of the oxidation to Ni®* involves three electrons (Ni°
to Ni**). In contrast, all the Ni within Ni/CNTs is found as Ni%*, thus involving only one electron

(Ni?* to Ni**). XPS analysis of the electrodes after the electrochemical experiment (Figure 5.59)
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reveals that the metallic Ni peaks in the bimetallic samples have disappeared, indicating
complete oxidation of nickel during the LSV. Besides, the oxyhydroxide formation involves the
reaction with OH" molecules in solution, which is potentially enhanced by the oxophilic nature
of Sn. In this direction, Tafel plots confirm the NiSn alloy to promote the kinetics of NiOOH

formation (Figure 5.510a).

The electrocatalytic GOR activity was evaluated by adding 10 mM of glucose to the 1 M KOH
solution. LSV curves of the electrodes in the presence of glucose (Figure 5.3b) display three
distinct regions: (1) a minor rise in current between 1.1 V and 1.35 V, associated with the
formation of Ni** species, followed by (2) an abrupt boost at approximately 1.35 V, coinciding
with the Ni oxidation to Ni**, and (3) a subsequent current surge at potentials higher than 1.55
V, where the contribution of the OER becomes significant. As will be discussed later in the
manuscript, glucose conversion at potentials below 1.35 V is almost negligible, which confirms
NiOOH species are the truly active catalysts. XPS analysis of the material after the LSV curves
confirms the presence of Ni** (Figure 5.510). The current densities in the 1.1-1.35 V region match
well the amount of Ni within each material, Ni/CNT > NiSngs/CNT > NiSn1s/CNT. The current
density in region 2 (1.35V - 1.6 V) reflects the GOR electrocatalytic activity of the materials. Both
the onset potential and the steepness of the slope improve with the tin content. The GOR Tafel
plots (Figure 5.3c) in this second region confirm that the kinetics are faster in NiSn;g/CNT >
NiSnoe/CNT > Ni/CNT. As the applied potentials increase, mass transport becomes the limiting
step of the process. Desorbed products from the electrode surface hinder the arrival of new
glucose molecules, leading to a saturation of the current displayed in the voltammogram. The
saturation current of the NiSn;s/CNTs catalyst remains significantly lower than that of the other
two materials owing to the lower amount of Ni. Meanwhile, in the Ni/CNT, given that the
reaction proceeds at a slower rate compared to bimetallic compounds, it is necessary to apply
higher potentials to augment the GOR rate and attain electrode surface saturation. Increasing
the glucose concentration prevents current saturation by alleviating reactant diffusion
limitations. Notably, NiSnos/CNT exhibits its peak GOR activity in 100 mM of glucose, as observed
by LSV (Figure 5.3d) and the Tafel plot (Figure 5.510b).

CV in the range between 1.0 V and 1.8 V of the electrodes within a 1 M KOH solution shows the
pair redox Ni?*/Ni3* at oxidation potentials between 1.3-1.5 V and reduction potentials between
1.3-1.05 V (Figure 5.3e). When adding 100 mM glucose, a significant increase in current
associated with the GOR is observed for all the samples, and no reduction peak is detected. As

displayed in equation 3, the glucose oxidation induces the reduction of NiOOH to Ni(OH),. All
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the NiOOH species formed are immediately reduced upon glucose interaction. Thus during the
reduction process, all species are already reduced, which explains the absence of the reduction
peak. Extending the potential window down to 0.1 V (Figure 5.511), with and without glucose,
no additional oxidative peaks are obtained. Nevertheless, during the reduction process in 1 M
KOH, an extra peak is observed at 0.5 - 0.7 V, corresponding to the reduction of the oxygen
generated during the OER at high potentials. Since, in the presence of glucose, the GOR activity
predominates over OER for the as-prepared electrocatalysts within the measured potential
range, hardly any current variation associated with the oxygen reduction reaction is observed.
The EIS data in Figure 5.3f indicate that NiSnoe/CNT exhibited the lowest charge-transfer

resistance, confirming it as the most efficient GOR catalyst among the three tested materials.

The relative ECSA was estimated by C4 measurements (Equations 5 and 6). Capacitances for the
as-prepared catalysts are compared in Figure 5.512. Results show that the calculated
capacitance follows a trend Ni/CNT > NiSn1s/CNT > NiSnoe/CNT. The calculated ECSA values
indicate that Ni/CNT has the highest electrochemical surface area (205 cm?), followed by NiSni.s
(122.5 cm?) and NiSngs (60 cm?), which is consistent with the different sizes of the Ni-based
particles, but it is inversely proportional to the kinetics of the GOR process. This suggests that
the activity of the prepared materials is closely related not to the exposed active sites but to

their intrinsic activity.
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Figure 5.3. (a-d) LSV voltammograms in 1 M KOH aqueous solution (a), LSV voltammograms and
Tafel slopes in 1 M KOH + 10 mM glucose aqueous solution (b, c) and LSV voltammograms in 1
M KOH + 100 mM glucose aqueous solution (d) using NiSn1s/CNT (black line), NiSnos/CNT (red
line) and Ni/CNT (blue line) catalysts. (e) CV voltammograms of NiSnos/CNT in 1 M KOH (black
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dotted line) and (red solid line) 1 M KOH + 100 mM glucose. (f) Nyquist plots in 1 M KOH + 100
mM glucose aqueous solution of NiSn1 s/CNT (black line), NiSnos/CNT (red line), and Ni/CNT (blue

line) catalysts.

In the Faradaic region, the potential difference between the oxidation and reduction peaks of
Ni(OH), ¢>NiOOH is directly correlated with the electron transfer kinetics between the
electrode surface and the active centers, which indicates whether the reaction is kinetically
favorable.® Comparing the value of 0.25 V, obtained for NiSngs, with the values of 0.3 V and
0.18 V for Ni and NiSny s, respectively (Figure 5.513), it is evident that the incorporation of Sn

improves the reaction kinetics of Ni(OH),4é>NiOOH.

The ™ of Ni(OH),/NiOOH redox species is another key kinetic parameter for evaluating and
comparing the performance of different materials. This parameter provides information about
the amount of NiOOH active sites available on the surface, which are crucial for electrochemical
reactions. The I* can be determined from the linear fit of the I, with the scan rate from 10-80

mV st (Figures 5.514)

= () A (11)
a= \grr )"

where F is the Faraday constant (96485 C mol™), n is the number of transferred electrons (n=1),
T is the temperature (295 K), R is the gas constant (8.314 J K mol™ and A is the geometric
surface area of the electrode (1 cm?). The I'* value for NiSno.s electrodes, as obtained from the
forward scans, was 2.9 x 107® mol cm™2 (Figure 5.14e), which is slightly higher than the '* value
for Niat 2.7 x 107® mol cm™ and for NiSn,.g at 1.9 x 10® mol cm™2. A higher I'* value indicates a
greater density of active sites, which can translate to a higher charge storage capacity and

improved efficiency in electron transfer.

Since proton diffusivity is generally the rate-limiting step controlling the Ni(OH),¢>NiOOH redox
reaction for Ni-based electrodes,* we decided to calculate the D within the electrodes using

the simplified form of the Randles—Sevcik equation (12):

I = 2,69 -10°n3/24 DY/2Cy1/? (12)

n represents the number of electrons transferred in the redox reaction, while A denotes the
electrode area. The diffusion coefficient of the redox species is indicated by D, the concentration

of the redox species is given by C, and v stands for the scan rate. The results for the proton
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diffusion coefficient indicate that diffusion in the NiSno.s electrode (3.81 x 1077 cm? %) is faster

than in Ni/CNT (3.12 x 1077 cm? s'!) and NiSn.s/CNT (1.86 x 10~” cm? s2).

The TOF values were deduced from the mass of the catalyst added to the electrode

TOF = (n]FAm> (13)

where F is the Faraday constant (96485 C mol™), n is the number of transferred electrons, m is
the number of moles of catalyst involved in the reaction, J is the current density and A is the
geometric surface area of the electrode (1 cm?). ATOF value of 0.044 s* was obtained for NiSno,s
at 1.45 V in the presence of glucose, while NiSni,s and Ni showed TOF values of 0.035 s™* and
0.007 s7%, respectively. This TOF value indicates that the active sites in NiSn catalysts are more
efficient compared to the monometallic compound, as the reaction kinetics are faster despite a

lower ECSA value.

The glucose electrochemical conversion was further studied using CA measurements conducted
for 1 h at room temperature. The obtained products were identified and quantified using HPLC.
The electrocatalysis was initially carried out with a constant glucose concentration of 10 mM,
while varying the working potential within the range from 1.35 to 1.6 V. At potentials lower than
1.35 V, a very low glucose conversion (< 5%) was achieved. Beyond 1.60 V, there is strong
competition with the OER, particularly as glucose is being consumed and its concentration
decreases, thereby reducing the GOR FE. In the voltage range 1.35-1.6 V, FA, and OXA were the
only GOR products, with FA being the predominant one for the three catalysts. This result points
to glucose being mainly converted throughout the C-C bond cleavage pathway. Considering the
two identified products, the total FE (calculated by Equation 7) is below 100% in the entire
potential range tested (Figure 5.4a-c). We attribute this discrepancy to the overoxidation of the
generated FA to CO, which was in turn converted to carbonate within the alkaline solution. This
was confirmed when 2M sulfuric acid was added to the electrolyte solution after 1h GOR and a
clear effervescence, due to the conversion of carbonates to CO,, was observed. The FA oxidation
was intensified as the applied potential was increased. Thus, the FE for FA gradually decreased
with the working potential, even in the range where no competition with OER was expected.
The NiSnoe/CNT electrode was the most active when considering LSV curves, but it provided the
lowest glucose conversion and the lowest FA selectivities. This is attributed to the faster FA

oxidation in this material, which reduces the overall GOR and the GOR-to-FA selectivity.
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Figure 5.4. FE of the GOR to FA and OXA using NiSn1 s/CNT (a), NiSnos/CNT (b), and Ni/CNT (c) as
electrodes at applied potentials from 1.40 to 1.60 V in 1M KOH and 10 mM glucose for 1h.

Figure 5a-b presents the characterization of the NiSno,s/CNT sample after GOR, conducted at a
potential of 1.45 V vs. RHE in 1M KOH and 10 mM glucose. The power spectrum analysis and
atomic-resolution AC STEM-HAADF images reveal the presence of both the NisSn, core phase
and the SnO; shell, with their crystalline structures preserved post-reaction. Furthermore,
STEM-EELS analysis (Figure 5.5c) shows that, following the reaction, Sn remains predominantly
localized in the nanoparticle core and the thin oxide shell, consistent with its pre-reaction state.
However, a faint signal is also detected throughout the material, suggesting the presence of
dispersed Sn atoms across the entire sample. In contrast, nickel is found in large concentrations
both at the core and also forming an oxide matrix surrounding the particles, along with small
pure Ni precipitates, as indicated by the stronger Ni signal. This surface nickel oxide formation
is attributed to the generation of NiOOH during the reaction, highlighting the material's

transformation under catalytic conditions.
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Figure 5.5. Characterization of NiSno.s nanoparticles after being used as catalysts in the GOR
applying a potential of 1.45 V vs. RHE for 1 h in 1M KOH and 10 mM glucose. (a) Z-contrast AC
STEM-HAADF micrograph of the nanoparticles and detail of the orange squared region and its
corresponding FFT. (b) Frequency filtered map of the nanoparticle highlighted in (a) by the
orange box showing the Ni3Sn; core in green and SnO; shell in red. (c) EDX elemental maps of

NiSnos particles showing the Ni (green), Sn (red), and O (blue) distributions.

The GOR catalytic activity is strongly dependent on glucose concentration. To maximize GOR and
minimize FA overoxidation, the potential was set at 1.45 V and the glucose concentration was
increased from 10 mM to 100 mM. As depicted in Figure 5.6a, the FE for FA production increases
with the amount of glucose in the solution. At a higher glucose concentration, pristine glucose
molecules faster replace the generated FA, which is thus less susceptible to being overoxidated.
The NiSnos/CNT reaches the maximum FA FE (93 %) at 100 mM of glucose and demonstrates to
be more selective than NiSn1.s/CNT (83 %) and Ni/CNT (84 %) in the same reaction conditions
(Figure 5.515). This FE value for FA is one of the largest values reported and the highest for a Ni-
based catalyst (Table 5.51). At a higher applied potential of 1.55 V (Figure 5.6b), the FE for FA
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also increases with the glucose concentrations, but it decreases in comparison to the results
obtained at a lower applied potential due to FA overoxidation. Besides, although the activity for
GOR is enhanced using the bimetallic NiSn,/CNT catalysts, the FE at higher potentials for FA is Ni
(83%) > NiSn1.s (81%) > NiSnge. (76%).

As previously mentioned, the C-C cleavage oxidation process competes with the non-Faradaic
degradation process. As seen in Scheme 5.1, under basic conditions, glucose can convert to
fructose and subsequently form various compounds such as LA, TA, or AA. This degradation
occurs within the bulk of the electrolyte, distinct from the oxidative process occurring at the
electrode surface. The overall product selectivity was calculated based on a carbon balance (see
details in the Experimental section, Equation 8), which accounts for the glucose consumed in the
process and, therefore, includes the products obtained in both the gas and liquid phases. The
results show that the non-Faradaic glucose degradation pathway is promoted when the glucose
initial concentration is increased, as evidenced by the higher proportion of fructose detected.
Additionally, AA is obtained, which has not been widely reported as a product of GOR. Increasing
the applied potential, a minor overall selectivity is obtained (Figure 5.6b), particularly at lower
concentrations, due to increased carbonate production. Furthermore, the observed proportion
of fructose diminishes with the applied potential, which is attributed to the accelerated GOR,

resulting in less remaining unreacted glucose.
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Figure 5.6. FE (top) and selectivity (bottom) of the products obtained during GOR at applied
potentials of 1.45 V (a) and 1.55 V (b) using a NiSnoe/CNT electrode. GOR was performed for 1h

at 20 °Cin 1M KOH and increasing glucose concentration from 10 to 100 mM.

Most previous works show the results obtained after relatively short reaction times to minimize
the glucose conversion by non-Faradaic processes. To evaluate this aspect, a long-term
experiment was performed to study how glucose oxidation varies over time (Figure 5.7). The
electrocatalytic reaction was carried out for 24 h at an applied potential of 1.45V and an initial
glucose concentration of 30 mM to reduce the overoxidation of FA while also minimizing glucose
degradation. At ambient temperature, the FE for FA decreases over time, as the declining
glucose concentration leads to overoxidation of the generated FA (Figure 5.7a). Consequently,
a decrease in the selectivity of FA is observed. On the other hand, the selectivity towards AA
increases over time, eventually surpassing that of FA. The same experiments were conducted at
a temperature of 55°C to enhance the reaction kinetics. Initially, the reaction was performed at
a potential of 1.35 V (Figure 5.7b). At 55°C, unlike at room temperature, a significant
consumption of glucose was observed. After 1 hour, the maximum FE value obtained was 94%,

although a similar decrease over time was observed. At this potential, a higher selectivity for LA
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was evident. Elevated temperatures accelerate the kinetics of glucose oxidation to FA but also
promote the degradation process. Conversely, at a higher potential of 1.45 V and elevated
temperature (55°C), the decrease in FA is more rapid, as is the oxidation of LA, resulting in a

higher amount of AA (Figure 5.7c).
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Figure 5.7. FE and glucose conversion (top) and selectivity (bottom) of products obtained during
GOR using NiSnge/CNT as the electrode in 1M KOH and 30 mM glucose for 24 h. The different
experiments were carried out at 1.45 V at 20 °C (a), 1.35V at 55 °C (b), and 1.45 V at 55 °C (c).

The stability of NiSng.e/CNT under GOR conditions was evaluated through 5 subsequent cycles
of CA, each lasting 1 hour in a solution of 1M KOH and 10 mM glucose (Figure 5.516). After each
experiment, the electrolyte was replaced with the same amount of reactant. It is observed that
the decrease in the CA curves is solely due to glucose consumption, as each new cycle starts
with the same current value. If there were any deactivation of the material, a progressive or
total decrease would be observed at the beginning of each cycle. The glucose consumption and
formate production in each cycle were analyzed by HPLC (Figure 5.517) and, at the end of each
cycle, both remained constant, indicating that the activity of the catalyst did not decrease with
each reaction. The observation is consistent with the post-catalysis characterization results,
previously discussed, which show no loss of Ni or Sn after the GOR. This confirms that the NiSn

alloy is stable under GOR operation.

5.4.3. DFT calculations

To gain insight into the role of Sn on the GOR over the Ni surface, DFT calculations were

conducted. The adsorption energy of glucose on pure Ni(OH), and on Ni(OH), sites near a Sn
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atom was first calculated. The top-view and side-view structures of the optimized pristine
Ni(OH), and the Sn-containing Ni(OH),, along with the corresponding adsorption structures of
glucose, are shown in Figure 5.8a,b. Calculations revealed that, in absolute value, the adsorption
energy of glucose on Ni(OH),, -0.22 eV increased with the introduction of Sn, up to -0.34 eV. As
shown in Figure 5.8c, the spin density difference between spin-up and spin-down electrons
decreased from 0.82 eV to 0.76 eV after introducing Sn to Ni(OH),. The reduced
antiferromagnetic spintronics indicates an improved electroconductivity in the oxidative Sn-
containing Ni(OH); alloy, which explains the variation in activation energy compared to pristine
Ni(OH),. Besides, to determine the effect of the SnO; shell on the catalytic activity of Ni(OH),,
the process of gaining effective oxidative NiOOH intermediate through Ni(OH), was analyzed
(Figure 5.8d,e). The Exny of the pristine Ni(OH),, which represents the transformation of Ni(OH),
to NiOOH, is as large as 2.03 eV. In contrast, in the Ni(OH),/SnO, composite, it decreases to 1.06
eV. A more positive Esy, implies the O-H scission is less favored. Thus, overall, the presence of
Sn/Sn0; not only enhances glucose adsorption by modulating the antiferromagnetic spintronics

of Ni but also promotes the formation of the active species NiOOH.
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Figure 5.8. (a,b) Top and side views of the optimized structures of glucose adsorption on Ni(OH),
(a) and Sn-Ni(OH)z (b) surface. H (small white), C (small brown), O (small red), Ni (big white), and
Sn (big purple). (c) Partial density of states (PDOS) curves of the d-orbital electrons of Ni in
Ni(OH), and oxidative Sn-Ni(OH),. (d,e) Top-view of the deprotonation process on Ni(OH),

surface (d) and oxidative Ni(OH),/SnO, composite (e).

5.5. CONCLUSIONS

In summary, we detailed the synthesis of NiSnx nanoparticles via colloidal reduction and their
subsequent support on CNTs. Characterization revealed the NiSny particles to display a core-
shell NisSn,@SnO; architecture, with a porous SnO; shell and smaller and more regularly shaped
cores observed at higher Sn concentrations. NiSn,/CNT catalysts exhibited enhanced GOR
performance, displaying improved kinetics with increasing Sn concentration and higher activity

with greater Ni content. Notably, NiSnos/CNT demonstrated superior electrochemical
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performance compared to both NiSnig/CNT and Ni/CNT. Furthermore, the analysis of the
oxidation products highlighted the excellent performance of the NiSnos/CNT catalyst, achieving
a maximum FE of 93% for FA at 1.45 V vs RHE. We observed that at higher potentials and lower
concentrations, FA overoxidation to carbonates occurs, reducing the total FE. Higher glucose
concentrations mitigate FA overoxidation but increase competition with glucose degradation in
basic conditions. Consequently, at high concentrations, FA selectivity decreases, while AA and
LA production increases. Enhanced selectivity for these compounds is also observed with longer
reaction times and higher temperatures. Even though achieving high selectivity and efficiency in
an H-type cell remains challenging due to the complexity of the GOR mechanisms, intermediate
conditions of 50 mM and 1.5 V at temperatures below 50°C are proposed to maximize FA
production while minimizing competition with the formation of other products. Finally, DFT
results confirmed that the presence of Sn/SnO, promotes the Ni activity thus enhancing the

adsorption of glucose and boosting the oxohydroxyde formation.
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SUPPORTING INFORMATION

5.7. SI RESULTS

Figure 5.S1.Representative SEM images of the as-prepared NiSn1.s/CNT (a), NiSnoe/CNT (b) and
Ni/CNT(c) catalyst.

Figure 5.52. (a) HRTEM micrograph of NiSn,s nanoparticles and detail of the orange squared
region and its corresponding FFT analysis. (b) Frequency filtered map of the nanoparticle
highlighted in (a) by the orange box showing the NisSn, core in green and SnO; shell in red. (c)

EDX elemental maps of NiSng¢ particles showing Ni (green), Sn (red), and O (blue) distribution.

153



Figure 5.53. STEM-EELS elemental maps of NiSnos/CNT NPs showing a Ni (green), Sn (red) and O

(blue) distribution.

-
Figure 5.54. STEM-EELS elemental maps of NiSn;.s/CNT NPs showing a Ni (green), Sn (red) and O

(blue) distribution.

Figure 5.55. STEM-EELS elemental maps of Ni/CNT NPs showing a Ni (red) and O (blue)

distribution.
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Figure 5.56. High-resolution Ni 2ps;, and Sn 3ds;; XPS spectra of the NiSnee/CNT (a) and
NiSn1.s/CNT (b) catalysts.
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Figure 5.57. High-resolution Ni 2ps/» XPS spectra of the Ni/CNT catalyst.
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Figure 5.58. Representative SEM images of NiSnys/CNT (a), NiSnoe/CNT (b) and Ni/CNT (c)

catalyst.
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Figure 5.59. High-resolution Ni 2ps/, of NiSn1.s/CNT (a), NiSnos/CNT (b) and Ni/CNT (c) catalyst

performed after electro-characterization.
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Figure 5.510. Tafel plotsin 1M KOH (a) and 1M KOH +100 mM glucose (b) of NiSn1s/CNT (black
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100 mM glucose (red solid line).
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Figure 5.512. ECSA determination of NiSnis/CNT (a, b), NiSnos/CNT (c, d), and Ni/CNT (e, f)
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d, f) Capacitive current as a function of scan rate.
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Figure 5.513. CV voltammograms of NiSn;s/CNT (a) and Ni/CNT (b) in 1 M KOH (black dotted
line) and (red solid line) 1 M KOH + 100 mM glucose.
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Figure 5.514. Electrochemical kinetics of Ni/CNT (a, b, c), NiSn1s/CNT (d, e, f), and NiSnge/CNT
(g, h, i) catalysts in 1.0 m KOH. (a,d,c) CV curves in the potential range from 0.9 to 1.9 V with
variable scan rate of 10-80 mV s, (b,e,f) Linear fitting of the peak current as a function of the

scan rate. (c, f, i) Linear fitting of the peak current as a function of the square root of scan rate.
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Figure 5.515. FE comparison graph of the GOR to FA and OXA using the as-prepared NiSn; s/CNT,
NiSno.s/CNT, and Ni/CNT catalysts with an applied potential of 1.45 V (a) and 1.55 V (b). The GOR
experiment was carried out for 1h in 1M KOH increasing the glucose initial concentration from

10 mM to 100 mM.
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Figure 5.516. Five subsequent CA curves of NiSngs/CNT at 1.45V in 1M KOH and 10 mM of

glucose at room temperature. The electrolyte was replaced after each cycle.
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during the electrooxidation of glucose reaction, applying a potential of 1.45V vs RHE using the

as-prepared NiSnoe/CNTs catalyst. The electrolyte was replaced after each cycle.

Table 5.51. Bibliographic reported results using different catalysts toward GOR.

Main Selectivity o .
Catalyst product (%) FE (%) Potencial Ref.

Au GNA 86 0.55 VRHE
Cu FA 54 1.80 VRHE 1

Pt GNA 68 0.70 Vrye
Feo_l-CoSez/CC GNA 87 0-72VRHE 2
NiFeO,/NiFoam GRA 87 1.39 VRue 3
Cu? FA 50 1.5 VRue 4

NiO/CNT ~90
CuO/CNT FA ~95 1.46-1.66 5
VRHE
CO304/CNT 86
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CoOOH FA 84 90 1.5 Vrie 6

CoOOH FA 69 1.6 Vrue 7
CuO 70 95
NiOOH FA ~ 65 1.4 Veye 8
CoOOH 70
NiO FA 6 39 1.91 Vrue 9
NiCoSey FA 70 1.40 Vrue 10

Mn-doped nickel
iron phosphate
embeddedinaP, N

FA 145V 11
codoped carbon 86 > Vrke
substrate
NiO + TEMPO GRA 83 83 1.45V gue 12
NiSno.e/CNT FA 36 93 1.45 V rie This work

5.8. SI REFERENCES

NoE

G. Moggia, T. Kenis, N. Daems and T. Breugelmans, ChemElectroChem, 2020, 7, 86—95.

D. Zheng, J. Li, S. Ci, P. Cai, Y. Ding, M. Zhang and Z. Wen, Appl. Catal. B Environ., 2020, 277,
119178.

W. J. Liu, Z. Xu, D. Zhao, X. Q. Pan, H. C. Li, X. Hu, Z. Y. Fan, W. K. Wang, G. H. Zhao, S. Jin, G.
W. Huber and H. Q. Yu, Nat. Commun., 2020, 11, 1-11.

L. Ostervold, S. I. Perez Bakovic, J. Hestekin and L. F. Greenlee, RSC Adv., 2021, 11, 31208-
31218.

Z. LiuandY. Shen, ACS Appl. Energy Mater., 2022, 5, 11723-11731.

H. Zhou, Y. Ren, B. Yao, Z. Li, M. Xu, L. Ma, X. Kong, L. Zheng, M. Shao and H. Duan, Nat.
Commun., 2023, 14, 1-12.

Y. Q. Zhu, H. Zhou, J. Dong, S. M. Xu, M. Xu, L. Zheng, Q. Xu, L. Ma, Z. Li, M. Shao and H.
Duan, Angew. Chemie - Int. Ed., , DOI:10.1002/anie.202219048.

Y. Wang, M. Xu, X. Wang, R. Ge, Y. Q. Zhu, A. Z. Li, H. Zhou, F. Chen, L. Zheng and H. Duan,

162



Sci. Bull., 2023, 68, 2982-2992.

9. G.Sanghez de Luna, T. Tabanelli, J. J. Velasco-Vélez, E. Monti, F. Ospitali, S. Albonetti, F.
Cavani, G. Fornasari and P. Benito, Sustain. Energy Fuels, 2023, 4474-4477.

10. X. Lin, H. Zhong, W. Hu and J. Du, Inorg. Chem., 2023, 62, 10513-10521.

11. N. Wei, S. Zhang, X. Yao, Y. Feng, V. Nica, J. Yang and Q. Zhou, Sep. Purif. Technol., 2024,
343,127178.

12. K. Zhang, Z. X. Zhan, M. Zhu, H. Lai, X. He, W. Deng, Q. Zhang and Y. Wang, J. Energy Chem.,
2023, 80, 58-67.

163



164



CHAPTER 6

GENERAL DISCUSSION

Colloidal NPs were fabricated using the thermal decomposition method, which requires
relatively moderate temperature and pressure conditions and vyields particles with
homogeneous structure, morphology, and composition. As introduced earlier in the first
chapter, precursors decompose with increasing temperature, leading to the formation of
monomers. Then, these monomers assemble to form small nuclei, which subsequently grow
generating the NCs. The nucleation and growth process for the metallic alloys occurs within the
range of 180 to 230°C, whereas a temperature of around 300°C is required to decompose

phosphide precursors.

Besides temperature, these methods need four main components: (1) a solvent, (2) precursors,

(3) capping agents/surfactants, and (4) reducing agents.

Alkylamines, specifically HAD (C16) and OAm (C18), were used as solvents due to their
compatibility with a wide range of precursors, their high boiling points (above 320°C), and their
roles as reducing and capping agents. HDA was initially employed in the synthesis of CoFeP but
was later replaced by OAm in subsequent materials. Using OAM resulted in an improvement in
particle monodispersity, and a more efficient washing step, as HDA solidifies at room

temperature, causing aggregation of the final material.

ODE (a C18 alkene) was used as a solvent alongside alkylamines in the synthesis of CoFeP and
PdHoss. It does not act as a reducing agent, thus minimizing this effect from the alkylamines. As
a non-polar solvent, it helps in stabilizing hydrophobic ligands. Moreover, ODE can act as a
surface passivating agent and stabilizing medium. However, ODE polymerizes at high
temperatures, producing significant amounts of polymer on the surface of the NC, making it
difficult to remove and potentially hindering the electrochemical reaction. For this reason, in the

synthesis of Pd;SnosP and NiSngs, only OAm was used as the solvent.

Both organometallic complexes and inorganic salts have been utilized as metal precursors. In

the synthesis of CoFeP, Fe and Co carbonyls were selected, resulting in the formation of

165



homogeneous and active particles for the OER. However, due to their high reactivity and
sensitivity, they require highly careful handling and storage. For this reason, and because Ni(CO),4
is highly flammable and extremely toxic, the carbonyl was replaced by the Ni(acac), complex in
the synthesis of Ni-Sn. For the Pd-based compounds, the acetylacetonate was also used as Pd
precursor, as it has been reported to provide better control over the NCs morphology compared
to the chloride or acetate salts. In contrast, both acetate and chloride were used as Sn
precursors. While Sn(OAc), was added in the Pd,SnosP synthetic route, the SnCl, was used for
the preparation of NiSngs. The acetate, in the Ni-based synthesis, produces a dense SnO; shell
surrounding the Ni-Sn core that hinders the active sites. As a phosphorus precursor, two
compounds were employed. Firstly, TPOP was used for the CoFeP nanocrystals due to its
stability under ambient conditions, which facilitates its manipulation and storage. However, in
the synthesis of Pd.SngsP, the P precursor was changed to HMPT. Although it must be stored
under inert conditions due to its susceptibility to oxidation, HMPT offers greater reactivity and

versatility than TPOP.

The capping agents provide control primarily over both the morphology and structure of the
nanoparticles, as well as stabilize them preventing their aggregation. The particle size and shape
can not only be regulated by changing the concentration of these reagents but also by variating
the affinity of these complexes with the particle surface. For example, although the C;N support
influences PdHoss growth, alkylamines act as capping agents in the production of both CoFeP
and PdHosg nanostructures. As a result, while nanorod-like shapes are obtained in the synthesis
of CoFeP, nanodendrites are produced in the synthesis of PdHoss. On the other hand, TOP is
added as a capping agent in the synthesis of Pd.SngsP and NiSnge particles due to its excellent
ability to stabilize the particles. Various tests omitting TOP were carried out and large aggregates
or highly heterogeneous particles were obtained. Furthermore, the introduction of various
surfactants has been shown to influence morphology by preferentially binding to specific
crystallographic faces. For instance, the addition of MAC in the Pd;Sno sP synthesis produces NRs,

due to chlorine ions inducing TOP desorption at the nanoparticle tip facets.

As previously mentioned, alkylamines are often playing the role of reducing agents, as in CoFeP,
PdHoss and Pd,SnosP synthetic routes. However, for the synthesis of NiSngs, TBAB was

introduced to accelerate the reduction of both Ni and Sn, facilitating the production of the alloy.

Once NCs were obtained, they were deposited on different supports. CoFeP NPs were deposited
onto an NF support, offering high conductivity, high stability and large surface area. The main

drawback of this support is that it requires careful coating because, unlike carbon supports,
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nickel exhibits reactivity with certain compounds, including biomass derivatives. To avoid any
potential effects from the NF, different carbon-based supports were used in the FOR and GOR.
The PdH was supported, during synthesis, onto a 2D graphene-like C;N. This material not only
exhibits higher electrical conductivity compared to other C-N compounds, but the pores in the
CN structure also have a higher electron density, making them excellent nucleation sites. The
Pd,SnosP NPs were deposited on CB offering low cost, high commercial availability, chemical
stability, large surface area, and good conductivity. However, when preparing the NiSng s catalyst
for the GOR, it was decided to substitute CB with CNTs. CNTs possess a larger surface area,

higher electrical conductivity, and a greater ability to provide anchoring sites compared to CB.

The electrochemical experiments were conducted under alkaline conditions, of 1M KOH,
because at this pH the studied reactions are kinetically improved. The electrocatalysis of both
the OER and the FOR was carried out in a three-electrode cell since the generated products, O>
and CO;, do not cause crossover. Although the FOR reaction may proceed via the indirect
pathway, using Pd-based catalysts the CO is likely to be produced in very small amounts and
mostly remain adsorbed on the electrode surface. In contrast, an H-type electrochemical cell
was used for the GOR performance. As extensively discussed, as a result of the complex GOR
process a wide range of soluble products can be generated, which can undergo reduction again

onto the Pt surface.

The prepared catalysts have been applied in different reactions with two distinct objectives.
Firstly, both CoFeP and PdH, as well as Pd,SngsP, were studied in the OER and FOR reactions,
respectively, aiming to achieve high catalytic activity for potential application in fuel cells. The
modifications introduced in each compound resulted in an increase in current density in the
voltammograms compared to analogous materials reported in the literature. Additionally,
chronoamperometric studies revealed enhanced stability over time. In the FOR and GOR
reactions, a noticeable decrease in activity was observed over time, attributed not necessarily
to catalyst deactivation but rather to a reduction in formate concentration in solution. Hence,
stability was evaluated in two ways: (1) through consecutive CV cycles and (2) through CA cycles,
with the electrolyte replaced to monitor any progressive decrease in activity compared to the

initial chronoamperogram.

The second main application of my work was the conversion of biomass derivatives into other
high-value products. During the electrocatalysis of glucose, it has been important to not only
assess the activity and stability of the catalysts but also to analyse the products obtained at

various potentials. HPLC analysis has been employed to identify and quantify the different
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compounds formed during the electrochemical reactions. This comprehensive analysis allowed
us to gain insights into the selectivity and efficiency of the catalysts in promoting the desired

transformations of biomass derivatives.

Transition metal-based compounds have demonstrated high activity for both the OER and GOR,
with a FE exceeding 90% for formic acid in the latter reaction. However, it is noteworthy that Pd-
based compounds still exhibit a significantly lower reaction potential. Therefore, it is essential
to evaluate both the properties exhibited by the materials and the economic investment

required for their applications and working conditions.
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CONCLUSIONS

Throughout the thesis, various nanostructured materials with well-defined morphology and
composition have been synthesized and applied to the OER and the oxidation of biomass
derivatives such as formate and glucose. These catalysts have shown high activity and long-term
stability, outperforming analogous materials. The development of these materials opens new
avenues for innovation, enabling the exploitation of renewable and sustainable resources and

reducing dependence on fossil fuels.

NPs with various morphologies and structures have been prepared using the thermal
decomposition methods. By adjusting parameters such as temperature, reactants, and reaction
times, optimal conditions have been established to produce highly active catalysts with minimal
or no noble metal content. Specifically, using this colloidal method, it has been possible to
introduce light elements (such as P and H) or alloy with other oxophilic metals (such as Sn),

thereby modifying the performance and activity of the catalysts.

It has been determined the introduction of P increases the activity and stability of the catalysts

through two mechanismes.

CoFeP particles have been synthesized, exhibiting a nanorod-like shape, and have been studied
for the OER reaction. During the electrochemical study, it has been established that P acts as a
sacrificial element for homogeneous metal oxyhydroxide distribution, which allows a high

density of active sites.

On the other hand, using colloidal synthesis, palladium-tin phosphide particles have also been
prepared, featuring a nanorod-like shape. In contrast to CoFeP, electrochemical studies using
Pd,SnosP for the FOR reaction show that phosphorus favours the desorption of CO,, thereby

reducing the energy barrier of the rate-limiting step

By tuning the experimental conditions, it has also been possible to introduce H into the Pd
structure, improving the electrocatalytic properties of the noble metal. The results demonstrate
that H causes an expansion of the Pd lattice and an electronic reconfiguration within the
material, enhancing both activity and stability. Similarly to phosphorus in Pd,SnosP, H weakens

the adsorbate binding, thus accelerating the rate-limiting step.

On the other hand, it has been established that the incorporation of oxophilic metals is another

appropriate strategy to increase the electrocatalytic efficiency of Ni-based compounds. The
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kinetics of the GOR reaction are favoured once Sn is introduced, although the activity is related

to the amount of nickel present in the NPs.
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FUTURE WORK

After the thesis has been completed, it is considered that the objectives set at the beginning
have been achieved. However, it is important to recognize that these were specific objectives,
established based on the time, knowledge, and resources available throughout the project.
Science, in this sense, is a continuous effort that extends beyond individual work, encompassing

collaboration within the community.

As discussed in the different sections, the initial objective was to contribute to the research and
development of materials for the exploitation of biomass derivatives, to use more
environmentally sustainable compounds and technologies. In this regard, compounds such as
Pd,SnosP and PdHgss have been produced, optimizing the use of noble metals. Additionally,
compounds like NiSnos and CoFeP have been developed, utilizing abundant and inexpensive
materials, and improving the performance of multiple compounds based on more expensive or

toxic elements.

Nonetheless, this work also aims to serve as a starting point and a modest inspiration for future

projects, as there are still aspects left to be further developed or investigated more extensively.

Various materials have been applied to these three reactions OER, FOR, and GOR, due to their
advantages and the demonstrated importance in both energy production and the generation of
key compounds for industry. However, as shown in the first chapter, numerous biomass-derived
compounds can be transformed into others with higher value or used as electron sources. For
this reason, one of the upcoming objectives should be to apply the developed catalysts to other
biomass-derived compounds such as furans, amino acids, or even other sugars and carboxylic
acids, and observe the activity towards the oxidation reaction along with the efficiency of the

obtained products.

Secondly, closely linked to the projects conducted in this thesis, some aspects should be further

pursued in the future:

e Firstly, continuing the study of Pd-based materials for the FOR, these materials should be
applied in flow cells, which are more suitable for subsequent scale-up and application. In
flow cells, there are other factors to consider, such as flow rate or whether the flow passes
through the sample or not, but it is interesting to examine due to higher current density
values are usually obtained due to more efficient contact between the catalyst and the

electrolyte.

171



e Another aspect to consider is the application of the materials in flow cells. As discussed in
various chapters, the produced materials have improved current densities compared to
analogous catalysts reported in the literature. However, the study conducted thus far has
been in a standard three-electrode electrochemical cell. Therefore, it is intriguing to observe
the electrical energy produced in fuel cells and determine if these materials can truly be
competitive.

e In the third place, an in-situ study of the various materials during the electrochemical
reaction should be considered. These studies can be particularly interesting for phosphides.
On one hand, it has been observed that during the OER, CoFeP reacts in a controlled manner
to form the active oxyhydroxide species. On the other hand, phosphides significantly
enhance the activity of the FOR compared to their phosphorus-free analogues, and it would
be valuable to study the exact reaction mechanism to better understand and further
optimize the various parameters. Additionally, as discussed, the GOR is a complex reaction
that can follow different pathways. In situ characterization can help discern the mechanism
by which NiSng ¢ oxidizes glucose in this reaction, allowing for a better understanding of the

process.

Finally, another aspect to consider for future work is the reduction of CO,. The consumption of
biomass for energy production is considered carbon-neutral because the CO2 generated is
equivalent to the amount captured during the growth of the biomass precursor species.
However, in recent years, research has been focusing on the electrochemical reduction of CO,
to transform it into species such as formic acid, methanol, or ethanol, which can be used in fuel
cells. To this end, we are researching the application of single metal atom materials as cathodes
for the transformation of CO; into formic acid, to recycle the CO, produced in liquid fuel cells.
Nevertheless, optimizing the electrochemical results and achieving a more comprehensive
characterization of the materials are necessary. Moreover, we are also currently working on
using NiSngsand Cu,Sn NPs for this reaction, with FA being obtained as the product with higher

faradaic efficiency.
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ABSTRACT: The development of high current density anodes for

the oxygen evolution reaction (OER) is fundamental to 181

manufacturing practical and reliable electrochemical cells. In this w121 o

work, we have developed a bimetallic electrocatalyst based on E jlz ;‘”
cobalt—iron cxyhydroxide that shows outstanding performance for g 08 "

water oxidation. Such a catalyst is obtained from cobalt—iron = o4l

phosphide nanorods that serve as sacrificial structures for the ’

formation of a bimetallic oxyhydroxide through phosphorous loss 0.0

concomitantly to cxygen/hydroxide incorporation. CoFeP' nano- 130 140 Py 140

rods are synthesized using a scalable method using triphenyl
phosphite as a phosphorous precursor. They are deposited without
the use of binders on nickel foam to enable fast electron transport,
a highly effective surface area, and a high density of active sites. The morphological and chemical transformation of the CoFeP
nanoparticles is analyzed and compared with the monometallic cobalt phosphide in alkaline media and under anodic potentials. The
resulting bimetallic electrode presents a Tafel slope as low as 42 mV dec ” and low overpotentials for OER. For the first time, an
anion exchange membrane electrolysis device with an integrated CoFeP-based anode was tested at a high current density of 1 A
cm 2, demonstrating excellent stability and Faradaic efficiency near 100%. This work opens up a way for using metal phosphide-
based anodes for practical fuel electrosynthesis devices.

KEYWORDS: cobalt iron phosphide, nanorods, anede, nickel foam, oxyhydroxide, anion exchange membrane
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B INTRODUCTION also the kinetics associated with the reactions taking place in
the active site.

The use of metal oxides as electrocatalysts generally has the
limitation of their low conductivity. Among the alternative
compounds reported, transition metal phosphides { TMPs) are
excellent candidates as some of them present metallic-like
properties and exhibit much higher conductivities® than the
corresponding metal oxides. TMPs have attracted much
interest as electrocatalysts for water splitting for both half-
reactions, hydrogen evolution reaction (HER) and OER'*™7
In this context, cobalt, iron, and the corresponding bimetallic
phosphides have been reported as electrocatalysts for the OER,
displaying low overpotentials,"”™* So far, most of these studies
have been focused on the electrocatalytic activity at low and

The production of fuels by electroconversion coupled with
renewable sources is one of the backbones of a sustainable
energy future. In most of these systems, such as the
electrosynthesis of H,, NH;, or C0, reduction products, the
corresponding  cathodic reaction is uwswally coupled to the
oxygen evolution reaction (OER). Nevertheless, OER is the
most sluggish reaction in the overall process, and its
complexity derives from the four reaction steps associated
with this reaction. Consequently, a rational design of the anode
reguires strategies for overcoming this drawback. The use of
multi-metallic catalysts is advantageous as they can provide
appropriate metallic sites for achieving a more effective
reduction of the energy barriers associated with each reaction
step-."l To this end, a dispersion of metallic atoms with

adjacent locations in the electrode frame and skeleton should Received: January 5, 2023
be ensured to achieve an adequate density of active sites to Me!}ted: Agril 17, 2023
reach high preduction rates. Furthermore, this rational design Published: May 25, 2023

of the anode must take into account its electrical conductivity
to guarantee adequate electron transport, the mass transport to
or from the active sites to prevent diffusion limitations, and

& 2023 The Authors. Published by
Amanican Chamical Sodety hitpsydol.ong 10,1021 femaem 3000033
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medium currents {10—50 mA cm™2), while working at high
current densities, =1 A cm™", has barely been studied despite
its relevance concerning the demonstration of induostrial
feasibility. For achieving such high production rates, more
attention must be paid to different features such as high active
site density, high turnover frequency (TOF), and efficient mass
transport of the chemical species from and toward the
electrocatalysts to optimize the reaction overpotentials.

However, most transition metal compounds are not stable
under the oxidizing conditions of OER, and the influence of
the chemical transformation of these materials in the catalytic
reaction should be considered.” "' Usually, metal (oxy)-
hydroxides are gemerated in situ at the surface of owides,
selenides, or even phmphi.des.ﬁ'?'m'n_m In some cases, the
transformation is not only limited to the surface and also
affects the electrocatalyst bulk, which could be detrimental if
the new material possesses low conductivity. A detailed
analysis of the material conversion and the role of the non-
metallic element need to be faced for a complete rational
design of the anode. Metal {oxy)hydroxides are well known to
have a high electrocatalytic performance, providing highly
active sites for OER,> "7 especially those containing Fe, Co,
or Ni.'"®® In fact, for these materials, the combination of Fe
with Ni or Co has led to improved activity.’' The
enhancement of the electrochemical activity for OER in
bimetallic CoFe-based electrocatalysts compared with the
corresponding monometallic compounds has alse been
corroborated by observing a decrease in the overpoten-
tials.***** This is a critical aspect in the design of the anodes
for achieving commercially viable electrolyzers for fuel
production.

In this work, we report on a detailed investigation of CoFe
bimetallic phosphide and the transformation mechanism in
alkaline electrolyte leading to high-performance anodes for
OER at high current densities, »1 A cm . The rational
procedure to prepare the electrodes involves as the first step
the synthesis of tiny manorods mainly composed of CoFeP.
They are obtained by a “heating up” process using triphenyl
phosphite (TPOP) which is advantageous against other
phosphorous precursors because it is air-stable and inex-
:|:l|2|.'|5['|re.1‘i A nickel foam (NF) substrate has been selected as a
3D scaffold of the electroactive material because of its high
conductivity and porous structure. The simplicity of the
method employed for loading the electrocatalyst should be
highlighted because of its potential scalability and the fact that
no additives or heat treatments are wsed. The CoFeP/MNF
electrodes were characterized from a morphological, structural,
physicochemical, and functional point of view before and after
OER in alkaline electrolyte. The most significant results
concern the depletion of phosphorus (linked to the formation
of CoFe oxyhydroxide) and the radically different morphology
between the initial nanored-like shape found in the CoFeP
powder and the nanoplate-like shape of the coyhydroxide after
OEE. All of these characteristics allow a rational design of the
anode for working at high current densities. Then, the
effectivity of the proposed strategy for the anode design is
tested for reaching 1 A cm™ for OER. The significance of the
transformation of the bimetallic phosphide into a bimetal
oxyhydroside and the role played by phosphorus have been

analyzed.

B EXPERIMENTAL SECTION

Synthesis of Colloidal CoFeP Nanoparticles. For the synthesis
of the CoFel rla.nl:lpna:l:in:hﬁrzli 24 g (10 mmol) of 1-hexadecylamine
(HDA, 0%, Acros Organics) was mized with 100 mL of 1-
octadecene (ODE, 90%, ACROS Organics) and 2.6 mL {10 mmaol) of
TPOP (99%, ACROS Organics) in a 50 mL flask. The system was
degassed, heated to 130 °C, and kept at this tamparature for 1 h to
remove low boilling point impurities, moisture, and oxygen. Then, the
mixture was cooled down to 60 °C, and 4 mlL of ODE containing 380
myg (1 mmol) Coy(CO)y (95%, ACROS Organics) and 0.3 mL of (2
mmeol) Fe{CO); (Sigma-Aldrich) were added. First, the temperature
was increased to 230 *C, and then, the mixturs was stirred for 30 min.
Second, the mixture was heated to 300 °C for 40 min and kept at this
temperature for 1 h. Finally, the system was allowed to cool down to
200 °C by removing the heating mantle and subsequently cooled
rapidly down to room temperature with 3 water bath. The product
was precipitated using acetone and centrifuged for 3 min at 7500 rpm.
T remove organics, three dispersion and precipitation cycles wsing
chloroform and acetone were additionally carried out to obtain a
cleaner CoFel? precipitate. To synthesize the Co,P nanoparticles wsed
as the reference material, an identical procedure was followed but
without adding the iron precursor.

Ligand Remowal. 10 mL of & dispersion CoFeP' or CogP in
hexane (10 mg mL~") was mixed with 10 mL of acetonitrile to form a
two-phase mixture. Afterward, 1 mL of HBF, solution (48%) was
added. The resulting solution was sonicated until the nanoparticles
transforred from the upper to the bottom layer. Finally, these
nanoparticles were washed with ethanol three times and dispersed in
10 mL of ethanol with around 0.5 mL of N N-dimethylformamids for
further use.

Electrode Preparatlon. WNF substrates were cleaned in an
ulirasonic bath in 1 M HCL water, and ethanol for 10 min in each
one. A suspension of 10 mg mL™! of the CoFeP nanoparticles in
ethanol was sonicated for 30 min. The cleaned MF substrates were
dipped into this suspension for 30 s, and subsequently, the excess
dispersion was removed. Finally, the elecirode was dried at ambient
temperature. The deposited amount of catalyst used for the objective
of this work was estimated to be enough to guarantee enough active
site density = 10 e to fadlitate rezching a current density higher
than 1 A cm™. Electrodes with a higher amount of elactrocatalyst
have been prepared by repeating the immersion and drying steps up
to four times. Unless otherwise stated, the alectrodes were preparad
with a single immersion, and the samples named “after OER” were
previously subjected to a current density of ca. 120 mA om? for 2 b

Morphological, Structural, and Physicochemical Character-
Izatlon. Structural characterization was performed by X-ray
diffraction (XRD} uwsing a Bruker DE Advance diffractometer
equipped with a Cu Ko (15406 A) radiation source, LYNXEYE
super speed detector, and Ni filter. A Bragp—Brentano (&—26)
configuration was used with a step size of 0.025°. The morphology of
the electrodes was analyzed by a Feiss Auriga 60 field emission
scanning electron microscope (FESEM). Both the high-resolution
transmission electron microscopy (HRETEM) and scanning trans-
mission electron microscopy (STEM j—electron energy-loss spectros-
copy (EELS) are obtained in an FEI F20 at 200 kV. The HRTEM was
acquired with a condenser aperture of 100 gm, no chjective aperture,
spot size 3, and a BM-UliraScan CCD camera. The STEM—EELS was
acquired with a condenser aperture of 70 gm, no objective aperture,
nominal camera length 30 mm, spot size & and Gatan EF-CCD
camara. The same conditions apply for STEM—energy dispersive X-
ray (EDX), with a detector EDAX super ultra-thin window X-ray
detector, 136 6V resolution (Z > Z({Be)), and a detector area of 30
mm’. The EELS and EDX supporting STEM images are obtained
wsing an annular dark Geld detector (IDF4). For analyzing the samples,
the initial CoFel' or Co.P samples were diluted in herane before
deposition on the grid. For the analysis of the electrode after OER,
the electrocatalyst was scraped from the NF substrate, and the
resulting powder was dispersed in hexane by sonication before the
deposiion on the grid. For the X-ray photoelectron spectroscopy

hitpe-idiod org/10.1021 fma0m 2000033
ACE Appl Energy Mater. 2023, £, 55005609
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1860 nm

Figure 1. (2) HRTEM images showing individual nanorods (from the red squared region in the lower magnification images in the inset) and the
schematic illustration of the orientation of the nanorods on the right side. (b) FFT spectrum corresponding to the HRTEM image of a CoFeP
nanorod on the right that corresponds to the red squared region of the image on the left. (c) EELS comgositional maps of Co, Fe, and P in CoFeP

nanorods. The inset shows the corresponding STEM-ADF image.

(XPS) analysis, a monochromatic X-ray source Al Ka line was used in
both a PHI 5500 Multitechnique System (Physical Electronics) for
the electrodes before OER and a NEXSA X-ray photoelectron
spectrometer (Thermo-Scientific) for the electrodes after OER
Electrochemical Measurements. The electrochemical perform-
ance of the CoFeP-based electrodes was analyzed with a Biologic
VMP-300 potentiostat using a three-electrode cell. All the potentials
were measured against an Ag/AgCl reference electrode. The
potentials in the RHE scale are calculated according to E(vs RHE)
= E(vs Ag/AgCl) + 0205 V + 0.059-pH. To evaluate the OER
activity, linear sweep and cyclic voltammetries were performed at a
scan rate of S mV s~* in 1| M KOH. All the potentials were corrected
with the IR drop, and the corresponding resistance (R) was
determined by electrochemical impedance spectroscopy (EIS). The
overpotentials were calculated in all cases as p = E — 1.23 V, where E
is the applied potential vs RHE. The determination of double-layer
capacitance {Cy) by cyclic voltammetries was performed between 0.1
and 0.2 V vs Ag/AgCl, a potential region with no faradaic processes,
at different scan rates. The electrochemically active surface area
(ECSA) was calculated as Cg/C,, where C,is a reference capacitance
for a planar surface taken as 40 uF cm >*** Nyquist plots were
obtained by EIS in the frequency range of 50 kHz to 100 mHz and
employing a signal amplitude of 10 mV. The fitting of the
experimental EIS curves to the equivalent circuit was performed

5692

with the Biologic software. The calculation of the TOF can differ from
study to study.” In this work, TOF is calculated as the number of
product molecules (O,) per second and active site: TOF = jA/(4Ne),
where j is the current density, A is the area, N is the number of active
sites, and ¢ is the elementary charge constant (1.6 x 107'% C). The
calculated number of active sites is 3.2 x 10* and 2.3 x 10" for
CoFeP and Co,P, respectively. They are estimated considering that
both Co and Fe metallic atoms act as active sites. The metallic
content was calculated by the difference of the electrode mass after
and before the electrocatalyst loading and the elemental ratios
obtained by EDX in the as-prepared electrodes. In the full cell
assembly, water splitting was performed in a two-electrode
configuration with the two compartments separated by a Sustainion
(Dioxide Materials) alkaline exchange membrane. The gas outlets
from the anodic and cathodic compartments were connected to two
inverted graduated cylinders filled with water to measure accumulated
0, and H,, respectively. For the theoretical calculation of the
volumes, they are considered ideal gases. The presence of H; was
corroborated by gas chromatography using He as a carrier gas.

B RESULTS AND DISCUSSION

Characterization of the CoFeP Nanoparticles and the
Fabricated CoFeP/NF Electrode. The bimetallic CoFeP

https/dolorg10.1021/5c30m 3000032
ACS Appl. Energy Mator. 2023, 6, 56005609
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1. SEM micrographs showing the morphology of the (a) as-prepared and after (b) 5, (c) 30, and {d) 120 min of OER for a CoFeP/NF

alectrode. (&) EELS compositional maps of the powder obtained by scraping the electrocatalyst from the electrode surface of the CoFel/NF

elactrode after 120 min of OER

nanoparticles obtained by the TPOP route were characterized
in terms of morphology, crystallinity, and composition.
HRTEM images were recorded to obtain information about
the nanostructure morphology. Figures lab and 51 show the
synthesized CoFeP nanoparticles exhibiting a nanorod-like
shape with a length up to about 18 nm and a diameter of 2—4
nm. FFT (fast Fourier transform) in Figure 1b reveals the
presence of the CoFeP PNMA 621 phase that is according to
the XRD' analysis in Figure 5. Importantly, the planes
observed in isolated nanorods (Figure la) can be ascribed to
the (020} and {210) planes of CoFeP PNMA. Figure la shows
a sketch of the nanorod crystallographic arrangement. It was
observed that these rods present a growth direction [010] (and
its corresponding (020) observed planes), which coincides
with the longitudinal axs of the nanorods, which is further
supported by its relative orientation with the resclved {210)
planes of CoFeP. Additionally, EELS compositional maps of
Co, Fe, and P were also performed to get insights into the
nanostructure composition. Figure lc shows a particle
composed of the coalescence of different nanorods. A similar
spatial distribution of the three elements along all the particles
was found, coherent with the expected stoichiometry of the
CoFeP. Mevertheless, EELS quantification reveals a slightly
higher concentration of Co against Fe, Co/Fe = LA
Monometallic Co;P nanoparticles were also analyzed by
HRTEM. They also exhibit rod-like shapes (Figure 53),
having similar sizes to the bimetallic nanorods. The planes
found have similar interplanar distances to that of CoFeP and
are according to the Co,P PNMA, which was further
corroborated by FFT (Figure 54). As in the case of CoFeP,
Co and P are homogeneously distributed through the Co,P
nanorods as revealed by EELS (Figure 55). In both CoFeP and
Co,P nanoparticles, the metal to phosphorous ratio, based on
the atomic concentration obtained by EDX, was near 1.3,
which is lower than the stoichiometric. This can be partly due
to the presence of oxygenated species such as metal phosphates
ar the presence of CoP as a secondary phase.

XPS is used to gather information about the first fourth or
sixth atomic monolayers (2—3 nm) at the sample surface. This
has been employed to characterize the surface compaosition and
chemical nature of the synthesized electrocatalyst, although it
can be altered by the interaction with the ambient air after its
deposition on the NF. The full survey spectrum of a bare
CoFeP /NF electrode shown in Figure 56 reveals the presence
of Co, Fe, P, O, and C. In the P 2p spectra (Figure 57), the
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largest peak is located near 133.3 eV and can be comelated
with the presence of phosphate species.™'" This confirms that
the surface of the electrocatalyst is composed of a metal
phosphate rather than a phosphide after air exposure, which
usually occurs in metal Phﬂﬁphjdis.n'll The Co 2p spectrum
in Figure 57 exhibits the 2p,,; and 2p , signals with the
overlapping of different contributions including satellite peaks.
The fact that the position of the strongest peak in the Co 2pyn
region {7812 eV) was higher than the typical peak positions of
metal oxides, together with the predominant peak in the O Is
region at $31.1 eV (Figure 57), is in agreement with the
presence of metal pn]'n::-s]:lhal:s:.m"’t‘:I The small peak located at
T778.1 €V in Co 2’]:'.1;1 could be assigned according to some
authors to the presence of metal phosphides, although the
corresponding Co 2p,; signal is challenging to be identified
probably because of the small amount of phosphide detected at
the surface. ™ Accordingly, a very small peak at 130.1 eV in
the P Ip spectrum can be attributed to metal phosphide. The
Fe 2py;; signal (Figure 57) revealed the presence of oxidized
iron spe-r.i-es.u Therefore, the results from the XP5 character-
ization indicate that the outer layer of the electrocatalyst
surface shows a transformation from metal phosphide to
phosphate, even when the samples were stored in a protective
atmosphere before the analysis.

Characterization of the CoFeP-Based Electrodes as
Anodes for OER. Metal phosphides can be unstable in
alkaline media {1 M KOH) under anodic conditions, and then
a detailed physicochemical characterization was performed
before and after OER to study the material transformation and
espedially the role of phosphorous. Despite the transformation,
the electrodes were stable for OER, and any significant decay
of the current was observed at about 100 mA em* (Figure
S8). Figure 2a—d shows the morphology of the CoFeP
nanostructures on the NF surface before and after OER by
FESEM images. The small particle size of the CoFeP nanorods
favors a good dispersion of the electrocatalyst on the NF
surface. In the as-prepared electrodes, a porous network of
interconnected nanoparticles with spherical shape is observed
(Figure 2a), probably derived from the coalescence of the
initial CoFeP nanorods observed in Figure la and the
oxidation of the surface leading to an outer metal phosphate
layer. The CoFeP/NF electrodes were analyzed after
chronoamperometries at different times selecting a potential
in the OER region with a current density near 100 mA cm™ % A
radical change of the overall morphology was observed (Figure

hitpsfdol org 10,1021 fecaem 3000033
ACE Appl. Energy Mater. D023, 6, 55005600
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Ib—d) after OER, now displaying nanostructures with a plate-
like shape resembling 2D} units and thus conferring high
effective area to the electrode. However, there was no
significant evolution of the morphology from 5 to 120 min
of OER. The approximate dimensions of the nanoplates are
200—400 and 10—40 nm in length and thickness, respectively.
For comparison purposes, the Co,P/NF electrodes were also
analyzed by SEM before and after OER (Figure 59). A similar
morphological change was observed after 1200 min of OER,
although in this case, the nanoplates were smaller with am
approximate length of 60 nm and a thickness of 10 nm.
Despite the huoge transformation of the material, a
homogeneous distribution of Co and Fe is observed in the
EEL% maps as shown in Figure 2e. Remarkably, we could not
observe amy presence of crystalline planes in the HRTEM
images neither in the corresponding FFT patterns obtained in
the samples after OER, pointing out the amorphous nature of
the transformed material. Furthermore, the high oxygen signal
together with the absence of phosphorous suggests that
oxygenated phases as oxygen and hydroxyl groups have
replaced the initial phosphide/phosphate species forming
oxyhydroxide structures. To further investigate these assump-
tions, high-resolution XPS spectra shown in Figures 3 and 510
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Figure 3. XP'S spactra in the Co 2p and (0 s regions for the CoFeP/
NF alactrodes after OER.

in the electrodes after OER are compared with the previous
results using fresh samples (Figure 57). To increase the
intensity of the XPS signal, the analysis was performed in a
sample synthesized by four immersions in the iron precursor
dispersion. We must stand out on several significant features.
On one hand, there is a low concentration of residual
phosphorous at the surface (see Table 51). On the other hand,
a significant change in the O Is spectrum is noticeable after
OER (Figure 3). Apart from the peak around 532.5 eV that can
be attributed to absorbed H,0, the main signal can be
deconvoluted into two peaks. The one at 529.4 eV is according
to M—0O and the largest peak at 530.8 ¥ would correspond to
M—0OH species supporting the presence of metal oxy-
hydroxides.”” These characteristics are endorsed for the
measured spectra of Co 2p and Fe 2p shown in Figures 3,
57, and 510, in which the most intense peaks in the lP'.i,.-'I
signals are shifted to lower energies in agreement with the
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expected wvalues of oxyhydroxides compared to the initial
phosphates. Therefore, after the electrochemical measurements
in alkaline media, the material is ransformed in terms of
morphology and composition from the initial CoFeP o
CoFeO.H,. After immersing in the | M KOH solution, a
maorphological change occurs; afterward, the cyclic voltammo-
gram of the CoFeP (Figure 511) shows an anodic irreversible
peak appearing at 1.35 WV vs BHE that is only present in the
first cycle. This peak has been attributed to the irreversible
evolution of CoOOH. 2 Accordingly, a peak near the same
potential region was also observed in the Co,P/NF electrodes.
After this anodic peak, the current densities for OER remain
constant, as evidenced by the overlapping of the first and
second voltammetric curves shown in Figure 5110 The
complete morphological transformation of the CoFeP
structure together with the phosphorous loss leading to
CoFeO,H, is favored by the small size of the initial
nanoparticles and the interconnected porous network formed
by these nanoparticles that facilitate the permeability of the
alkaline electrolyte. Raman analysis shown in Figure 512
supparts the presence of metal oxyhydroxide. Concretely, the
bands at 575 and 675 cm ! can be correlated with cobalt and
iron oxyhydroxides,* ** although the presence of oxides/
hydroxides as secondary phases cannot be discarded. On the
other hand, Co;P/NF electrodes were also analyzed by XPS
after OER (Figure 513). No differences in the oxidation states
of cobalt with respect to the bimetallic material are observed,
as the Co 2p region presents the same characteristics.
Electrochemical Analysis of the Electrodes Fabri-
cated Using CoFeP as the Electrocatalyst. The electro-
chemical activity of the initial bimetallic CoFeP/NF trans-
formed to CoFeD H /NF has been investigated in a 1 M KOH
electrolyte. Figure 4a shows the cyclic voltammograms after IR
correction for the CoFeP/INF electrode, compared with both
the Co,P/NF electrode and the bare NF scaffold. The
bimetallic CoFeP/NF electrode presents the best catalytic
activity for OER, outperforming the monometallic Co,P/NF.
The overpotentials for OER at 10 and 100 mA cm * are 285
and 335 mV for CoFeP/NF and 345 and 410 mV for Co.P/
MF, respectively. The bare NF also presents electrochemical
activity for OER in alkaline media®™** but significantly lower
than the bimetallic phosphide-loaded electrodes. The Tafel
representation depicted in Figure 4b further confirms the
favorable OER kinetics in the bimetallic electrocatalyst. The
Tafel slope for Co,P/NF is 53 mV dec™, while for CoFeP/
NF, it is as low as 42 mV dec™ . To the best of our knowledge,
the latter walue is the lowest reported for cobalt iron
phosphide-based anodes without using a hybrid material (as
compared in Table 52). Additionally, the behavior of the
CoFeP/NF electrodes was tested during cycling for OER
displaying good stability after 300 cycles (Figure S14).
Electrodes with different deposited amount of electro-
catalysts were prepared by repeating different cycles of
immersion in the CoFeP dispersion and drying up to four
times, leading to different catalyst loading (see the inset of
Figure 515a). The applied potentials for a given current
density are reduced as the catalyst loading increases as
expected. For 10 mA em™, the overpotential is 270 mV for
four immersions, 15 mV lower than for the one of a single
immersion (Figure 515a). However, as the catalyst loading
increases, the current density normalized by the mass loading
decreases (Figure 515b). Then, for the lowest loaded amount
of catalyst, there is an optimum dispersion of the CoFeP on
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Figure 4. (2} Cydlic voltammogram recorded at 5 mV s, (b) Tafel plots, {c) {j, — j.)/2 vs scan rate plot, and (d) calculated TOF values as a
function of the potential for CoFeP'/NF and Co,P/NF in 1 M KOH. (e} Cg and (f} log (R_/C2) vs overpotential from the Myguist plots for
CoFeP/NF in 1 M KOH. The green line in (e} indicates the Cy value obtained from cyclic voltammograms in (c} and the red line in (f) the lingar

firting.

the NF maximizing the number of reactive sites available per
averall amount of catalyst. The overpotentials achieved in this
work, considering the loaded amount of electrocatalyst, are one
of the lowest reported for CoFeP-based anodes for OER (see
Table 52).

To get more insights into the origin of the catalytic activity
of CoFeO/H, obtained from the bimetallic phosphide, the
double-layer capacitances were calculated from (j, — j)/2 vs
the scan rate plot obtained from Figure 516. The calculated Cy
values are similar for the CoFeP/NF and Co;P/NF and are
estimated as 120 and 140 mF cm™, respectively, as shown in
Figure 4c. Then, the ECSA values of 3000 and 3500 cm® are
obtained for CoFeP/NF and Co,P/NF, respectively, referred
to a planar surface. The huge EC5A values can be correlated
with a high density of active sites due to good dispersion of the
material favored by its low particle size and the porous
structure of the electrode scaffold that allow the full
penetration of the electrolyte.

Figure 4d displays TOF values deduced from the calculated
number of active sites based on the loaded amounts of
electrocatalysts. A TOF value of 0.1 5! is reached at 358 mV
for the CoFeP/NF, while for Co,P/NF, 415 mV is required.
This demonstrates that despite both electrodes possessing
similar ECSA and estimated number of active sites, the
bimetallic phosphide exhibits a faster kinetic toward OER. This
may be caused by the catalytic effects of the metallic Co and Fe
adjacent sites cooperating on the four steps of the water
oxidation reaction. This is supported by the lower value of
Tafel slope in the CoFeP/NF electrode. In this regard, some
decrease in the concentration of iron in the fabricated CoFeP
nanoparticles is not critical in the OER activity, as when it
decreases by 40%, the bimetallic electrode produces similar
overpotentials. This is in agreement with a previous work using
comparable Co/Fe ratios. * A contribution derived from the

nickel substrate cannot be discarded as active nickel spedies for
OER can be generated in the alkaline electrolyte.

Wyquist plots obtained from EIS are useful to better
understand the electrocatalyst kinetics for OER. Then, they
were recorded at different applied potentials (Figure $17a),
and the obtained spectra were fitted according to the model
dircuit displayed in Figure 517h. Ry is the electrolyte resistance
and the By and ; (a constant phase element) at high
frequencies can be tentatively associated with the Ni/f
electrocatalyst interface or to the presence of a passive
film* C, and R, are related to the charge transfer to the
electrolyte, and they can provide information about the OER
kinetic parameters. Concretely, the exchange current density
(jo) and the Tafel slope (k) can be estimated from the Nyquist
plots using the following ral:l:'nnz-ssil:n'fl'"_d'3

13

1 di 1 iy
logl — | = logl — | = |
Dg[ﬂ} qu!?] P E{ b J (1)

where b = LIRT/a F in mV dec™, being o, the overall transfer
coefficient given by &, = (ngle + nf,), where n; is the number
of electrons transferred before the rate-determining step (rds),
& is the stoichiometric number with a typical value of one, n, is
the number of electrons transferred in each occurrence of the
rds, and #, is correlated with the symmetry factor.**** On one
hand, Cy values calculated from Figure 517 are represented in
Figure 4e as a function of the overpotential. Although they are
in the same order of magnitude as that obtained by cyclic
voltammograms in the region without faradaic currents {Figure
4c)), there exist some dispersion of the values in the considered
range of potentials. On the other hand, according to eg 1,
Figure 4f shows a linear relationship between log{R;) and #.
The points in Figure 4f can be fitted to a straight line with
good fiting (R® = 0.996). The Tafel slope (b) can be
calculated as 48 mV dec™, while a value of 42 mV dec™ was
determined from the wvoltammogram shown in Figure 4b.
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Then, the overall charge transfer coefficient (a,) can be
calculated as 1.24—1.41. Such values suggest that a step
subsequent to the first electron transfer is the rds with & = 1,
=1 and n, = 1.* According to eq 1, from the intercept with the
y-axis, the exchange current density is calculated to be 1.1 x
107° mA cm ™.

The excellent characteristics based on the kinetics and the
active site density suggest that the synthesized CoFe-based
anodes are good candidates for working at high corrent
densities as feasible and reliable electrodes. Thus, the
electrochemical activity of these anodes was evaluated at
higher applied potentials, and the effect of the temperature was
studied. Figure 5a shows the potential region of current

a
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Figure 5. (a) Cyclic mltamm-::?am and (b} chronoamperogram at a
current density of ca. 1 A an™ at 22 and 50 °C for the CoFeP/NF
elactrode in | M KOH.

densities »1 A cm ™ at 22 and 50 "C. For reaching 1 A cm™?,
the overpotential is only 475 mV, and they decrease by 70 mV
when the temperature rises to 50 *C. Furthermore, the stability
tests at 1 A cm ® in Figure 3b show that the current density
remains constant at X2 °C, while at 50 °C, there is a slight
decrease with time, which may be due to a lack of thermal
stability of the experimental setup. Table | summarizes the
approximate overpotential values achieved for 10, 100, and
1000 mA cm™? based on Figure 5a.

Anion Exchange Membrane Water Electrolysis Per-
formance. The stability of the electrocatalysts is a critical
issue in fuel production and should be tested under more
realistic conditions of continuous electrolyte flow to better
evaluate its commercial viability. For this goal, the developed

Table 1. Overpotentials for OER at Selected Current
Density Values at 22 and 50 °C

nfmV
jfmA em? 2 °C 50°C
10 185 40
100 135 80
1000 475 405

cobalt iron oxyhydroxide anode was integrated into an
electrolyzer schematized in Figure 6a for H, and O,

] W,
08y 4 iy
= .
'!E i L] -~ o
— - ‘-l"-- -
04 H _.=:..'
i [T
Tima | min
o
o 20 40 B BO 10D 12D

Time [ min

Figure &. (a) Sketch of the alkaline exchange membrane electrolyzer
using geometric electrodic areas of 1 cm® in the anode and 10 cm? for
the Ti/Pt cathede. CC = current collector. (b} Chronoamperogram in
the full cell depicted in (a} at a current density near 1 A and heating
the electrolytes to 50 °C. Inset: experimental {points) and calculated
(solid lines) accumulated volumes of H; and O,

production, which is a relevant configuration for an industrial
application. The cell comprises two compartments separated
by an alkaline anion membrane, with the anolyte and catholyte
recirculating at a high flow rate through the respective
compartments. Consequently, this configuration allows for
the separation and collection of both produced gases, where
hydrogen evolves in the Ti/Pt plate (10 cm®) and oxygen
e'\ru:lve; in the CoFeO,H,/NF anode with a geometric area of 1
om’.

The stability of the full cell was examined at a high current
density of nearly 1 A by heating the electrolytes at 50 °C.
Figure 6b shows good stability of the current during 2 h,
without any significant decay. Additionally, the volumes of H;
and O, were measured for 10 min after 2 h at | A in the same
conditions. The inset of Figure 6b displays the points
corresponding to the measured gas volumes, while the straight
lines correspond to the calculated walues. An excellent
agreement between the experimental and theoretical values
was found, which means that the faradaic efficiency for OER
and HER in both processes is mear 100%. The outlet gas
stream from the cathode was analyzed by gas chromatography
confirming the presence of hydrogen gas. Similar results were
obtained at room temperature (Figure 518) displaying also
good stability. In that case, because of the lack of temperature
control, an initial increase in the current was observed before
thermal equilibration.

B CONCLUSIONS

In this work, an efficient anode for OER obtained by the in situ
generation of amorphows cobalt iron oxyhydroxide from the
cormesponding bimetallic phosphide on WF is reported. In the
chemical conversion, phosphorous acts as a sacrificial element
for homogeneous metal oxyhydroxide formation facilitated by
the electrolyte permeation within the nanoporous structure.
The initial CoFeP/NF electrode is synthesized from tiny rod-
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like nanoparticles of bimetallic phosphide obtained by a
feasible and scalable synthesis. These nanorods were dispersed
in a 3} framework of a highly conductive nickel foam as a key
element in the anode design. It ensures a high density of active
sites as well as an appropriate pore size to guarantee the release
of oxygen gas. Under alkaline media and ancdic polarization,
apart from the phosphorous depletion, the morphology
radically changes from the initial nanomods to CoFe-oxy-
hydroxide nanoplates with a high EC5A. Remarkably, this
procedure guarantees maintaining a homogeneous distribution
of metal atoms on the nickel foam that allows for a rational
design of the anodes to achieve a high density of active sites.
The presence of Co and Fe atoms promotes favorable catalytic
effects on the four-step reaction of water oxidation. Then, this
rational anode design allows achieving working conditions of
high current densities (higher than 1 A cm™) at optimized
overpotentials lower than 500 mV for 1 A and Tafel slope as
low as 42 mV dec™'. Remarkably, apart from the feasible and
scalable manufacturing route of the CoFeOH,/NF electrode,
its stability was excellent in an alkaline exchange membrane
flow cell at 1 A, which makes this electrode a robust and
promising anode in high production rate devices for fuel
electrosynthesis.
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ABSTRACT: The lack of electrocatalysts for the formate
oxidation reaction (FOR) hampers the deployment of direct
formate fuel cells (DFFCs). To overcome this limitation, herein,
we detail the production of palladium hydride particles supported
on C,N (PdH, @C,N) via a facile method. PdH, @C,N
displays excellent FOR performance, reaching current densities up
to 56 Amge ' and stable cycling and chronoamperometric
operation. The Pd lattice expands due to the hydrogen
intercalation. Besides, an electronic redistribution associated with
the distinct electronegativity of Pd and H is observed. Both
phenomena modify the electron energy levels, enhancing the
activity and stability of the composite catalyst. More specifically,
differential functional theory calculations show H intercalation to
downshift the Pd d-band center in Pdyss@C;N, weakening
adsorbate binding and accelerating the FOR rate-determining step.

KEYWORDS: electrocatalysis, direct formate fuel cell, palladium hydride, C;N, formate oxidation reaction, fuel cell

B INTRODUCTION

Fuel cells are an attractive alternative to conventional fossil
fuel-based combustion technologies, offering high efficiencies
of conversion from chemical to electrical energy. Among the
possible liquid fuels, formic acid/formate offers a particularly
simple oxidation reaction, involving the transfer of just two
electrons.” ™ In particular, formic acid is regarded as a safe,
low-cost, and low-toxicity hydrogen carrier, with a large
content of hydrogen, 4.4 wt %, excellent stability, low ignition
point, and convenient transportation and storage.” * However,
it is the use of formate in alkaline cells that is attracting more
recent attention. The use of a solid formate salt is beneficial in
terms of storage and transportation over liquid formic acid.”*°
Formate is also characterized by much lower toxicity and
corrosiveness than formic add, and therefore it can be used at
higher concentrations.'"'> Besides, the formate oxidation
reaction (FOR) presents faster reaction kinetics, lower
overpotentials, and reduced poisoning when compared with
that of formic acid.”*™"* Additionally, direct formate fuel cells
(DFFCs) also present faster kinetics due to the rapid O,
reduction reaction {ORR) kinetics in alkaline medium when
compared with an acid environment.'"'%'” Moreover, formate
is industrially used for the production of formic acid, thus
available at a reduced price. On top of all these, the synthesis of
formate from CO, reduction has seen rapid progress recently
and may reach industrialization in the foreseeable future, which
could make DFFCs a net-zero CO2 technology.'®*"

© 2023 Amencan Chemical Sodiety
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Palladium (Pd) is the most promising candidate to catalyze
the FOR. However, the performance of Pd is still far from
optimum in terms of stability and also activity.”* As a main
drawback, Pd binds too strongly to hydrogen, limiting its
desorption and thus blocking the adsorption sites available for
additional reactants.”*** To improve the FOR performance,
we need to develop effective strategies to tune the electronic
properties of Pd and particularly to reduce the adsorption
energy of the intermediates. Recently, the introduction of
lighter and smaller elements to diffuse within the Pd lattice and
expand it has awakened notorious attention. By changing the
metal lattice parameters, the electronic properties of the metal
can be modified and potentially optimized.**>* Among the
possible light elements, hydrogen (H) is particularly suitable to
modify the Pd structure owing to the small atomic radius of H
and the high affinity of Pd toward this element.”” >

To maximize its dispersion, electrocatalytic particles are
generally supported on electrically conductive high surface area
supports, such as carbon.” However, traditional carbon
materials contain uniformly distributed surface charges, making
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them catalytically inactive. To owercome this limitation,
nitrogen-doped carbon and carbon nitrides can be used.” In
particular, C,W has emerged as a new 2D} graphene-like layered
covalent organic material** ™ The presence of N atoms
within the carbon lattice introduces polarity to interact with
the polar species and enhances thermal stability.™ " Besides,
the electrical conductivity of C,W is higher than that of other
C—N materials. The unigue porous structure of C,M increases
the electron density of the I atoms, which enables them to act
as excellent sites for the nucleation and growth of metals.***

Taking into account all the above, we developed a strategy
to produce palladivm hydride (PdH ;) nanodendrite
supported on C;MN. Such a composite catalyst was tested
toward FOR in alkaline media. To rationalize the obtained
results, density functional theory (DFT) calculations were used
to identify the effect of H intercalation on the d-band center of
Pd within the composite Pdg .g@C;N and its influence on the
binding of adsorbates.

B RESULTS AND DISCUSSION

Palladium hydride nanoparticles were produced inm the
presence of ;N using Pd{acac); as the metal precursor and
DAm as the solvent and hydrogen source (see details in the
Experimental Section, Figure 51). In the presence of C,N, Pd
heterogeneously nucleates and grows at N sites on the C;N
surface which offer lone electron pairs and thus act as electron
donors coordinating with the metal ions. Figure 51 shows the
nanosheet structure and the composition of the inital C.N
support. Figures la—c and 53 display the representative SEM

100 nm

Figure 1. Structural and chemical characterization of PdHp g0 C;M.
{a) SEM image, (b} TEM image, {c) HRTEM and the comesponding
FFT spactrum of PdHy qg@C; N, visualized along its [101] zone axis.
(d, ) HAADF-STEM and EELS chemical composition maps
obtained from the red-squared area of the STEM micrograph.
Individual Pd M, s-edges at 335 eV (red), N K-edges at 401 &V
(green), and C K-adges at 285 eV (gray) and the composites of Pd—
N, N—C, and Pd—N-C.

and TEM micrographs of the particles supported on C,N. The
final product consists of C;N covered with small hyper-
branched nanoparticles or nanodendrites. HETEM micro-
graphs reveal that the nanodendrites have a crystal phase in
agreement with the Pd cubic phase (space group = Fm-3m)
but with a significantly larger lattice parameter a = b = ¢ =
4.0190 A, well sbove that of pure Pd a = b= c = 3.80 A. The
larger lattice spacing measured confirms the presence of H
within the Pd lattice.* " Since the presence of H linearly
affects the lattice parameter of PdH, from the HRTEM dats,
we calculated a2 H/Pd atomic ratio of ca. 058 The XRD

pattern of PdHp sq@CoN was consistent with that of the Pd
face-centered cubic (foc) structure (Pd-PDE#E7-0641), but,
consistent with HRTEM results, diffraction peaks were shifted
to lower angles. A reference Pdi@C,N sample was produced by
annealing PdHp ;@ C; N under Ar at 450 °C for 2 h to remove
the intercalated hydrogen. As shown in Figure 2a, after the
annealing treatment, the shift of the XRI) pattern dizappeared.
These results further confirm the expansion of the Pd lattice
with the introduction of H.""** The HAADF-STEM micro-
graphs (Figure 1d) and STEM-EELS elemental composition
maps (Figure le) of PdHg 52@C,N show the presence of C, N,
and Pd, all the elements being homogeneously distributed at
the nanometer scale. Additional TEM, HRTEM, and STEM-
EELS of the Pd@C;N sample show a relatively similar
architecture with a homogeneous distribution of the different
elements (Figure S4).

As an additional reference material, self-standing PdH, g
nanoparticles were synthesized using the same procedure as
that for the synthesis of PdH, ,@C,N but in the absence of
C;N. Afterward, these nanoparticles were physically mived
with CiN to produce PdHpsa/C:M. The TEM images of
PdH, ., and 5EM images of PdH,.,/C.N samples show the
PdH ;s nanoparticles to be highly agglomerated (Figures 55
and 58}, which reveal the presence of C;N during the Pd-based
nanoparticle synthesis to decisively contribute to their
dispersion. Besides, the XRID pattern of the PdH,../C,N
sample displays an additional peak at ca. 35" associated with
the presence of a small amount of the PAO phase (JCPDS 06-
0515), which reveals that the coordination of PdH, ., with
C;N during the synthesis, through the N atoms, contributes to
prevent its surface cxidation.

Figure b, displays the XPS spectra of Pd@C,N and
PdHy ;2@C;N. For both materials, the high-resolution Pd 3d
XPS spectra presented two doublets. The major component, at
3354 eV (Pd 3d,,), for PdH, @C,N, was associated with
Pd", and the minor, at 336.5 eV (Pd 3 ;), with an oxidized
Pd* chemical environment.*™*? The Pd 3d spectra of
PdH; ..@C,N were shifted to about 0.2 eV toward higher
binding energies than Pd@C;N, which indicates a charge
redistribution within palladium hydride, with Pd giving
electrons to H. The presence of electron-deficient Pd in
PdH, @C,N is consistent with previous reports.*%*
Electron-poor Pd has been reported to reduce the electron
exchange with CO 2x* orbitals, which translates into a weaker
CO adsorption.*® Thus, PdH ,,@C,N may present a higher
resistance toward CO poisoning during FOR than Pd@C,N.

The valence band XP5 spectra of Pd@C;N and PdHg:p@
C,M are displayed in Figure 2c. A broad band of states,
contributed by Pd 4d electronic states, is observed in both
spectra. I pdH p36@CaN shows a narrower bandwidth of ca
4.95 eV as compared to 5.91 €V of Pd@C,N, which indicates a
maodified electronic structure. Such narrower bandwidth results
from the increase of distance between Pd atoms within PdH.*
Besides, a new peak in the band structure of PdH, ., was
observed at 6.17 eV, and it was associated with the interaction
between the H 1s and Pd 4d electronic states within PdH."

The FOR performance of PdH, @C.N, Pd@C.N,
PdH,../C,N, and commercial Pd/C was studied in a
conventional three-electrode system. First, CV curves were
obtained in an Ar-saturated 0.5 M KOH solution (Figure 3a).
In the cathodic scan, the cument density peaks in the potential
region —0.6 to —0.8 V vs Hg/HgO are assigned to hydrogen
adsorption. Besides, equivalent peaks in the anodic scan are

11800 Ivttpeaid olongy 1001021 aceuschamanyg. 3c00E52
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Figure 3. Electrochemical performance of PdHp @ C;N, PA@C;N, PdHp e/ CoN, and Pd/C catalysts for FOR. (a) Cyclic voltammetry curves in
Ar-saturated 0.5 M KOH solution and (b, ¢} in a 0.5 M KOH + 0.5 M ethanol solution normalized by the geometric area (b) and the mass of Pd
(c). (d) Enlarged CV curves at the onset potential. (e} Tafel plot and the calculated Tafel slopes. (f) Comparison of mass activity and spedific
activity. () Comparison of peak potentials between this work and previous reports. (h) Chronoamperometric { CA) ourves. (i) CA curves with CV
re-activation every 1000 s for PAH, @ C,N.

associated with the desorption of hy‘drogen.“ In the anodic
scan, the increase of current density observed at about —0.2 V
vs Hg/HgO is assigned to the surface oxidation of palladium.
Additionally, the current density peak associated with the PAO
reduction is found at about —0.2 V versus Hg/HgO during the

11401

cathodic scan. The distinct hydrogen adsorption/desorption
features of hydrogen between PdHg;.@C,N and Pd@C,N
indicate different surface atomic configurations.

The electrochemical active surface area (ECSA) was

estimated from the PO reduction peak. CV curves showed

Fttpsdolong 10,0021/ aasuschemang 3c00es2
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C,N. {c) Evolution of the local structural configurations illustrating the FOR process of PdH,@C,N (* represants the active sita).

the Pd oxide reduction peak area to be significantly larger on
PdHp@ TN than on Pd@CiN, PdHg:e/C:N, and Pd/C,
suggesting a larger ECSA. Quantitatively, EC3A was calculated
from:

ECSA = Q (kC-am™)
an{pc-cmﬁj] b Pdmhs{mg-cm_l] 10

(1)

where Qpag = 405 wC ecm™? is the charge involved in the
reduction of a PAQ monolayer, () is the charge obtained from
the integration of the PdO reduction peak, and Pd, 4, is the
Pd amount loaded on the working electrode.® From this
equation, the ECS5A wvalues for Pdpee@CiMN, Pd@C;N,
PdHy;e/C;N, and Pd@CB catalysts were observed to be
40.84, 3151, 2475, and 1878 m? g ", respectively. Thus,
significantly larger EC5As were obtained with the growth of
PdHg ;s in the presence of N

The electrocatalytic activity toward FOR. was investigated by
CV in a solution containing (L5 M KOH and 0.5 M HCOOK
(Figure 3b). The obtained current was normalized to the
calculated ECSA. Even when normalizing to the ECSA, the
PdHp 5@ C;N catalyst exhibited a much higher specific activity
when compared with the reference catalysts. PdH . @C,N
delivered a peak current density of 27.44 mA cm ™, well above
that of PA@C,N (1625 mA-cm ™), PdH,55/CaN (14.37 mA-
cm*), and Pd/C (1143 mA-cm ). Even larger differences
were obtained when normalizing to the mass of Pd. PdH, @
C;N exhibited the highest mass activity at 5.60 A mg Pd ",
which was 5.2-fold larger than that of Pd/C (1.07 A mg Pd™")
and well above that of the other electrocatalysts. PdH @
C,N-based electrodes also provided the lowest onset
potentials, as shown in Figure 3d. The onset potential of
PdH ;@ CoN was —0.71 V, much smaller than that of Pd@
C,N (—0.64 V). Besides, as shown in Figure Je, the lowest
Tafel slope was also obtained for PdH, @ C,N, at 204 mV
dec”!, significantly below that of Pd@C,N, PdHp ./ C;N, and
Pd/C catalysts at 101.9, 168.6, and 2038.1 mV dec”,
respectively. The lowest Tafel slope of the PdH, @C,N
catalyst indicates promoted FOR kinetics.

Figure 3f resumes the specific and mass activities of all
catalysts in this work toward the FOB. Additonally, Figure 3g

11402

and Table 52 compare the results obtained in the present work
with the state-of-the-art Pd-based catalysts reported to date.
Orverall, PdH; 5@ C;N shows outstanding specificity and mass
activities, above most catalysts reported so far.

The electrocatalytic stability of PdH ;0@ CN was evaluated
using CA measurements at —0.2 V in 05 M KOH + 0.5 M
HCOOK electrolyte for 5000 s (Figure 3h). PdH, ,@C,N
exhibited the slowest current decay compared with the
reference electrocatalysts. To remove the accumulated poison-
ing species, a rapid potential scan to oxidize and reduce the Pd
surface was performed. Figure 3i shows the regeneration
capacity of the tested catalysts. After every 1000 = of CA test,
the catalysts were re-activated by cycling for 100 s in a clean
0.5 M KOH solution. This simple regeneration strategy allows
cleaning the surface of the catalyst from the adsorbed
contaminants and thus recovering most of the catalytic activity.
After 1000 cycles in the voltage range —0.9 to 0.3 V vs Hg/
HgO in the 0.5 M KOH + 05 M HCOOK electrolyte, the
catalyst was collected and analyzed. As shown in TEM and
HRTEM images in Figure 57, the post-FOR product
maintained the initial architecture, crystal phase, and
composition, without significant variations.

To provide the theoretical basis for the experimental results,
the thermochemical reaction energetics of the FOR on
PdH ;p@C,N and Pd@C,N were investigated by DFT
calculations using the (111) surface of foc Pd. The projected
density of states (PD0Ss) of PA@C,N (111) and PdH, @
CyN (111} surfaces are displayed in Figure 4a. The d-band of
the PdHg@C;N surface is downshifted, with the center
farther away from the Fermi level {—2.02 &V) than that of the
Pd@C,N surfaces [—1.77 V). We also calculated the d-band
center of the ( 111) surface, which gives the same result { Figure
58, Supporting Information). The configurations of the
adsorbed FOR intermediates (HCOO,* HCOO* H*
and CO0.*) on the surface of PdH, @ C,N are displayed in
Figure 4c. A prior, on Pd-based catalysts, the FOR direct path
follows four steps:

HCOO + +—-HC00, —~HCo0, *—H +Cc0,"
—=H+ CO, +=* (2}

fttps.fitd olong 10,1021 scsuscthamang 300852
sustminable Cham. Eng. 2023, 17, 1130911405
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where * denotes a surface site, and HCOO,*, HCOO_*, H*,
and C;* are the formate bidentate, formate monodentate, H,
and CO, adsorbed on the sites, IE'EPE-EE“I’E[}".“'ﬁl Figure 4b
displays the free-energy profiles of the FOR steps. The results
show an endothermic second step, HCOO,* — HCOO#%,
having the highest energy barrier associated for bath catalysts.
DFT calcolations show that the energy barrier for this rate-
determining step (RDS) is 1.047 eV for PdH .;@C, N surfaces
and significantly higher for Pd@C,;N (1.151 V) surfaces,
which is consistent with the lower onset potential and higher
activity of the former. Besides, the energy barrier for the
desorption of the reaction products is alse much lower for
PdHy@C,M (0738 &V) than for PA@C,N (0985 V),
which is consistent with the higher activity and stability of the
former.

B CONCLUSIONS

In summary, PdH o2@C;N was prepared using a one-step in
situ growth method based on the heterogeneous nucleation
and growth of PdH,.;, on the surface of C,M. The grown
palladivm hydride displays a favorable architecture with a high
surface area. The presence of H provides several advantages,
including an expansion of the Pd lattice and an electronic
reconfiguration within the material that promotes the FOR
catalytic performance, improving both activity and stahbility.
DFT calculations show the presence of H to downshift the Pd
d-band center within Pd, . @C,M, weakening the adsorbate
binding and thus accelerating the rate-limiting step of the FOR.
Crverall, the presence of H allows tuning the Pd crystallo-
graphic and electronic structures to enhance the electro-
catalytic properties. Beyond FOR, the same strategy is
susceptible to be applied to other electrocatalytic reactions.
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ARTICLE INFO ABSTRACT

Keywaords: The deployment of direct formate fuel cells ( DFFCs) relies on the development of actve and stable catalysts for
Formate oxddation reaction the formate oxidation reacton (FOR). Palladium, provding effective full cddaton of formate to OO0y, has been
Electroctalysis widely used as FOR catalyst, but it suffers from low stability, moderate activity, and high cost. Herein, we detail
Palladium tin phosphide

a colloldal synthesis route for the incorporation of Pon PdSn nano particles. These nanoparticles are dispersed
an carbon black and the obtained composite Is used as dectrocatalytic materal for the FOR. The Pd.Sn,.P-
hased electrodes present outstanding catalytic activitdes with mcond mass cumrent densites up to 100 A Mg
! well above those of Pd, .5n/C reference electrode. These high cumrent densltles are further enhanced by
Increasing the temperature from 25 °C to 40 °C. The Pd:SnasP electrode also allows for dowing down the mpid
current decay that genemlly happens during opemton and can be rapldly re-activated through potental
cycling. The excellent catalytic performance obtained i ratonalized wsing density functonal theory (DET)

Direct formate fuel o

caleulatlons.

1. Introduction

Fuel cells, characterized by high efficiendes of conversion from
chemical to electrical energy, are an appealing alternative to conven-
tional fossil fuel-based combustion technologies. Among the possible
energy carriers, liquid and solid C; and C» fuels, such as ethanol,
methanol, formic acid, or formate, are particularly attractive. Such
fuels can be directly produced from COs reducton, thus enabling a
zero-C05 energy cycle, and offer advantapges in terms of safety, storage,
and transportation over carbon-free energy arriers such as hydrogen,
hydrazine, or ammaonia [1].

Direct formic acid fuel cells (DFAPCs) have received special atten-
tion due to their high energy density, low fuel crossover, and superior
theoretical cell potental of 1.45 V, which is well above that of direct
ethanol fuel cells, 1.14 V, and direct methanol fuel cells, 1.21 V.
Despite these advantsges, DFAFCs have not resched the market

because of drawbacks associated with the use of an add medium,
including moderate stability related to the degradation of the elec-
trodes and membrane, and the toxcity and corrosiveness of formic
acid at high concentration.

Asg an alternative to DFAFCs, direct formate fuel cells (DFFCs) have
received much less attention despite their several key advantages
[2-7]. The use of a solid formate salt is beneficial in terms of storage
and transportation over liquid formic acid. Formate is also character-
ized by much lower toxicity and corrosiveness than formic acid, and
therefore it can be used at higher concentratons [3,6]. Besides, DFFC
present faster kinetics due to the rapid Oz reduction reaction (ORR)
kinetics in alkaline medium when compared with an acid e nvironment
[8].

However, the performance and overall mst-effectiveness of DFFCs
strangly depend on the performance of the catal yst activating the for-
mate oxidaton rescion (FOR). FOR can procesd through two main
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pathways [9]. A firs pathway iz the direct formate oxidation o OOy,
Thiz iz the mo s convenient mechanian for electrochemical application
because it is the fastest and most energetically efficient. The second
pathway is the indirect reaction that involves the inital formation of
intermediate COg that is afterward oxidized o CO-.

As a dmwhack of DFFCs, the demanding FOR requires the use of
noble metal catalysts such as Pt and Pd. Among FOR electmcatalysts,
Pr generally displays the highest inital acrivites, bur it ako suffers
from poor stability [10-14]. Pr-based catalysis generally drive POR
through the indirect path, produdng OO, that strongly bind to the
arface active sites, thus rapidly deactivating the catalyst [15]. Besides
being slightly more abundant and less expernsive than Pt Pd also
shows higher lang-term activity and durability, which has positioned
Pd asz the state-of-the-art FOR catalyst [2-4,16-20]. Howewver, pure
Pd carabyars still suffer from too devated eost, and ursatisfactory activ-
iy and dumbility for the deployment of cost-effective commercial
DEEC [21]. While competifion between the two FOR mechanizms exist
in pure Pd catalysts, Pd oxidizes formate mainly through the direct
pathway [2Z2]. During this process, formate decomposes into surface
adsorbed H,y, and OO, . [23]. H,, binds strongly to the Pd active
dres, which iz generally asumed to block the adsorption of unreacted
formate molecules and, consequently, reduce the catalyiic actvity
[24-26]. Besides, the producdon of O0,. through the minoritarian
indirect reaction pathway alzo affects the catalyst's long-term activity.

LZeveral strategies have been developed to overcomse the limitatons
af Pd catalysts. The main approach & the alloying of palladium with
ather metallic or non-metallic elements. Thiz alloying targets three
main objectives: i) to opimize the palladium electronic energy levels
to tune the adsorption energy of precumors/intermediates,/ products;
i) to provide addidonal surface adsompton/reaction sites; and iii) o
minimize the amount of Pd used. In this scenario, numerous noble
metal Pd-based alloys have been tested, including Pd-Ag [27-24],
bd-gh [30], Pd-Auw [31,32], Pd-Ag-Ir [33], Pd-Ag-Ru [34], Pd-Ag-Rh
[35], or Pd-Au-Ag [26]. Besides, the alloying of Pd with abundant met-
als auch as Sn, Cu, NL or Co is notanly pardeularly interesting in terms
aof cost but alw to promote the intemcdon with hydrogel groups
[24,537,38]. The formation of M —0OH weakens the adsorpion of poi-
soning intermediates aich as OO, ., and H, ... Az an example, J. Nobor-
ikawa et al demonsirabed PderCu/C to have 1.8 times higher activity
than monometallic PdAC [39]. Qlao Wang et al. showed that the incor-
poration of Cu into AgPd resulied in a factor 1.2 mass activity inore-
ment and improved stability compared to the binary compound
[24]. Besides, Sankar et al reported Pd, +Co/C with a mass activity
of 2.5 A mgj, and PANILAVC with 4.5 A mgj,, well above that of Pds
C [38,40].

Among the different Pd alloys, PdSn is particularly interesting
both in terms of cost and performance in oxdaton reactons We
and others have demonstrated that the incorporaton of tin remark-
ably improves the palladium resstance towards poisoning and the
decromddation catalytic activity by both dectronic and geometrical
effects [41-48]. Several previows works have tested Pd-Sn alloys for
the formic acid oxidadon reacton (FAOR) [49-55]. Liu e al showed
PdySn as the most effective catalyst in comparizon with other Pd,Sn,
alloys and pure PdAC [51]. Wang e ol obtained PASn alloy nano par-
ticles on carbon nanotubes with 1.81 times higher activity and supe-
dor stability towards FAOR than the palladium ecounterpart
Addidonally, Hwang et al deposited PdSn on Ti and demonsrated
excellent performanee in the interconversion between COy and for-
mie acid [5253]. Surprsingly, wery few smdies have focused on
the applicaton of Pd-5n alloys as POHR electrocatalysts in DFPCs.
Recently, Saidharan of al reported a PdaeSnge alloy with an excel-
lent FOR activity of 57 A mg °, which is more than 3.5 tmes that
of PA/C, and prominent stability [54]. Additionally, Hosseini-Ben-
hangi developed a nowvel cdass of non-metal flow batterles wsing
bifunctional COu/fomate dectmcatalysis based on binary PdSn and
temary PdSnPb and PdSnin alloys [55].
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Phozsphons is an inexpensive nom-metallic element with abundant
valence electrans. Itz alloying with metals modify the metals elec-
tronic state, facilitating the adsorption of hydroxyl species and ham-
pering the adsorption of poisoning compounds and the dissolution of
metal ions from the camlyst surface. To the best of our knowledge,
no smdies have reported the use of palladium phosphides for FOR.
However, Pd-F and Pd-M—P alloys have been demonstrated as effi-
cient catalysts for the FAOR [56-61). As an example, the ternary
PdNiP exhibits a remarkable improvement in electrocatalytic activity
tonwards formic acid, methanol, ethanol oxidation, and hydmgen evo-
lution reactions compared to the binary PdNi [62-65]. Besides, we
demonsmated the incorporaton of P to PdSn alloys to significantly
improve the catalys performance towands the ethanol oxddation reac-
tion [66].

In this waork, we demanstrate that the incorporation of phosphoras
into PdSn nanopartdcles results in a significant improvement of the
FOR dectrocatalytic performance. Using a colloidal synthesis method,
Pd-=n-P particles are prepared and afterward supported onto carbon
black. The FOR activity and stability of the pmoduced com posite elec-
tmodes are experimentally analyzed. Besides, the outstanding perfor-
mances obtained are radonalized wing DFT caleulatons

2, Resulte and dismu=sion

2.1, Canabyst physico- chemical propertes

As detailed in the erperimental section (Supporting Informaton,
El), phosphomus-containing palladium tin-bazed catalysts were pre-
pared through a four-step approach (Scheme 1), In the first step, ool
loidal Pd-Sn nanoparticles were grown from the co-reduction of Pd
(acac), and Sn{OAc), at 230 "C using oleylamine as both solvent and
reducing agent, and rioctylphosphine and methylamine hydrochlo-
ride as sabilizers and shape-direcing agents [67]. Afterwands,
phephorous was incomportaed into the Pd-Sn nanopartces through
reacion with hexamethylphosphomus oiamide (HMPT) at 300 “C.
In a third step, Pdsn-P nanopardcles were supported onto carban
black Vulcan XC-72 to maximize the parice dispersion for elecoro-
chemical application. Once supported, the nanopartce surface ligands
wene remaved wing an acid reatment and posteror annealing under
an inert atmosphere to obtain a ligand-free elecirocatalys [67-74].

Traremission electron micmacopy (TEM) analysis of the produced
Pd-an-P nanoparticles shows them to be characterized by elongated
geometies with an average length of 20 nm and an avemge thickness
of 9 mm (Fig. 1a). Scanning electron microscopy with energy-disper-
zive X-ray spectroscopy (SEM-EDS) and inductdwely coupled plama
mass specirometry (ICP-MS) data confirmed the presence of the three
elements with an atomic rato of Pd/Sn/P = 270841 (Fig. 51b). The
powder ¥-ray diffraction (MRD) patern of the Pd.Sn, P particles
resembles that of an onhothombic PdSn phase with space group
Prma (JCPDS 01-89-2057, Fig. 1b). Fig. 1¢ shows a epresentative
high-me=olution TEM (HRETEM) image of the Pd.Sn, P nanoparticles.
The faet Fourier transform (FFT) of the magnified detail matched that
af the Pd.Sn orthofhombic Proae phase, congstent with X¥RD data. Mo
additional phases, particularly the binary phosphides SnP (JCPDS
053-065-9767) and PdP (JCPDSE 01-077-1421), were detected by
HRTEM and XRD analyses (Figure 55). Fig. 1d displays a TEM image
of the PdySna =P particles homogeneousy dispersed onto carbon black,
after the purification and annealing process. High-angle anmlar dark-
field scanning transmission electron microscopy (HAADE-STEM) and
electron energy loss spectmscopy (EELS) analysis of the suppomed par-
ticles showed a uniform distributon of the three elements throughout
each nanoparticle and between nanoparticles (Fig. 1€). Toevaluate the
elecrocatalytic activity varation with the incorpomtion of phospho-
rous, binary Pd, Sn and temary PdSng Py o containing a larger
amaount of P were also prepared (Fig. 51a and Sle) Pd; <5n and Pds-
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Colloidal Pd,SnP, nanoparticles
St F‘ HMPT

pasn P,
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Pd,SnP, /C catalyst

Ugand removal
e .

Pd,SnP,/C

P(;,S'n‘P‘JC

Scheme 1. Schematic view of the process used to prepare the palladium tin phosphide-based catalyst.

Intensty (au.)

Fg. 1. Structural and chemical chamsctenzation of Pd Sng P namoparticles. (a) TEM micrograph. (b) XRD pattern. (c) HRTEM micrograph, detail of the orange
squared region and its comresponding indexed FFT. (d) TEM image of the PdaSne o nanomrticles supparted onto carban Hack. (¢) HAADF-STEM general image of
the Pd3Sng 4P nanomrticles (left) and HAADESTEM magnified detail of the orange squared region on the left with the corresponding EELS elemental composition
maps (right) Pd (Hue), Sn (red) and P (green). (For interpretation of the references © colourin this figure legend, the resder is refemred to the web vension of this

article.)

Sn, <P, 5 also displayed elongated momphologies (Figure S2 and S3,
respectively) and a structure similar to the orthorhombic Pd2Sn phase
(Figure S4 and S6, respectively).

Fig. 2 displays the X-rmay photoelectron spectroscopy (XPS) spectra
of Pd.Sn, 4P nanoparticles. The high-resolution Pd 3d XPS spectrum
has the main doublet at 335.6 eV (3ds,2) attributed to metallic Pd,

and another less intense doublet at 337.2 eV (3dy,,) assigned to
Pd**. The Sn 3d XPS spectrum also displays two doublets, at
4848 eV (Sn 3d..) and 487.0 eV (Sn 3ds,,), that are assigned to a
metallic Sn and anoxidized Sn* * component, respectively. In this case,
the oxidized Sn component & majoritarian. Figure 7 shows a compar-
ison of the XPS spectra of Pd-Sn alloys with and without phospharous.

Pd 3d

Intensity (a.u.)
Imensity (a.u.)

P2p

Intensity (a u.)

344 340 336 332
Binding Energy ( eV)

8inding Energy (eV)

136 134 132 130
Binding Energy (eV)

Fig. 2. High-resolution Pd 3d, Sn 3d, and P 2p XPS spectra of the Pd,Sn, P catalyst.
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We ohserve the introduction of P to have an electranic effecton Pd and
%n, shifting the Pd 3d and Sn 3d spectra to lower and higher binding
energ ies, respectively. The P 2p XPS specorum displays one doublet
at 133.5 eV (P 2pso) and 134.4 (P 2p, o) assigned to P within a phes-
phate environment. Thus the surface of the deposited PdsSna sP part-
cles was partially cxidized owing to its exposure to air, especially the
Enand P components,

22 Heetrocatolyte foemate oxidation

The dectrocatalytic properties of the carbon-supported PdsSna =P
nanopartcles toward FOR weme ssessed using a standard three-elec-
trode system in a potential range of — 0.9 to 0.4 V vz Hg/HgO. Ini-
tally, eydic voltammetry (CV) was performed ab moom tem perature
using a sweep mte of 50 mV 27" in an alkaline medium containing
1 M KOH but no formate (Fig. 3al In these condidons, the CV curves
obtained from Pd,Sn, . and Pd, ;5n/C catalyas displayed the char-
acteristic Pd redox peaks in an alkaline medium. In the forward scan,
the current density peaks in the region betwesn =09 and = 0.4 V are
atributed to the oxidation of adsorbed hydrogen and the peaks in the
region between (0.2 and 0.4 V are associated with the superficial Pd
oxidation The current density measured in the region between =05
and =04 iz associated with OH- adsorption [38]. Motice this contri-
bution is significantly larger for the samples containing P. In the
meverse acan, the peak located at =0.5 V is associated with hydrogen
adsorption and the peaks in the region between — 0.2 to —0.4 V to Pd-
O reduction. The electmochemical surface area (ECSA) was determined
from the area of the Pd-0 reduction peak [Q)

Q[l"“:'m-zl [j:l
Dy (10 -G - Pl (Mg~ cm-2)

where (pan comesponds to the charge associated with the reduction of
a Pd-0 monolayer (420 pC cm ™ ~). The ECSA obtained for Pd, Sn/C,

HSA =
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Pd.Sng PC and PdoSng oP, 5/C are 44.38 m™ giy, 197.1 m” g5, and
106.2 m* gin, mespectively. Thus, despite introducing a thind element,
significantly larger ECSA values are obtained for PdSn, (P 0 compared
with PdysSn/C.

Fig. 3b shows the massnormalized woltammograms obtained from
binary Pd; «5n/C and ternary PdaSna P C catalysts in an Ar-saturated
1M EKOH ¢ 1 M HOOOK soluton. During the anodic scan, a broad
band at ca. = 0.2 vz Hg/Hg( is associated with the catalyst actvity
toward the POR. In the high potential range, the current density
decresses due to the oxidation of the surface Pd. An extension of the
POHR patential range is systematically obtained with the introaduction
af P, which we related to an increase in the mesistance of the surface
Pd towards oxidation. An additional extension & also systematically
observed for the PdaSne Py e C electrode, which is associated with
the presence of a P-related FOR site that evolves with cyeling (Fig-
ure 58] In the cathodic scan, the FOR activity is recovered at ca
=0.3 V vs He Hg(, when the Pd surface iz reduced. As more deardy
displayed in Fig. 3¢, the anset potential at 1 A mgit of the PdaSnas-
P/C catalyst was significantly lower (<0.65) than that of the binary
Pd, o8n/C (40,55 V) and temary Pd.Sn, P /C (062 V). The highest
current densities were obtained with the Pd-sn-P alloys. Pd.Sng .PAC
was chameterized by very high mass currents up to 10.0 A mgp, at
ca. =02V ws Hg HgD, which is the highest value reported to date
(Fig. 3d). This value was more than twofold higher than that of binany
Pd; Sn/C (4.9 Amgjy) and about 1.4 times higher than Pd.Sn, 5P 2C
(7.0 A mgis). The dectrochemical impedance spectra at =06 V were
uzed to imvestigate the influence of P on the charge transfer phenom-
ena [Figure 597, The lowest charge transfer resistance was obtained for
the Pd.Sn, oF, which agmees with the CV measuremsents

The catalyst stability under POR conditions was assessed by
chronoamperometry (CA) in an Ar-saturated 1 M EOH + 1 M HOOOE
soluton for 7200 = (Fig. 3€). A relatively rapid current decay was
ohtained due to the double layer dizcharge and the progressive accu-
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mulaton of adiorbed intermediate species (Haae andfor COOye) that
deactivate the catalyst active sites [22 25]. Pd, .5n,/C was deactivated
after 2000 s, while for both phosphide catalysts the mass current was
aill ca 0.1 A mg F," after 5500 s and 4200 s for PdSn, oP/C and Pdy-
BnagPyaC, respectively. Thus the incorporation of P onot only
increases the POR activity but also the stability against the adsorption
of poisoning species.

Fig. 4 shows the dependence on temperature of the POR electm-
chemical activity obtained from the three palladium-hased catalysts.
At 40 °C, the current density significantly incressed and the onset
potentdal diminighed for the phosphorized catalysts. This improved
performance is melated to the fact that a higher tempemmre lowers
the relative reaction energy barder, decreasing the overpotental and
facilitating the desorption of OOy, The faster product desorption allows
a higher rate of unreacted formate molecules to mreach the catalyst's
active sites, incrementing the current density.

To remove the accumulated poisoning species a rapid potental
acan to oxidize and reduce the Pd surface was tested. Fig. 5 shows
the regeneration capacity of the three tested catalysts. After every
30 min of chronoamperometrie test, the catalysts were re-activated
by performing 2 CV cycles in the potental range —09 V o 0.4 W
(ws Hg/Hg). All three catalysts demonstrmate a high activity recovery
and stability throughout the process,

3. DFT calalations

DET caleulations were wsed to gain insight into the mechanizm
behind the outstanding POR performance experimentally messured
from PdySnasP catalysts. In aqueous conditions, the HC OO oxddaton
to 00y eould occur through the following elementary steps:
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* b HOOKO —*HOO00 (4]
FHODD —*C0. + HY + e~ [j]
00, —* + 00y ]

The top-view and side-view strucnwes of the optimized pristine
Pd:Sn and PdsSna =P and the corresponding adsorprion sorucmimes of
*HOOO and *C0y, are shown in Figure 510, The computational Gibbs
free energy of *HOO0D oxidation to 00 was caleulated comparatively
on Pd.Snand Pd.Sn, <P (Fig. 5a,b). It can be found that the free energy
decresses in the first and second geps involving the *HOO0 cxidation
to adsorbed *C0y, thus they are energy-favorable exothermic reac-
tions. However, the lat step from adsorbed *C0s to free OO0y is an
endothermic reaction, involving an energy barter of 0.57 eV on Pdy-
En (001) and just 0.33 eV on PdsSna P (001 ). Thus it can be deemsed
that the PdySngeF (001) performs better activity than the Pd.Sn
(001) because of a significantly decreazed adsorption energy of C0s
after the incorporation of phosphoms into the PdSn system. That
iz, the adsompton energy of COx an PdaSnasP (001) surface is anly
about = 0.33 eV, which iz 0.24 &V above that on Pd.Sn (00 1) surface
(Fig. &b). The modulation of the electronic structure of Pd:SnasP
through introducing P to the Pd-Sn system may play a dominant mle
during the reaction [75,78)]. In addition, the adsorption energy of
HCOO on PdSn (001) is =1.23 eV, and —=1.42 &V on PdySng P
(001). We need to point out that we further calculated the indirect
FOR pathway, but this caleulaton yielded an energy barrier of the ox-
dation of HOOO to OO0 of more than 3 &V on PdeSnasP, pointing at a
less faworable path
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‘The decreased interaction after P doping was further confirmed by
the calculation of the charge density difference as shown in Fig. 7. The
moderate difference in HCOO adsorption energy is also reflected in the
charge density difference in HCOO-Pd:Sn and HCOO-Pd2SnasP sys-
tems (Fig. 7ac). A significantly lower charge redistribution difference
between COz and Pd2SnasP (001) in Fig. 7b was obtained compared
with the system CO,-Pd.Sn (001) in Fig. 74, implying a lower interac-
tion. Thus, the desomption of CO2 from Pd:Sna <P (00 1) is much easier
than from Pd.Sn, which facilitates the re-exposure of active sites on
the surface. The partial density of states (PDOS) is shown in Fig. 7e.
‘The interaction of the p orbital of P and the d orbital of Pd can be

i %91
2V,
Y

INT S

found around the Fermi level. The d band of Pd was expanded after
the P doping. The d-band center of Pd:Sn is —2.82 eV, while it
decreased to ~3.34 eV in the Pd,Sn, .P. This decrease in the d-band
center explains the decreased adsorption energy for the adsorbed
species.

4. Conclusions

In summary, we demonstrated that through a phosphaorization pro-
cess, the electrocatalytic performance of Pd-Sn catalysts towards FOR

@

PDOS (electronsieV)

T

44 13 422 11 0 9 8 T £ 5

T T T T T T T T T T

4 3 2 4 0 1 2 3 4 5 &

E-EgfeV)
Fig. 7. Charge density difference ploss of (2) Pd,Sn-HCO0, (b) Pd,Sn.00,, () Pd,Sng ;PHO00 and (d) Pd,Sn, ;P-CO,. The isosurface value is 0.00025 e A= The

Hue region means charge depletion while the yellow region means charge accumulation. (¢) PDOS of PdaSn and PdaSne oP. (For interpretation of the references to
colour in this figure legend, the resder i refemed to the web version of this article)
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can be strongly enhanced. Palladium tin phosphide catalysts were
obtained by a colloidal process, in which the binary Pd-S5n was first
obtained and, subsequently, phosphorized by HMPT at 300 “C. Pds-
&0, 5P /C catalysts exhibited not anly higher activity and stability than
Pdy «5n/C and Pd AC catalysts but also the highest mas-specific current
densities reported so far. Purthermore, activity can be boosted by
increasing the temperatumre from 25 °C to 40 "C. While a rapid current
decay thmoughout the chronoamperometnic test was obtained, espe-
clally for Pd/C and Pd; «8n/C samples, the catalysts could be regener-
ated usng two CV cycles. Finally, DFT mesults confirmed that the
presence of P favors the desorption of C0: thus reducing the energy
barrier of the rate-limiting step.
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