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Summary

The valorisation of biomass and waste feedstocks is a crucial strategy for reducing carbon
emissions. Biomass stands out among renewables for its potential beyond energy
production, serving as a sustainable source for high-value products such as fuels and
chemicals. Biomass feedstock conversion often involves thermal catalytic hydrogenation
(TCH), a common method for upgrading oxygenated compounds. However, TCH
depends on costly precious metal catalysts, operates at high temperatures and pressures,

and relies on fossil fuel-derived hydrogen.

Conversely, electrocatalytic hydrogenation (ECH) offers a more sustainable alternative,
generating hydrogen in situ and avoiding the need of extreme conditions and fossil fuels,
while also ensuring compatibility with renewable energy sources. However, its viability
depends on developing efficient and selective electrocatalysts. As a result, research efforts
are ongoing to explore new classes of abundant and cost-effective electrocatalyst
materials. Metal@carbon:nitrogen (M@C:N) architectures have gained attention in
electrocatalysis due to their versatility and ability to incorporate non-critical, low-cost
metals. These materials are already widely studied for cathodic reactions like the
hydrogen evolution reaction (HER), which also represents a key competitive process for
ECH. Therefore, given the strong link between HER and ECH, M@C:N structures could

be a viable, low-cost alternative for hydrogenating biomass-derived organics.

This thesis aims to position itself within this context exploring, for the first time, the use
of low-cost and non-critical metals as active sites for the design, synthesis and
characterisation of M@C:N architectures to be used for ECH applications. Three metals
have been identified as potential candidates based on their activity towards HER: iron
(Fe), molybdenum (Mo), and tungsten (W). Benzaldehyde (BZH) was instead selected as
the model organic compound representative of biomass fraction for conducting ECH

studies.

In the opening section of this thesis (Chapter 1), the state-of-the-art of the use of biomass
as renewable resource is discussed, including the most widely employed methods for its
valorisation. The electrochemical principles essential for understanding electrocatalyst
design are explored, with a particular focus on the mechanisms of HER and ECH. A

deeper insight into the design of porous carbon-based materials is provided, with



emphasis on M@C:N structures, along with an overview of the current findings on the
ECH of benzaldehyde. Chapter 2 discusses the characterisation methods and their
theoretical background used to study the prepared materials throughout this thesis.

The first results chapter (Chapter 3) assesses Fe@C:N as the initial material for BZH
hydrogenation, based on its promising performance in other cathodic reactions. Special
attention is given to optimising catalyst preparation by evaluating different annealing
processes and carbon nanoscaffolds, providing at the same time a comprehensive material

characterisation and preliminary electrochemical studies.

Chapter 4 explores the usability of these materials on larger conductive supports for
quantitative studies, combining chronoamperometry with gas chromatography analysis.
The development of a new stable electrode preparation is discussed, along with the
evaluation of key ECH performance parameters, demonstrating the potential of Fe@C:N

as a viable alternative to precious-metal-based electrocatalysts.

Chapter 5 expands the study to include Mo- and W-based materials, investigating
different metal concentrations to assess their impact on structural and electrochemical
properties. The results emphasise that the HER/ECH competition play a critical role in
regulating the activity during BZH hydrogenation. High metal concentration in M@C:N
leads to excessive HER activity, which appears to limit their potential application for

ECH.

To clarify the role of the metal and its impact on ECH performance indicators, a more in-
depth study is conducted in Chapter 6, where Mo@C:N and W@C:N materials are
evaluated alongside a metal-free benchmark electrocatalyst. Both Mo- and W-based
electrocatalysts exhibit superior ECH performance compared to the metal-free catalyst,
highlighting the significant enhancement provided by metal encapsulation. Notably,
W@C:N outperformed Fe- and Mo-based materials, positioning itself as a cost-effective

alternative to precious-metal catalysts for ECH applications.
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1.1 The evolving energy scenario

The energy supply represents today one of the biggest challenges for modern society as
it seeks to balance the needs of populations with the urgent issues of climate change. The
latest Copernicus Global Climate Highlights Report has confirmed that 2024 was the
warmest year on record and the first to exceed the 1.5 °C target set by the Paris Agreement
to prevent the most severe impacts of climate change.® Emissions from fossil fuels are
one of the primary drivers of global warming, with CO> accounting for nearly 80% of all
greenhouse gas emissions.* The transition to more sustainable energy sources is therefore
essential to reverse this tendency and adopt a more environmentally friendly approach.
Although fossil fuels have historically been the primary source of global energy
production, the last years have seen a decline in their use in favour of renewable energy
sources, along with an almost complete abandonment of nuclear energy. This trend is
highlighted in the 2024 annual Statistical Review of World Energy and presented in
Figure 1.1a as percentage of electricity production.® In 2023 for the first time in 40 years,
fossil fuels and nuclear energy have hit record lows in global electricity production,
accounting for 60% and 9%, respectively. Conversely, over the past 15 years, renewables
have nearly doubled their contribution to global electricity generation, reaching 30% in
2023. Figure 1.1b compares the production and consumption of electricity sources for
the year 2023.°> The higher consumption of fossil fuels compared to production highlights
the continued dependence on these energy sources, while the differing trends in the
production-to-consumption ratio for renewables underscore the necessity for strategic
investments to close this gap. As indicated in the 2023 World Energy Investment Report
and shown in Figure 1.1c, global investment in clean energy has from several years
surpassed that in fossil fuels, reaching a record amount of 1,740 billion USD in 2023.5
This reflects a dedicated effort to advance the technology associated with renewable
energy solutions, whose market is diverse and dominated by four main categories: wind
power, solar energy, hydropower, bioenergy and other renewables (which include wave
and tidal energy).® Figure 1.1d shows the energy generation contribution % for each of
these categories over the last 40 years. The hydropower has become slowly less popular
to leave room for wind power and solar energy. This trend is largely due to the evolving
costs of each technology and advancements in strategies to improve performance and
efficiency. Notably, as detailed in the 2023 Renewable Power Generation Costs Report,
the average costs for solar and wind energy dropped by 90% and 70%, respectively,
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between 2010 and 2023, whereas hydropower costs increased by 33% over the same
period.” Bioenergy — renewable energy sourced from organic materials known as
biomass, including plant and animal matter, agricultural and forestry residues, and
organic waste® — did not experience the surge in popularity seen with solar and wind
energy for electricity production, and instead faced a worldwide decline over the last
years (Figure 1.1d). This decline is due to several factors related to the unique economics
of biomass power generation compared to wind, solar, or hydropower. Bioenergy costs
depend on the availability of feedstock supplies (such as wood and organic waste), as
well as the expenses associated with their collection, transportation, and the volatility in

biomass pricing.
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Figure 1.1 (a) Electricity production over the years for renewables, nuclear and fossil fuels; dataset from
reference 5. (b) Electricity production and consumption in 2023 for energy sources.® (c) Investment in
billion USD over the years for clean energy and fossil fuels (Licence: CC BY 4.0).° Clean energy includes
renewable power, electric vehicle, battery storage, nuclear and low emission fuels. (d) Electricity generation
from renewables sources over the years; dataset from reference 5.
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Despite these challenges, bioenergy remains highly competitive in the renewable energy
market, particularly when considering its potential beyond electricity and heat production.
According to the 2024 Union Bioenergy Sustainability Report, bioenergy accounted for
58.9% of the total renewable energy consumed in EU-27 member states in 2021,
compared to 7.2% for solar energy, 11.9% for hydropower, and 13.2% for wind energy,
with minor contributions attributed to ambient heat (6.1%) and geothermal energy
(2.7%).° More importantly, biomass as a feedstock is essential for effectively utilising
low-cost agricultural and forestry products, along with organic waste from industrial
activities that would otherwise go unused, supporting circular economy practices. The
potential of biomass extends far beyond energy production; biomass valorisation plays a
crucial role not only in reducing emissions but also as a renewable and abundant
hydrocarbon resource with wide-ranging applications. It supports the production of

electricity and heat, liquid and gaseous biofuels, as well as biochemicals and materials.

This introduction chapter presents an overview of biomass uses as a valuable feedstock
for circular economy and valorisation purposes, employing electrocatalysts materials as
a sustainable approach. Section 1.2 describes biomass categories and sources, along with
their composition and properties, with a focus on valorisation processes in biorefineries.
Electrochemical and electrocatalysis concepts, are introduced in Section 1.3, with
attention to processes related to biomass valorisation. Section 1.4 examines the
preparation of porous-carbon materials, while Section 1.5 discusses the use of
Metal@Carbon:Nitrogen (M@C:N) architectures as candidates for biomass valorisation
catalysts. Section 1.6 addresses the use of benzaldehyde (BZH) as a model organic
compound, while Section 1.7 and Section 1.8 outline the aim and objectives of the thesis,

respectively.

1.2 Biomass valorisation and biorefinery

1.2.1 Lignocellulose biomass

Biomass is a crucial renewable feedstock, produced directly or indirectly through
photosynthesis, its valorisation processes offer a sustainable solution for generating
chemicals and energy, while also helping to manage waste production.'®!! Biomass can

be classified into three categories: primary, secondary, and tertiary. Primary biomass is

4
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produced directly through photosynthesis and is sourced from the land. Secondary
biomass consists of materials derived from the processing of primary biomass, while
tertiary biomass includes by-products generated after consumer use. This classification
can also encompass various biomass sources, which include forest, agricultural, and
organic waste biomass (Figure 1.2).>!? Forest biomass includes tree branches and tops,
stumps, and roundwood, as well as by-products from the forestry industry such as bark,
wood chips, sawdust, and other wood particles, along with black liquor and tall oil.
Agricultural biomass comprises food and agricultural waste, along with crops like corn

and sugarcane, as well as residues such as straw, rice husks, and nutshells.
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Figure 1.2 Main sources of biomass and a schematic representation of lignocellulose, including the
molecular structures of cellulose'®, hemicellulose (Xylan polysaccharide)'* and lignin monomers p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol '3 with highlighted the p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) units, respectively.'®
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Forest biomass can be considered as primary and secondary biomass source, while
agricultural as primary and tertiary biomass. Organic waste biomass, which includes the
organic components of industrial and municipal waste as well as sewage sludge, forms
the majority of tertiary biomass. Additional biomass sources include various plant
materials, glycerin, black liquor, bagasse, and winemaking residues, all of which
constitute secondary biomass. Forest biomass is the main source of biomass by volume
in the EU (66%) followed by biomass from organic waste (26%) and agricultural biomass
(8%).” Woody and forestry biomass is highly valued for its capacity to capture CO> from
the atmosphere, its abundant and affordable supply, its sustainability, and especially for
its versatility and rich organic molecular composition.'>!” Plant-based biomass consists
of lignocellulosic biomass (LCB), a complex material that can be divided into three
primary biopolymers: cellulose (30-45%), hemicellulose (20-40%), and lignin (10-25%),
as schematically shown in Figure 1.2.'3!® These percentage contents can vary depending
on the different biomass sources considered.!? Cellulose is a linear polymer of glucose
units linked by B(1—4) glycosidic bonds, and it is characterised by sheet-like structures
that stack into crystalline fibrils making it resistant to hydrolysis. Hemicellulose is a
branched polymer comprising short chains of various polysaccharides, such as xylan
(which structure’s is presented in Figure 1.2), galactomannan, glucomannan, and
xyloglucan.'* Hemicellulose’s amorphous structure makes it easier to hydrolyse than
cellulose, and it also functions as a binding agent between cellulose microfibrils and
lignin. Lignin is an aromatic polymer and considered the most abundant source of
aromatic compounds in nature.'® It is made up of three building blocks phenylpropane
monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, which are
commonly referred to as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units,
respectively (Figure 1.2).° It provides strength to plant cell walls and plays a role in
protecting plants from pests and diseases.! In addition to these three main components,
lignocellulose also contains small amounts of pectin, glycosylated proteins, extractives
(such as chlorophyll, waxes, and non-structural sugars), and inorganic materials like
silica. The complexity and variety of organic molecules in LCB, along with the tightly
interwoven connections among its components, contribute to its recalcitrant nature— i.e.
the resistance of a material to degradation or decomposition.!® Indeed, the recalcitrance
refers to the difficulty in separating LCB main components (cellulose, hemicellulose, and
lignin) and converting them into useful products. The crystalline structure of cellulose

resistant to hydrolysis, and the complex nature of lignin that acts as both a physical and

6
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chemical barrier, present significant obstacles to the degradation of lignocellulose.
Therefore, pretreatment methods are essential for facilitate this degradation, together with

valorisation steps for converting LCB into higher-value products.

1.2.2 Biorefinery

Biomass valorisation takes place in biorefineries, where LCB is transformed into a variety
of valuable products, such as biofuels, biomaterials, chemicals, and energy. The
biorefinery process consists of two main steps: pretreatment and valorisation (Figure
1.3). The aim of the pretreatment step is to depolymerise and fractionate the interlinking
of cellulose, hemicellulose and lignin. There are several pretreatment methods, including
physical, chemical and biological, or combinations of these approaches. Chemical
pretreatments, which include acid, alkaline, oxidative and organo-solvent methods, are
among the most studied and widely applied. They are generally more effective at
increasing cellulose accessibility but can present high costs. Physical pretreatments such
as milling and grinding are often considered more economic than chemical pretreatments,
though they may be less effective. Finally, biological pretreatments offer a promising
alternative due to their superior environmental sustainability compared to chemical and
physical methods, but large-scale application remains limited to date.'?> The second key
step, valorisation, involves transforming the three isolated biopolymers that constitute
LCB into intermediate products (known as platform molecules) before further refining

them into high-value final products through reductive upgrading processes (Figure

1.3).10,15,20
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Figure 1.3 Schematic representation of the two main steps of biorefinery: pretreatment and valorisation.
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These valorisation processes are divided into thermochemical ones, such as pyrolysis, and
biological ones, such as enzymatic hydrolysis or saccharification.!> An overview of the
most common thermochemical methods, including operating conditions and resulting
products, is provided in Table 1.1. Most thermochemical processes primarily produce
bio-oil a highly oxygenated, multi-component liquid mixture containing acids, alcohols,

sugars, aldehydes, esters, ketones, phenolics, aromatics, and oligomers.?!?3

Table 1.1 Most common thermochemical conversion methods for LCB biomass together with operative
conditions and final products.

Method Conditions Product Reference
T=350-550 °C (in O3)
Pyrolysis T=700 — 800 °C (absence of Bio-oil .
0y)
Combustion T > 800 °C (in Oy) Heat
. Syngas (mix
Gasification T =500 - 800 °C (in O») 10
of CO and H»)
Torrefaction 225 —300 °C (absence of O5) Bio-oil
Hydrothermal H>O at 280 — 340 °C o 11
Bio-oil
liquefaction (HTL) P=10-25 Mpa

Biological valorisation processes yield a carbohydrate-rich stream known as hydrolysate,
a solution of fermentable sugars that also contains various other components derived from
the biomass.”® Both thermochemical and biological processes produce platform
molecules, or a mix of them, that are rich in oxygen but poor in hydrogen content, making
these products unsuitable for direct use as fuels (which are oxygen poor and hydrogen
rich). Hence, additional reductive steps are necessary to obtain final value-added

products.

In biological methods, anaerobic fermentation of sugars by microorganisms is used to
produce a variety of bioproducts, including biofuels (e.g., ethanol, butanol), biochemical
products (e.g., lactic acid, succinic acid), and biomaterials.?’ In thermochemical
processes, the bio-oil produced along with a high oxygen content (35-40 wt%) and water
content (15-30 wt%), has also high viscosity and acidity. To address this, catalytic
processes are employed to optimise the bio-oil’s energy density (C—H bonds) and
molecular weight (C—C bonds), while reducing its oxygen content (C—O bonds) in the
final products. One of the standard catalytic methods for this purpose is the

8
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hydrodeoxygenation (HDO), which uses a variety of heterogeneous catalysts, including
noble metals (supported on carbon or metal oxides) and transition metal carbides, nitrides,
and phosphides.?>?*?> This and other similar thermochemical processes for bio-oil
upgrading are referred to under the name of thermocatalytic hydrogenation (TCH), and
generally require high temperatures (200—400 °C) and high hydrogen pressures (100-200
bar) to achieve efficient production rates. A more detailed discussion on the catalyst
materials required for TCH to enhance selectivity and reduce operating conditions is
provided in Section 1.2.3. The choice of the most suitable and efficient pretreatment and
valorisation method in biorefinery processes depends on several factors, which include
the desired final product, cost, and environmental impact.'>?® Notably nowadays, the
biorefinery industry focus primary on valorising cellulose and hemicellulose, while lignin
is often considered a byproduct.?” Compared to lignin, cellulose and hemicellulose have
simpler chemical structures and are easier to break down and convert into useful products.
For instance, cellulose is already widely used in the production of paper, textiles, and
other materials; hemicellulose can be used to produce fermentable sugars for biofuels and
bioproducts; while lignin is frequently burned to generate energy and heat. Although
significant progress has been made in recent years in developing new technologies for
lignin valorisation, and even if its potential for producing high-value-added products is
increasingly recognised;!®!? there are still significant obstacles in terms of cost,
sustainability and applicability to be faced. Due to the complexity of lignin structure there
exists no effective way to biochemically cleave its ether bonds via enzymes and
microorganisms for producing value-added materials and chemicals.!”?® Therefore,
thermochemical methods and TCH processes for platform molecules valorisation are
generally preferred over biological methods, for their higher yields in the conversion of

all three main component of LCB, i.e lignin, hemicellulose and cellulose.

1.2.3 Benefits and limitations of thermocatalytic hydrogenation

The HDO enable the convert biomass feedstocks and platform molecules to high-value
products, enabling them to perform the properties of petroleum-based products.?*=*° TCH
using heterogeneous catalysts is a conventional method for upgrading oxygenated
biomass derived chemicals through HDO. Due to the complex composition of LCB,
research on catalytic hydrogenation is based on model organic compounds that are

representative of biomass fractions. This approach is adopted for a deeper understanding
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of reaction mechanisms and the synthesis of selective chemical products, as well as to
provide a solid theoretical foundation for the industrialization of biomass hydrogenation
processes.?>*! Figure 1.4 illustrates main organic molecules that can be derived from
each LCB biopolymer. Cellulose can yield hexoses, furans, and organic acids as platform
molecules which can be converted into valuable products such as hydroxymethylfurfural
(HMF) and levulinic acid. From hemicellulose, furfural can be obtained, which can be
further converted into industrial chemicals and fuels such as furfuryl alcohol (FA), and 2-
methylfuran (MF).>® Lignin, on the other hand, can be used to extract aromatics and
olefins, including phenols, benzene, toluene and light olefins. The TCH reaction generally
involves the activation of biomass compounds and H> upon adsorption onto the catalyst
surface; then reactions between these activated intermediates lead to the formation of the
desired products. Thus, beyond factors such as reaction temperature, hydrogen pressure,
and solvent choice, designing targeted catalysts is essential for enhancing the activity and
selectivity of the TCH reaction.?’

PR - - o Glucose Levulinic acid
| CH,OH

O f
OH — — OH

Furfural MF

> N @’*Q’%

Figure 1.4 Examples of organic molecules derived from LCB.

Precious metals are the most popular catalysts for the HDO of model organic compounds
for biomass-derivatives. For instance, the use of Ru/C and Pd/C for converting glucose
in ethylene glycol and 2-propanediol, respectively, has been reported.’*3* Pt, Ir, Pd and
Ru were proposed as catalysts for the HDO of HMF,** while Cu, Ni and Pd have been
reported for the reduction of furfural.®
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Table 1.2 provides an overview of the heterogeneous catalysts used in HDO of lignin
model aromatic compounds, including operating conditions and resulting products. The
widespread use of precious metal catalysts is made problematic by high demand and
elevated costs of such materials, which substantially increase the overall costs associated
with TCH. This expense is further increased by the use of Hz, 95 % of which is produced
from fossil fuels resources, through methane steam reforming or coal gasification.*
Moreover, high temperatures can promote side reactions that hinder the ability to

selectively produce a specific product.'>3’

Table 1.2 Overview of catalysts studied for HDO of lignin organic model compounds and operational
conditions.

Catalyst Model compound Main product(s) Conditions Ref.
OH

H-0,
200°C,
5 MPa H;

H;POs4- H20,

H

HO
Pd/C

@@

5 Mpa H,

H3POs-H »°,
250 °C,
5 Mpa H;

H
~
O H-0,

fol
200 °C, 44
13.8 Mpa H,
O

@)
~N
HO\©
300 °C, 46

: > 4.8 Mpa H»
260 °C,
50.5 kPa H 47

n-Decane,

250 °C, 45
O 4 Mpa H,

Acetic acid,

Rh/C HO

~o
Ru/C HO\©
5

Ru/C

Pt/ALO;
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Considering these limitations, the past 25 years have seen significant efforts to explore
alternative pathways for biomass valorisation using more sustainable and cost-effective
methods. Among the possible alternatives the use of electrochemistry and electrocatalysis
has been the most popular and explored route.*3* In particular, a potentially sustainable
strategy is the use of electrocatalytic hydrogenation (ECH)* for the valorisation of
oxygenated organic molecules derived from biomass. ECH involves the generation of
chemisorbed hydrogen (Hags) via electroreduction of H3O" or water, followed by reaction
of Hags with the adsorbed unsaturated compound and desorption of products. ECH can
bypass the problem of activating H», thanks to in situ generation of Hags from
protons/water. Furthermore, it eliminates the need for using H» with high purity and at
high pressure and temperature conditions, thus lowering operational costs. This means
that electrocatalytic hydrogenation could enable the valorisation of biomass and waste
streams that cannot be processed in an economically feasible manner via TCH.*:49-0
Moreover, the coupling of ECH with renewable sources can improve the sustainability of
the processes and reduce their carbon footprint. ECH could be used as a way of
electrifying the hydrogenation processes, thus substituting fossil fuel-based technologies
with technologies that use electricity. This is known as electrification, and it is envisioned
as a strategy to decouple economic activities from carbon emissions. The integration of
thermochemical pre-treatment processes with ECH for bio-oil production, coupled with
upgrading powered by renewable energy from solar or wind, has been proposed as
valuable alternative to TCH to produce sustainable, carbon-neutral fuels and chemicals

(Figure 1.5).°12
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Figure 1.5 Scheme of TCH- and ECH-based biorefinery alternatives, adapted from reference 51.

However, ECH cannot fully replace standard technologies without the development of
high-performance electrocatalysts that offer both high efficiency and selectivity. Even
though H> can be produced in situ and high temperatures are unnecessary, the catalysts
currently used for this process predominantly rely on precious metals, which greatly
impact the economic viability of ECH. Additionally, ECH faces competition from other
electrochemical processes, such as the hydrogen evolution reaction (HER), that occur
simultaneously under similar conditions. To overcome these challenges, there is an
ongoing research effort to develop new electrocatalysts made from abundant and low-
cost materials that can minimise competing reactions and enhance efficiency. In this
context, utilising non-critical raw metals or those with a low criticality index is
particularly relevant. A material’s criticality is determined by its abundance in the Earth’s
crust and the risk of supply disruption. According to the latest EU criticality assessment,
metals such as Fe, Mo, and W are classified as non-critical or relatively low supply risk,

making them promising candidates for preparing new electrocatalyst materials.>?

The following section will cover the electrochemical principles essential for
understanding the design of electrocatalysts, with a particular focus on the mechanisms
of HER and ECH. It will also explore various approaches for evaluating catalytic

performance and provide an overview of the current state-of-the-art for these processes.
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1.3 Electrocatalysis: main concepts and general background
1.3.1 Introduction to electrochemical principles

Electrochemistry is the study of chemical processes driven by the movement of electrons
at the interface between a solid electron conductor phase (electrode) and a liquid ionic
conductor phase (electrolyte). Redox species in the electrolyte can donate or accept
electrons from the electrode material, which acts as either a donor or acceptor of charge.
The mutual exchange of electrons at the interface constitutes the electrochemical
reactions, commonly referred to as Faradaic processes. Electrochemical systems,
however, can promote other processes that do not involve electron transfer but result in
current flows, these are referred to as non-Faradaic processes. An example of such
processes is the capacitive current which arises from the charging and discharging of the
electrical double layer at the electrode/electrolyte interface. Electrochemical processes
are governed by both thermodynamics and kinetics effects. Thermodynamics determines
the feasibility of an electrochemical processes and is influenced by the electrode potential,
which quantifies the driving force for a given redox reaction, i.e., the tendency of the
electrode to gain or lose electrons. The Nernst equation (Eq 1.1) enables calculation of
the electrode potential under non-standard conditions, taking into account concentrations
and temperature, and provides a relationship between the standard electrode potential (E°)

and the electrode potential E for a given set of product/reactant activities.

RT ARed
- n

E= E° (Eq 1.1)

nF - agy
Where R is the ideal gas constant, T is the absolute temperature, n is the number of moles
of electrons transferred in the redox reaction, F is the Faraday constant, ag, is the activity

of the reduced species and a, is the activity of the oxidised species.

Charge transfer processes can be controlled by applying an external potential, which shifts
the electrode potential and alters the thermodynamic balance between oxidised and
reduced species at the surface.”* However, reaction kinetics plays a crucial role in
electrochemical processes by determining the rate with which redox reactions take place

upon a change in applied potential. Further, the kinetics of mass transport is also important

14



CHAPTER 1

and refers to the movement of reactants to the electrode and the removal of products from

it. Mass transport occurs via three primary mechanisms:

e Diffusion: The movement of species from regions of high concentration to low
concentration, typically driven by concentration gradients near the electrode surface.

e Convection: The bulk movement of solution, usually induced by stirring or external
forces, which helps to refresh the concentration of reactants and products at the
electrode surface. Convection can also occur naturally, driven by density gradients
and leading to spontaneous fluid motion near the electrode.

e Migration: The movement of ions due to an electric field, though this is typically less

influential than diffusion and convection in most electrochemical systems.

A slow transport of redox species at the electrode surface can result in mass transport-
limited reactions. Indeed, electrochemical systems often operate under conditions where
kinetic limitations lead to deviations from ideal behaviour. These deviations manifest as
overpotential (Eq 1.2), which is defined as the potential of an electrode above its

equilibrium value that is required to cause a given current to flow through the electrode.>*

n=E—E° (Eq 1.2)
The electrical current (j) that is passing through the electrode during a kinetically
controlled electrochemical process, even in the absence of any mass transport limitations,
is affected by the overpotential. The Butler-Volmer electron transfer kinetics model

describes the kinetic current dependence on overpotential as shown by (Eq 1.3).5°-

_aanFn _acnkn
J=Jo X le RT - e RT ]

(Eq 1.3)

Where j, is the exchange current density, a4 is the anodic charge transfer coefticient, ac
is the cathodic charge transfer coefficient, #n is the number of electrons involved in the
electrode reaction. The left addendum of the equation represents the anodic current
density, while the right term corresponds to the cathodic current density. When the
potential is highly negative, as is the case of cathodic reactions, the anodic contribution
becomes negligible.’> Therefore, (Eq 1.3) can be rewritten to obtain the cathodic Tafel

equation (Eq 1.4).
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_acnfn (Eq 1.4)
j= o x| |
The Tafel equation indicates that for small overpotentials the current density increases
exponentially, therefore a logarithmic plot of current versus potential is expected to
exhibit a linear region, allowing the so called Tafel slope to be determined. The Tafel
slope value can be used to understand the rate determining step (r.d.s) which is the step

that kinetically limits a given electrochemical reaction.

Overall, processes such as adsorption, desorption, and transport of reactants/products
within the electrolyte, influence the performance of an electrochemical system. These
effects highlight the role of electrode materials, which serve as catalysts to lower energy
barriers and enhance reaction rates. The ideal catalyst balances efficient electron transfer
with optimal interaction between the surface and reactive species. Indeed, according to
the Sabatier principle,®’ a heterogeneous catalyst should bind reactants with just the right
strength; strong enough to enable effective interaction with the active site, yet not so
strong to allow desorption of the products. The design of electrocatalysts, therefore,
requires a deep understanding of the relationship between the material properties and
reaction dynamics enables the development of systems with improved efficiency,

selectivity, and stability.

1.3.2 Hydrogen evolution reaction

For a clear understanding of the electrocatalytic hydrogenation mechanism, it is essential
to first introduce the main electrochemical process that competes with it, i.e. the hydrogen
evolution reaction. HER stands out as a key reaction for sustainable energy production
and green chemical synthesis and involves the electrochemical generation of molecular
hydrogen (H2) through the reduction of protons or water, depending on the pH of the
electrolyte.’® Although the overall reaction in acid can be written as shown in (Eq 1.5)
and consists of a two-electron transfer, the HER mechanism is a two-step process. The
first step is the formation of Hags on the surface-active site of the catalyst (*) via proton
reduction, also called the Volmer step (Eq 1.6). Then the reaction can proceed to the
desorption of the H, product through two possible pathways. A first pathway involves
electrochemical desorption, where an Hags reacts with a proton and an electron to form

the product, processes referred to as the Heyrovsky step (Eq 1.7). The second pathway is
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chemical desorption, which occurs through the reaction between two Hags and referred to

as the Tafel step (Eq 1.8).

HER 2H*+2e” > H, (Eq 1.5)
Volmer step * + H" + e~ - Hyys (Eq 1.6)
Heyrovsky step Hyys + HY +e~ > H, (Eq 1.7)
Tafel step H,us + Hyys = H, (Eq 1.8)

Any of the three steps described above might be the r.d.s for the HER, and the Tafel slope
provides valuable insights into the reaction mechanism, helping to identify which step
controls the overall reaction rate. The theoretical Tafel slopes for the Volmer, Heyrovsky
and the Tafel step are 120,40, and 30 mV/dec, respectively.>** For instance, the Tafel
slope for the best reported HER electrocatalysts based on Pt-group metals in acidic
conditions is 37 mV/dec.®! This indicates that the reaction proceeds via the Volmer—Tafel

process and the r.d.s for the reaction is the Tafel step.®

Tafel slope is just one of the possible approaches for evaluating the HER catalytic
performance of a given material. Ideally, a good HER electrocatalyst should yield high
current densities (rate of H> evolution) at low values of overpotential, so as to facilitate
the processes more efficiently and reducing energy losses. Low overpotential also
indicates that the catalyst reduces the activation energy of the HER limiting step enabling
faster reaction kinetics. Notably, the overpotential to run HER with Pt electrodes is = 0
V.53 High exchange currents — i.e. current density at the equilibrium potential where the
cathodic current equals the anodic current®® — are also desirable for an efficient HER
electrocatalyst. In fact, the exchange current density reflects the intrinsic charge transfer
activity between the electrode and electrolyte, and it tends to be higher on the surface of
catalysts with greater catalytic activity.** Finally, the stability and durability of the
electrocatalyst are crucial parameters in evaluating its practical application. Indeed, the
ability of the material to maintain its original catalytic activity over a long period of time
under operating conditions reflects its reliability and resilience. Precious metals are the
most studied and efficient electrocatalysts for the HER since they combine low

overpotential with high exchange current and stability. Such behaviour is a consequence
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of the Sabatier principle and the strength of the M-H bond. Figure 1.6 shows the Volcano
plot between the current density versus the strength of the M-H bond.®®

-2

| T T J | 1 T T T T T T T T

50 100 150 200 250 300 350 400 450
-1
E,;./ kd mol

Figure 1.6 Volcano-type dependence between the exchange current density and M—H bond strength. Data
replotted from reference 65.

The elements on the left side of the graph exhibit weaker M—H bonds, while those on the
right have a strong M—H bond. The metals that are positioned at the peak possess
hydrogen binding energy close to optimum value, allowing the thermodynamically
easiest transition from reactants through intermediates to product. However, the Sabatier
principle does not always accurately describe the real dependence of HER current density
on M—H bond strength.66 In particular this is true for elements like W, Mo or, Ti, as under
conditions corresponding to the studied reaction, they are typically covered by an oxide
layer. In fact, oxide films are present on them so that hydrogen atoms are not in contact
with the metal surface, thus reducing the reaction rate and shifting the materials to

stronger M-H.
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Table 1.3 Summary of HER catalysts with overpotentials measured at current density of 10 mA/cm? against
RHE for different pH conditions.

Catalyst pH o mA/em? Reference
(mV, vs. RHE)

Pt 7 0 67
Pt/C 1 16 68
Pd/C 10 43 69

N-doped C 1 239 70

Co 7 350 67

Mo 7 240 67
Mo:C 1 134 71
W:C 1 173 71
FesC 1 200 72

Taking into account the high cost and scarce reserves of Pt and similar precious metals,
in the last years there has been increasing interest in discovering new HER catalysts based
on more abundant and low-cost materials. For instance, molybdenum sulphide, MoS; has
been shown to have high activity and stability for the HER in acid.”*’* Carbon materials
have also been used as conductive supports for metals, yielding materials capable to
electrocatalyse the HER and facilitating the formation of active Hags species. Pure carbon

7576 and are therefore

electrodes typically exhibit high overpotentials for Hags formation
intrinsically poor electrocatalysts; however, this limitation can be mitigated and
controlled through doping of the carbon framework with heteroatoms or metals, as well
as through defect engineering.”’ Notably, nitrogen incorporation in the form of pyridinic,
pyrrolic, and graphitic functionalities has been shown to produce synergistic effects with
structural defects, regulating interfacial interactions of intermediates for catalysis.”® This
approach has demonstrated significant experimental improvements in HER performance
by enhancing the chemisorption strength Hags and activity.”>’® Table 1.3 presents a
summary of examples of HER electrocatalysts reported in the literature, including Pt-
group metals, N-doped metal-free carbon materials, transition metals, and non-precious
metal carbides, along with their respective overpotential as performance indicator. Pt/C

shows the best overpotential, close to zero;*® N-doped carbon and pure transitions metals

such us Co and Mo show higher overpotentials that make them less suitable as
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electrocatalysts for HER purposes.®’” Carbides of transition metals such us Mo, W and Fe
show higher HER performance compared to their corresponding metals, with

overpotential of 134, 173 and 200 mV, respectively in acid conditions.”"’?

1.3.3 Electrocatalytic hydrogenation

The importance of electrocatalytic hydrogenation (ECH) as alternative electrochemical
process for biomass-valorisation it was introduced in previous paragraph. This section
will focus on the mechanisms of ECH, as well as the current state-of-the-art

electrocatalysts and the model organic molecules commonly studied.

The ECH consists in the hydrogenation of unsaturated organics using Hags as the hydrogen
source.*® The overall reaction can be written as shown in (Eq 1.9) but it consists of
different steps. The first is the generation of Hags on the surface-active site of the catalyst
trough the Volmer step (Eq 1.6). This is followed by the adsorption of the target organic
molecule (Y=Z, reagent) and generation of YH=ZH.qs specie (Eq 1.10). The adsorbed
species Hags and YH=ZH.gs can then reacts together to generate the adsorbed
hydrogenated product YH—ZHa.gs (Eq 1.11). Finally, product is desorbed as shown in (Eq
1.12). Poisoning and/or side products can also be generated via hydrogenolysis (Eq 1.13).

ECH Y=Z+ 2H*+2e - YH—ZH (Eq 1.9)
Reagent adsorbiton x+Y =7 > Y =Zy (Eq 1.10)
Hydrogenation Y =Z44s +2Huqs = YH — ZH gy (Eq 1.11)
Product desorption YH—-ZH,ys - YH—-ZH (Eq 1.12)
Hydrogenolysis YH — ZH .45 + 2Hyy4s = YH, + ZH, (Eq 1.13)

The ECH mechanism may also involve a direct reduction pathway, based on a two-
proton—two-electron reductive transformation of the organic molecule, at high

overpotential and without involving Hags.”
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The difference between HER and ECH reactions then lies in how chemisorbed hydrogen
is utilised (Figure 1.7). In the HER Hags is employed for the production of molecular
hydrogen, while in the ECH the Hags is used to reduce other organic species adsorbed on
the catalyst surface. Then, Heyrovsky (Eq 1.7) and Tafel (Eq 1.8) steps are competing
reactions for ECH. The HER reaction consumes electrons, which cannot be used for ECH,
and may drastically lower the current efficiency of the hydrogenation, and even prevent

it entirely.®°

ECH

Figure 1.7 Schematic representation of the main steps for HER (highlighted in red) and ECH (highlighted
in green) mechanisms. Scheme adapted from Pota et al. reference 81.

The strong interconnection between the HER and ECH makes it challenging to decouple
them effectively. As a result, methods for evaluating ECH electrocatalysts and overall
ECH efficiency must account for this close relationship. Among criteria already
mentioned for HER catalysts such as Tafel slope or overpotential, for ECH it is important
to introduce other performance parameters. Conversion (Eq 1.14) and selectivity (Eq
1.15) are useful for comparing the activity of ECH to HER for a given catalyst, but they
may be limited in providing a comprehensive assessment of efficiency. Yield offers a
more direct measure of practical efficiency by indicating how much of the reactant is
actually converted into the target product (Eq 1.16). However, yield does not account for
electron efficiency. In contrast, Faradaic efficiency (FE, (Eq 1.17) describes the prevalent
use of electrons for ECH over HER and can be used as reaction efficiency parameter at a
given potential.’! Also, product rate (Eq 1.18) and turn over frequency (TOF) (Eq 1.19)
can be used to calculate the specific rate and catalyst efficiency per unit time at a given

potential, respectively. Normalisation to the electrochemically active surface area
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(ECSA) or number of active sites can be used for cross-comparison among different
catalyst. Notably, product rate and TOF parameters are generally preferred to report
efficiency even if they can be affected by the operative conditions such as pH, electrolyte

solution and concentration.

mol
Coversion (%) = reagent 100 (Eq 1.14)
mozreagent (t=0)
mol roduct
Selectivity (%) = —2-= - 100
Olreagent (Eq 1.15)
mol duct
Yield (%) = ke -100 Eq 1.1
mozreagent (t=0) (Eq 1.16)
_Ne mOIproduct
FE (%) = mol,_ -100 (Eq 1.17)
_ _ mOlproduct
Product Rate (mol g tiq ™) = M time (Eq 1.18)
TOF (h™1) = Product Rate * MWyt a1 (Eq 1.19)

Where mol,.¢qgen: are the moles of reagent consumed, mol,eqgent(t=0) are the moles of
reagent at time zero, Moly,yoqy e are the moles of desired product, mol,_ are the moles

of electrons, n, is the number of electrodes consumed by ECH processes and M is the

metal loading.

As mentioned in the earlier section, the most studied electrocatalysts for ECH are based
on precious metals, including Pt, Pd, and Rh, with some reports highlighting the use of
Ni and Cu as well. These metals can drive the electrocatalytic reduction of oxygenated
compounds, e.g. saturation of aromatic rings, hydrogenation of C=C double bonds,
hydrogenation of carbonyl groups, and C—O cleavage in ether bonds and alcohols. Due
to its extensive use in fuel cell and electrolysis technologies, Pt has become the most
widely studied metal for reduction reactions.®>3* Pt typically results in low FE compared
to other noble metals, but it is active for the reduction of a large variety of organic
compounds for complete hydrogenation. The use of Pt as ECH electrocatalyst can be
traced back to 1914 when Fichter and Stocker reported the electrocatalytic oxidation and
reduction of phenol, obtaining cyclohexanone and cyclohexanol as products.®> These had

open the way to a series of studies on the use of Pt for the hydrogenation of phenol and
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related molecules all the way to aliphatic cyclic alcohols, or benzene to cyclohexane.®¢88

Pd has been shown to catalyse both the hydrogenation of aromatic rings to ketones and
their subsequent conversion to alcohols in phenolic compounds.® Additionally, it exhibits
strong catalytic activity in the hydrogenation of aromatic carbonyl compounds, though
without affecting the aromatic ring — an outcome that may be desirable in certain cases.
For instance, Pd/C has been reported as an efficient electrocatalyst for the hydrogenation
of benzaldehyde to benzyl alcohol, achieving both high TOF and FE,*° as well as for the
conversion of acetophenone to 1-phenylethanol.”! Base metals like Raney Ni have been
investigated as alternatives to precious metals, showing promising results for the
hydrogenation of aromatic rings and the conversion of carbonyl or nitro groups into
hydroxyl or amine groups.”*”* Cu has also been investigated for similar reactions but
exhibits lower reactivity compared to Ni. Cu can reduce substituent nitro groups to
amines, C=C bonds, and aromatic rings.”>*® However, the hydrogenation of
cyclohexanones to the corresponding alcohols appears to be challenging with Cu and
Ni.°” Other base metals, like Co, Fe, and Zn, have demonstrated inferior performance
compared to Cu and Ni for the same reactions under similar conditions.’®” Notably, these
low-cost metals, despite achieving a conversion similar to Pt-group catalysts, exhibit
ECH activity at more cathodic potentials, promoting a radical mechanism and side
reaction pathways.”® Indeed, selectivity toward a specific product is a parameter to take
into account when comparing performances of different electrocatalysts. The reactivity
of organic compounds and the reaction routes available for their reduction strongly
depend on the metal itself. For instance, in case of conversion of benzaldehyde, the
alcohol is the prevalent product for Pd and Cu, while the dimer side-product is preferred
on Co, Ni and Zn.”® Moreover Fe, Co, Cu and Ni studied for ECH of HMF and glucose
have showed high preference for the dimer product rather than the alcohol.!°%1°! A natural

37,42

progression in catalyst design has been the dispersion of metals on carbon or

102,103 allowing for a lower current density and therefore high FE.!*

conductive polymers
Apart for the choice of the metal, the modification of the carbon support has been
suggested as an effective strategy for improving ECH performances. As in the case of the
HER discussed in the previous section, nitrogen functionalisation has also been reported

as an effective method for enhancing ECH rates of carbonyl groups in aqueous phase.'%
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Table 1.4 Overview of catalysts employed for the ECH of some of the most common lignin model organic
compounds.

Electrocatalysts = Model compound Main product(s) Ref.
HO O HO OH
Pt O O 106
H \/ H H \ / H
Pt, O OH
Ni, S S 80
H H
y w \
O OH
©)LH ©)\H 90
Pd/C
(@) OH
©)K ©)\ 91
OH OH O
Pt/C,
107,108
Raney Ni
™0 o
Ru/C HO 49

Or
.
O

HO o HO
- OO0, -
o~ o~ o~

Table 1.4 provides an overview of electrocatalysts employed for the reduction of some

of the most widely studied lignin model organic molecules. As for the HER, the heavy
reliance on precious metals significantly increases the costs associated with ECH.
Therefore, the development of cost-effective electrocatalysts is crucial for advancing the
practical applications of electrochemical hydrogenation. The next two sections of this
chapter introduce a class of materials based on porous carbon, proposed as a viable

alternative to precious metals for use as electrocatalysts in ECH.
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1.4 Porous carbon-based materials

Porous carbon-based materials (PCMs) are significant in catalysis due to their unique
structural and chemical properties, which make them versatile as effective supports, or
active catalysts for various reactions. PCMs have generated attention in different
applications because of their advantages over conventional materials.!'® Their high
surface area provides more active sites for reactions to occur and enhance catalytic
efficiency, while their inherent chemical stability ensures they remain effective under
challenging reaction conditions. PCMs possess other remarkable features, including low
production costs, high thermal stability, and eco-friendliness.!!! Moreover, they exhibit
excellent electrical conductivity, which makes them ideal for electrocatalysis, and good
mechanical strength combined with a lightweight structure, which improves their
usability in industrial applications.!'? The possibility to functionalise the surface of
porous carbon with heteroatoms and/or metals is another important feature of such
materials that allows for enhanced catalytic activity by introducing active sites at the
material interface.!'> PCMs, like porous materials in general, are classified according to
their pore sizes. The International Union of Pure and Applied Chemistry (IUPAC) defines
three primary categories of pore structures: micropores (<2 nm), mesopores (2—50 nm),

and macropores (>50 nm) (Figure 1.8).!!4

( Pore size ]

| <2nm 2-50nm| | > 50 nm

0D

Microporous Mesoporous Macroporous

Figure 1.8 Classification of microporous, mesoporous, and macroporous structures based on pore size as
defined by IUPAC.'*

Microporous carbon materials, commonly referred to as activated carbon, are highly

effective for adsorption and catalytic applications; their structure allows for selective
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interactions based on molecular size, shape, or confinement effects, with wide range of
applications in industrial and environmental processes.!!> Mesoporous carbon materials
feature intermediate-sized pores that offer a balance between accessibility and surface
area; they have received significant attention for their advantages in heterogeneous

catalysis applications where larger molecules need to be processed.'!°

Finally, macroporous materials have large pores that facilitate fluid flow and mass
transfer; these properties are beneficial in applications requiring minimal flow resistance,
such as wastewater treatment, catalytic supports for bulk-phase reactions and in oxygen
reduction reaction (ORR) applications.!'” Each type of porosity contributes uniquely to
material performance, and their combination in PCMs can further optimise processes like

catalysis, adsorption, and separation.

The most common approach for the synthesis of PCMs and pore generation is based on
templating techniques.!!® This method allows to control the porous structure, typically in
the meso- and/or microporous range, and can be divided into soft and hard templating
methods. Soft templating involves use of self-assembling molecules, such as surfactants
or block copolymers, which form micelles or organised mesophases in solution. These
micelles serve as anchors, providing sites where the carbon precursor (typically an
organic carbon source) can develop through hydrogen bonding or other interactions. Then
the amphiphilic molecules can be removed through heating treatment (calcination) or
solvent extraction to generate porous structures. A final step known as carbonization is
necessary to convert the carbon precursor into the final porous carbon structure. This step
is typically carried out by annealing the material at high temperatures under an inert
atmosphere, such as nitrogen or argon, to prevent oxidation and combustion of the carbon
(Figure 1.9a), while also serving as a method to remove the soft template.'"1?° Hard
templating uses a distinct approach, involving pre-formed, rigid porous templates such as
silica nanoparticles or colloidal crystals. In this method, the carbon precursor infiltrates
the pores of the template, which serves to shape and define the final porous structure.
Upon infiltration, the precursor undergoes carbonization, solidifying the structure into
carbon, and the template is subsequently removed through chemical etching (e.g., with
HF or NaOH), leaving behind the meso- and/or macroporous carbon material (Figure
1.9b)."21122 Hard templating method requires the pre-synthesis of the template, which is
time-consuming and costly, making it unsuitable for large-scale production.'?® In contrast,

soft templating is simpler and more cost-effective, which has made it particularly popular
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in the research and development of carbon-based materials, especially for electrocatalysis
applications. Soft templating allows for the creation of mesoporous carbons with high
surface area and tunable porosity, properties that are essential for enhancing
electrocatalytic performance in reactions such as HER and ORR. Moreover, in soft
templating it is more common to introduce heteroatom doping because of the flexibility
in the synthesis process. For instance nitrogen can be incorporated by using dopant-
containing precursors or by adding heteroatom-containing compounds such as melamine
during the synthesis,'?* or ether by using NH3 during the annealing process.!?> These

approaches further enhance the catalytic efficiency of the resulting materials.'?}

Carbon
precursor
® Calcination Carbonization
/ -
Micelle
self-assembling
Development “Pore

of carbon structure

Carbon

/ precursor / /

Y A Carbonization / ./ Etching
HF or NaOH

Pre-formed Infiltration of
template carbon precursor

Figure 1.9 (a) Soft templating method and (b) hard templating method with key steps highlighted.

One of the most widely used organic carbon precursors in the soft templating method is
resorcinol-formaldehyde (RF) resin, which belongs to the broader category of sol-gel
resins. These resins are formed through a sol-gel process, a versatile technique that
transitions materials from a liquid solution (sol) into a solid gel phase.'?° In the case of
the RF resin, the polycondesation between resorcinol and formaldehyde, that can be
catalysed by both acid and base in an aqueous medium, leads to the formation of a cross-

linked polymeric gel held together by methylene and methylene-ether bridges. The
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condensation reaction was proposed for the first time by Pekala and is showed in Figure
1.10 for acid conditions.'?"!?8 The reaction can then progress by incorporating melamine
into the resin, resulting in nitrogen doping of the final carbon network.'?° Pluronic-127%
can be used as block copolymer in the preparation of these materials. Its amphiphilic
nature creates self-assembled micellar structures which serve as templates for the
formation of ordered porous structures held together by H-bond interaction between
Pluronic F-127 and the resin. The subsequent annealing process has the double effect of

removing the soft template while graphitising the resin.

OH OH HO o+ OH OH
o W 19
«2 OH OH
H”H H0 9
L OH OH

OH OH H”
Resorcinol  Formaldehyde oH OH o on
RF resin OH
@] 0
oo hofol on
100 65 100

\ Pluronic F-127 Melamine /'ﬂ*z o

‘_\/\ NN )_L
)l\ P H H

Micelle

_/_/0
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________________________

Annealing
A, N:/NH:

Resin-based Porous N-doped N

N
structure carbon N

i

________________________

Graphitic-N Pyridinic-N

Figure 1.10 Polycondensation reaction of resorcinol, formaldehyde, and melamine under acidic conditions,
alongside a schematic representation of the self-assembling micelles of Pluronic F-127 and the annealing
process. The resulting porous N-doped carbon structure highlights pyrrolic-N (yellow), graphitic-N (red),
and pyridinic-N (blue) sites.
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Indeed, the presence of aromatic rings in the structure creates a framework for the
formation of polycyclic aromatic hydrocarbons during carbonization which can evolve
into graphene-like layers. The methylene and methylene-ether bonds, together with a
highly cross-linked structure allow the material to conserve integrity while undergoing
dehydrogenation during annealing. As hydrogen and oxygen are removed from the
polymer, carbon atoms are left behind. The tight cross-linked network consents these
carbon atoms to organise themselves into graphene-like sheets aligning into sp?
hybridised structures. Nitrogen is incorporated into the final porous N-doped carbon
structure in the form of graphitic-N, pyridinic-N and pyrrolic-N based on the position of

the heteroatom in the graphene-like layer as show in Figure 1.10.
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1.5 Metal@Carbon:Nitrogen (M@C:N) architectures

Materials based on N-doped carbon structure have received significant attentions for
different applications in electrocatalysis and energy storage.”®’>"7-13% These structures can
be further implemented including metal cores as active site into the carbon framework,
resulting in metal@carbon:nitrogen composites (M@C:N) with optimised electronic
structure due to close interactions between the metal core and carbon shell.!*! The
encapsulation of the metal within the N-doped carbon framework protects the metal sites
from air oxidation and decreases the probability of corrosion and aggregation (Figure
1.11), at the same time heteroatom doping is suggested to enhance the Hags chemisorption

strength.”

@ GraphiticN
. Pyridinic-N

@ Pyrrolic-N

" =-Carbon shell

\‘Active site

M@C:N Metal Core
(K . /2
Oxidised
metal

Figure 1.11 Schematic representation of the encapsulation of metal cores into N-doped carbon frameworks
forming M@C:N architectures.

Integrating these two approaches, metal@carbon and N-doping, into a single
electrocatalyst provides significant advantages, allowing for the use of non-precious

metal electrocatalysts at low pH with good stability.”® In this way, metals such as Co, Ni,
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Fe, Mo, and W, typically considered unsuitable for cathodic reactions like HER according
to the Sabatier principle, can perform effectively in M@C:N architectures with good
activity. As shown in Table 1.5 a general improvement of HER performances is observed
for electrocatalysts when the metal cores are inserted in a carbon framework doped with
heteroatoms. For instance, Co@C:N has been reported as good electrocatalyst for HER
in acid conditions, displaying lower overpotentials than that of the pure Cobalt metal.!3?
A combination of Co with Ni in the same N-doped architecture was reported as a way to
increase this activity.”® Also for Ni the encapsulation in the carbon shell improves the
HER performances compared to pure Nikel metal.!*>!3* Carbides of Fe, Mo and W shows
higher overpotentials compared to M@C:N doped architectures in acid conditions as
showed in Table 1.5. In particular, Wei et al. have reported the preparation of Mo.C@C:N
doped electrocatalysts with low overpotential of 82 mV.!*> Although the literature lacks
a detailed explanation for this specific trend, it is likely attributed to the encapsulation of

the metal within the N-doped carbon framework.!*!: 78

Table 1.5 Comparison of HER performances based on overpotentials at 10 mA/cm? for metal
electrocatalysts and M@C:N architectures.

N mA/cm? (mV, vs RHE) 110 mA/cm? (mV, vs RHE)

Metal core Ref.
M/MxCx M@C:N
Co 350 191 132
Ni 140 85 133,134
Fe 200 135 72,136
Mo 134 82 71,135
W 173 113 71,137

The interfacial charge transfer from the metal core to the carbon shell is suggested to be
the primary mechanism driving the electrocatalytic performance, emphasising the critical
role of the metal in designing such structures.!*® The presence of the metal has also been
suggested to catalytically influence the graphitisation process, enhancing electrical
conductivity and stability while reducing the Brunauer-Emmett-Teller (BET) surface
area.'’>'*! The properties of the carbon shell are important as well since reactions occur
at its surface. Its role is to acts as a physical barrier, preventing the metal core from

oxidation, corrosion, or aggregation under challenging conditions such as high
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temperatures or acidic/alkaline environments; while the doping with heteroatoms can
manipulate the effective activity towards specific reactions. The carbon shell has also
been proposed to allow controlled permeation of reactants to the metal core, and this can
optimise catalytic activity and selectivity by restricting access to specific molecules or
intermediates, acting as a molecular sieve.!*!!42143 Notably, the precise identification of
the active site in M@C:N structures continues to be a subject of debate in the literature
for HER processes. As explored in detail by Yoo et al.!’! two plausible and
experimentally supported explanations for Hags activation in carbon-encapsulated
architectures have been proposed. One suggests that M-sites directly exposed to the
electrolyte exhibit reactivity influenced by the surrounding carbon matrix, while the other

considers C/N-sites whose reactivity is modulated by subsurface metals.

Carbon black
nanosciffold

Figure 1.12 M@C:N architectures dispersed onto carbon black substrate.

In addition to carbon shells generated from the pyrolysis of a resin structure, commercial
carbon nanoscaffolds like Vulcan® and Black Pearls® are usually used for preparing
M@C:N materials. These carbon black materials have high surface area and conductivity
and serve to provide structural and electrical support to catalytic systems. They act as a
stable substrate onto which active encapsulated architectures are dispersed (Figure
1.12).!%? The availability and advantageous properties of carbon black make them suitable
for large-scale applications compared to alternatives like carbon nanotubes or nanofibers,

highlighting them as ideal candidates for electrocatalyst development.
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Despite the promising results achieved with M@C:N architecture as HER
electrocatalysts, their potential in other cathodic reactions remains largely unexplored.
Due to the mechanistic similarity in the Volmer step, this design approach could be
adapted for materials that are ECH active by using the optimal combination of carbon
nanoscaffolds and metal cores to enhance catalyst performance through balancing HER
and ECH competition. Furthermore, the possibility of relying on abundant and base
metals in the preparation of M@C:N architectures represents an important advantage in
terms of operative costs. Figure 1.13 shows the market prices for the most studied
precious electrocatalysts compared to those of base metals, revealing a price difference
of 3 to 4 orders of magnitude, which can reach up to 5 orders of magnitude for metals like
Ir or Rh.!* The use of base metals in M@C:N architecture is therefore crucial for

achieving cost-effective ECH processes.
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Figure 1.13 Market prices of precious and base metals in USD/g. Data sourced from reference 144.
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1.6 Benzaldehyde as model organic molecule for ECH studies

As discussed in the previous section, electrocatalytic hydrogenation studies are usually
performed on model organic compounds that are representative of biomass fractions.
Notably, lignin-derived organics are particularly important, as this fraction of LCB is
often treated as waste, and its valorisation remains limited. Among the different possible
diagnostic compounds for lignin-derivatives, benzaldehyde (BZH) emerges as one of the
most studied. Benzaldehyde and substituted BZH are commonly found in the pyrolysis

145-148

of lignin, and are key examples of biomass-derived aromatic aldehydes.'*’ The

150 151

widespread popularity of BZH lies in its high water solubility, *” moderate reactivity,

and low toxicity!>

compared to other organic compounds, making it the focus of
numerous studies recently published yielding promising results.!>*"'*> The high reactivity
of the carbonyl group in BZH, compared to other analogous compounds like aliphatic

aldehydes, arises from the molecule’s aromaticity,'>!

while the substituent group also
influences the adsorption strength on the catalyst surface. This explains why BZH exhibits
different reactivity from that of other aromatic diagnostic compounds such as phenol or

benzene.!® Although benzaldehyde is planar in its equilibrium geometry,'>®

its adsorption
on an electrocatalyst surface can occur in either a coplanar or distorted mode, depending
on factors such as the metal type, surface charge, and the presence of a solvent. As
suggested by Yuk et al., coplanar adsorption is typical on Pt and charged Pd, whereas
distorted adsorption occurs on neutral Pd.'>” This difference in adsorption plays a crucial
role in determining the effectiveness of the hydrogenation reaction. Rasmussen et al. also
proposed that BZH can adsorb via the aromatic ring when arranged in dimer-packed
structures facilitated by interactions between carbonyl groups.!*® Despite the nature of
BZH adsorption remains debated in the literature, the prevailing hypothesis is that the
interaction with the carbonyl group is stronger than with the aromatic ring for most
metals, leading to adsorption that positions the carbonyl closer to the surface. As a result,
the hydrogenation of BZH does not lead to ring saturation, unlike what occurs with
phenol.'>® The electrocatalytic hydrogenation of benzaldehyde to benzyl alcohol (BA)
proceeds via a two-step hydrogenation process, through a-hydroxybenzyl radical (ketyl
intermediate). This intermediate may also undergo dimerization via pinacolic reaction,
producing hydrobenzoin (HBZ) as side product. The two reactions are always in
competition and the proposed concerted mechanism is illustrated in Figure 1.14.%%16

Both products are of significant interest: benzyl alcohol is the most important aromatic
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alcohol from a commercial perspective and a high value commodity for its applications
across industries such as petrochemicals, coatings, plastics, cosmetics, and food;!¢!162

while hydrobenzoin is a high-value compound with applications in the pharmaceutical

0] OH/ Benzyl alcohol
&0° (BA)
y  le+1H' C e
>
18t hydrogenation

Benzaldehyde Ketyl intermediate
(BZH)

industry.!4-162

OH

Hydrobenzoin
(HBZ)

.y
Q

Figure 1.14 Proposed concerted mechanism of benzaldehyde hydrogenation from reference 98,160.

Mechanistically, when BZH is near to the electrode surface it may undergo either
reduction or protonation. Then, although the overall ECH is a two-proton—two-electron
process, it can also proceed through subsequential multi-step proton/electron competing

additions, as proposed by Cantu et al.”’

. At high cathodic overpotentials where HER
competition is more significant, proton-coupled reduction without Hags formation (as in

an Eley-Rideal type mechanism) could become an energetically favourable pathway.

Indeed, when evaluating the performance of electrocatalysts for BZH hydrogenation, it is
essential to account for the competition between the HER and ECH. A variety of base
metals (i.e. Cu, Ni, Zn, Co), and platinum group metals (i.e. Pd, Rh, Cu) have been
investigated in this sense, combining theoretical and experimental methods.” Figure 1.15
provides volcano plots generated by combination of density functional theory (DFT)
calculations used to estimate the binding energies of BZH and H» on the metals, and
experimentally measured TOF. Pd shows an optimal binding energy for BZH, which in
line with the Sabatier principle places it at the peak of the volcano plot, indicating high
activity and selectivity for ECH over HER (Figure 1.15a).”” On the other hand, BZH
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binds weakly on Cu but strongly on Ru and as a result, they showed the same ECH activity
despite being at the opposite sides of the ECH volcano plot; other metals such as Zn, Rh
and Co exhibit negligible ECH rates. Notably, Pt-based electrocatalysts displays higher
selectivity for BA, while low-cost metals favoured dimerization process.”®* For HER,
precious metals are more active while base metals displays poorer activity due to

relatively weak or strong interactions with H, (Figure 1.15b).%
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Figure 1.15 (a) Volcano plot generated for (a) ECH of benzaldehyde to benzyl alcohol, and for (b) HER in
the presence of benzaldehyde. Data adapted from reference 99.

As reported by Song et al. the hydrogenation of BZH has been tested on carbon-supported
metals with results aligned to those coming from computational studies discussed
above.” In particular selectivity towards ECH increases in the order Ni/C < Pt/C < Rh/C
< Pd/C, with Pd/C reaching TOF values of 3899 h™! and FE above 90% at ca. -0.6 V vs
RHE. Conversely, Rh/C and Pt/C show lower TOF of ca.2000 h'! at the same tested
potential. For Rh/C, FE remained constant at around 65%, while for Pt/C it decreased
from 68% to 39% as the potential became more cathodic suggesting a higher HER
contribution compared to ECH. Other studies have also reported Cu/C as an effective
electrocatalyst for the ECH of benzaldehyde under conditions similar to those identified
by Song. For Cu/C, TOF values of ca.3000 h™! were observed for BZH in the presence of
phenol, while FE exceeded 90% at -0.5 V vs. RHE in only BZH solution. 6165

The choice of metal to be used as ECH electrocatalyst is then critical. The ideal metal
should exhibit activity for the HER, but not to the extent that it entirely suppresses the
ECH. The balancing between these two competitive reactions is the key for the design of

new innovative, low-cost and efficient ECH electrocatalysts.
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1.7 Aim of this thesis

The electrocatalytic hydrogenation of oxygenated organic molecules obtained from
biomass represent nowadays a promising sustainable approach for circular economy
purposes. Its cost-effectiveness, combined with the use of renewable energy sources,
offers an attractive alternative to conventional carbon-intensive methods for producing
high-value products like fuels and chemicals. However, widespread adoption of ECH will
require the development of innovative electrocatalysts based on non-critical metals,
offering performances levels comparable to those of precious of Pt-group electrode

materials.

O OH
H  [ECH catalys] H
-
2e +2H"
Benzaldehyde Benzyl alcohol
(BZH) (BA)

Figure 1.16 Graphical representation of the aims of this thesis.

The aim of this thesis is to explore the synthesis and performance of M@C:N
architectures as viable alternative catalyst materials for the -electrocatalytic
hydrogenation, using benzaldehyde as diagnostic unsaturated substrate representative of
oxygenated organics commonly found in bio-oil. Three low-cost metals, i.e. molybdenum

(Mo), iron (Fe), and tungsten (W) were selected, based on their good activity toward
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HER, as core metals to be encapsulated into M@C:N structures (Figure 1.16). This thesis
also aims to contribute to the development and optimisation of methods for the fabrication
of stable porous based electrocatalyst on different conductive supports tailored for

different operational conditions.

Chapter 2 introduces the characterisation methods and their theoretical background
employed for study of the prepared materials. Chapter 3 focuses on optimising catalyst
preparation using Fe as the metal core in the M@C:N architecture, providing
comprehensive material characterisation along with preliminary electrochemical studies.
Chapter 4 examines the stabilisation of ink dispersion on a large conductive support,
along by quantitative analysis and performance evaluation. Chapter 5 explores the role of
metal core concentration in M@C:N structures, specifically considering Mo and W, and
presents their structural and electrochemical analysis. Chapter 6 investigates the effect of
different metal cores at equal concentrations on the composition and ECH performance
of electrocatalysts based on W and Mo. A comprehensive comparison of Fe, Mo, and W,
based primarily on TOF values, is also presented. Finally, Chapter 7 outlines the

conclusions and future research directions arising from this thesis.

The results of this research have been communicated to the scientific community through
peer-review articles in well-recognised journals and through international conference

presentations.

1.8 Objectives of the thesis

This thesis seeks to address the challenges associated with the development of non-
precious metal electrocatalysts for electrocatalytic hydrogenation (ECH) by pursuing the

following specific objectives:

e To synthesise M@C:N electrocatalyst structures incorporating three non-critical
metals Fe, Mo, and W, and to evaluate their suitability for the ECH of oxygenated
organic substrates such as benzaldehyde.

e To optimise the preparation and structural tuning of Fe-based M@C:N materials and

investigate their physicochemical and electrochemical properties.
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e To investigate the dispersion and stabilisation of catalyst inks on large-area
conductive supports, with a focus on practical deployment.

e To assess the influence of core metal concentration (particularly for Mo and W) on
the structure—performance relationship of the catalysts.

e To compare the electrocatalytic performance of Fe-, Mo-, and W-based catalysts,
including activity benchmarks such as turnover frequency (TOF), under comparable
operating conditions.

e To develop and refine characterisation methodologies aimed at understanding the

composition—function relationship within M@C:N structures.
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CHAPTER 2

2.1 Introduction

In this chapter the characterisation methods employed throughout this thesis are discussed
along with their theoretical background. A comprehensive overview of the
instrumentation techniques and conditions used to analyse the materials in the following
chapters is also provided. Detailed information on materials, catalyst synthesis and
electrochemical characterisation of each material can be found in the experimental section

of the respective chapters.

The chapter is organised into sections based on the type of characterization technique
discussed, including surface analysis, bulk analysis, electrochemical techniques, and
quantitative analysis. The surface analysis section covers X-ray photoelectron
spectroscopy (XPS), Brunauer-Emmett-Teller (BET) theory and the complementary pore
size distribution (PDS) method, scanning electron microscopy (SEM) and SEM-EDX
analysis. The bulk analysis section includes X-ray diffraction (XRD), thermogravimetric
analysis (TGA), X-ray fluorescence (XRF), and inductively coupled plasma optical
emission spectroscopy (ICP-OES). The electrochemical section provides an overview of
the main electrochemical techniques used in this thesis such as chronoamperometry,
linear sweep voltammetry (LSV) and cyclic voltammetry (CV). Finally, the quantitative
analysis section emphasises gas chromatography (GC) as the primary quantification

method.

2.2 Surface analysis

2.2.1 X-Ray Photoelectron Spectroscopy (XPS)

Photoelectron spectroscopies (PES) are spectroscopic methods that relay on photoelectric
effect.!? This effect involves the ejection of electrons from a material upon irradiation by
photons with sufficient energy. The kinetic energy (Kg) of the emitted photoelectrons is
analysed to extract their binding energy (BE), which is characteristic of specific elements.

The relationship is described by the equation:**

Kg = hv — BE — @gpec (Eq2.1)
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Where hv is the energy of the incident photon, BE the binding energy of the core electron
state, and @y the spectrometer work function which is typically between 2-5 €V and is
defined as the energy required to remove an electron from the spectrometer material
(analyser/detector) into vacuum. This work function has to be calibrated and ensures that
the instrument correctly measures the kinetic energy of electrons. The sample work
function (@sampie) 18 instead defined as the energetic input required to transfer an electron

from the Fermi level to the vacuum, and is characteristic of the material analysed (Figure

2.1, (Eq2.2).

Qosample = Evacuum - EFermi (Eq 2-2)

PES techniques are crucial for surface and material science because are highly sensitive
to the outermost layers of a material. They provide both qualitative and quantitative

information about a sample's surface composition and chemical states.>
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Figure 2.1 Photoelectric effect using UV light and X-ray radiation, along with emission of UV and X-ray
photoelectrons. Where E; is the initial kinetic energy of the emitted photoelectron and VB is the valence
band.

Depending on the type of radiation used to irradiate the sample, PES techniques are
classified into X-ray photoelectron spectroscopy (XPS),> and ultraviolet photoelectron
spectroscopy (UPS).® Due to the lower energy of UV radiation (~10-40 eV), UPS is

strictly limited on valence electrons, which are those located in valence band, the
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outermost electrons. For this reason, UPS is particularly relevant for studies in
semiconductor physics, organic electronics, and materials with interesting surface
properties.’ Conversely in XPS, the use of high-energy X-rays radiation, often generated
from sources like Al K« 1486.6 ¢V, allow the ejection of core-level electrons, which are
tightly bound and highly characteristic of the specific element and chemical state (e.g.,
oxidation state, coordination environment). This makes XPS highly effective for detailed
elemental and chemical analysis. The surface-sensitive nature of XPS is based on the
inelastic mean free path (IMFP) of electrons, i.e. the average distance that an electron
with a given kinetic energy can travel through a solid before losing energy due to inelastic
scattering; typically is limited to about 10-20 A. Depending on the material and photon
energy the XPS probing depth is ca.5-10 nm allowing it to analyse not just the extreme

surface but also a small subsurface region.’
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Figure 2.2 Relaxation and emission of an Auger electron.

XPS spectra are a summation of contributions from all elements present in the sample,
necessitating careful peak deconvolution to isolate individual signals. Relative sensitivity
factors (RSFs), which account for factors like the IMFP, photoemission cross-section, and
spectrometer transmission, are used for quantitative analysis.” A significant feature of
XPS is its ability to reveal chemical shifts - variations in binding energy caused by

differences in the chemical environment. For instance, binding to atoms with higher
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electronegativity shifts the BE to higher values, providing insights into oxidation states
and chemical bonding. As a result, XPS can determine not only the presence of specific
elements but also their chemical states, such as distinguishing between sp?> and sp’
hybridised carbon in amorphous carbon materials.> XPS spectra include core-level peaks
and background signals caused by inelastically scattered electrons. Accurate fitting of
these peaks requires careful consideration of line shapes, background subtraction, and
spin-orbit splitting, which occurs in higher core levels.> Auger electron peaks are another
essential feature of XPS spectra. Following the ejection of a core electron, an electron
from a higher energy orbital may fill the vacancy, releasing energy. This energy can either
be emitted as a photon or transferred to another electron, which is subsequently ejected
(Figure 2.2). The Auger electron’s energy is independent of the incident photon energy,
making it distinguishable from primary photoelectron peaks when the X-ray source

energy is varied.’

Although XPS is primarily used for thin film analysis, it also plays a crucial role in
studying powder samples, offering detailed insights into their surface composition and
the chemical states of the particles. Unlike thin films, powders are often heterogeneous,
with surfaces that can differ significantly from their bulk composition due to factors like
oxidation, contamination, or environmental adsorption. XPS is a valuable tool in
detecting and quantifying the surface elements of powders containing metals,
distinguishing between different oxidation states (e.g., metallic vs. oxidised forms) and
identifying any contaminants or adsorbed species, such as hydrocarbons or oxygenated
compounds. This is particularly important for understanding the reactivity, stability, or
catalytic behaviour of metal-containing powders. Despite its strengths, XPS has several
limitations when applied to these samples. As a surface-sensitive technique, it only probes
the top few nanometres of the material, making it unsuitable for bulk composition analysis
without combining it with complementary methods. The preparation of powder samples
can also be challenging, as powders need to be securely mounted to avoid charging,’
particle movement, or inconsistent results during measurement. Additionally, the inherent
heterogeneity of powders means that individual measurements may vary, and multiple

spots or averages are often required for reliable data.
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2.2.2 Brunauer-Emmett-Teller (BET) theory and pore size distribution (PSD)

The Brunauer-Emmett-Teller (BET) method is a technique used to determine the specific
surface area of materials, particularly porous solids like powders, catalysts, and activated
carbon.® The method is based on the physical adsorption of gas molecules (usually
nitrogen) onto the surface of a material and extends the Langmuir adsorption theory.®® A
gas is adsorbed onto the surface of a solid material at various relative pressures (P/Po),
where P is the actual pressure and Py is the vapor pressure of the gas at a given
temperature. As the gas adsorbs, it forms layers, with the first layer being adsorbed
directly onto the surface (referred to as the monolayer) and subsequent layers adsorbing

above it (Figure 2.3).

Porous Surface
Gas desorption and

PSD calculation m Gas adsorption

Gas desorption and
BET surface area
calculation

Complete pore filling m

Figure 2.3 Scheme of BET and PSD measures with highlighted the main steps.

_

Monolayer formation

The BET theory assumes these adsorbed layers interact differently, with stronger forces
between the gas molecules and the solid surface than between the gas molecules in the
higher layers. To describe this process, the BET equation is used (Eq 2.3), which relates

the amount of gas adsorbed to the relative pressure.®

P 1 +c—1(£) (Eq 2.3)
v(Ph—P) v,c vyc \P
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Where v is the volume of gas adsorbed at a particular pressure, v, is the volume of gas
adsorbed when the entire surface is covered by the monolayer, and c is a constant. From
the equation, it is possible to calculate the monolayer volume, i.e. the volume of gas
required to form the monolayer, and this value is directly tied to the total surface area
(Stot) and the specific surface area (Sggr) of the material, as described in (Eq 2.4) and

(Eq 2.5).1°

¢ _m N A (Eq2.4)
tot —
V
_ Stot (Eq 25)
SBET - a

Where N is Avogadro's number, 4 is the cross-sectional area of a single gas molecule, V

the molar volume of the adsorbate gas, and a is the mass of the sample.

The determination of pore size distribution (PSD) is a crucial complement to the BET
method, as it provides deeper insights into the structure and functionality of porous
materials. While the BET method calculates the overall specific surface area, PSD
analysis reveals how the material's pores are distributed in size, offering critical
information for applications like catalysis, gas storage, and filtration. Two common
methods for PSD determination are the Barrett-Joyner-Halenda (BJH)!' method and
Density Functional Theory (DFT).!>!3 The BJH method analyses the desorption branch
of an adsorption isotherm using the Kelvin equation, which relates the relative pressure
to pore size based on capillary condensation. It is effective for mesopores (2—50 nm), but
its reliance on assumptions of cylindrical pores and bulk properties of the adsorbed gas
makes it less accurate for micropores (< 2 nm). In contrast, DFT models adsorption at the
molecular level, accounting for interactions between gas molecules and pore walls and
accommodating various pore geometries (e.g., slit, cylindrical). DFT is highly accurate
for micropores and mesopores and offers a high-resolution PSD, but it is computationally
intensive and heavily dependent on the choice of pore models. While BJH is useful for
rapid analysis of mesopores, DFT provides a more precise and detailed understanding of
complex porous structures, making it indispensable for advanced materials with diverse
pore sizes. Combining PSD methods with BET surface area measurements enables a
comprehensive characterization of porous materials, ensuring their optimal design and

use in targeted applications.
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2.2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful imaging technique that uses focused
beams of electrons to scan the surface of a sample, creating highly detailed, high-
resolution images. Unlike traditional light microscopes, which use light to visualise
samples, SEM relies on electron interactions to provide a much greater depth of field and
magnification and is mainly used to examine the surface structure and morphology of
materials.'* There are also other types of electron microscopy, including transmission
electron microscopy (TEM), which examines the internal structure of ultra-thin sample
slices, and scanning transmission electron microscopy (STEM), which combines aspects

of both SEM and TEM to analyse both surface and internal features. '

The electron gun is the main part of an SEM instrument and is where high-energy
electrons, known as primary electron (PE), are generated. The energy of the PE is
typically between 0.5 — 30 KeV and determines the depth of penetration into the sample
and the types of signals generated. This beam is directed toward the sample through an
electron column that includes a series of lenses (magnetic or electrostatic) used to focus
and control the beam’s size and shape. Various types of electron and photon interactions
occur when the PE electrons beam interacts with the sample generating different signals.'*
One such signal is secondary electrons (SE), which are low-energy electrons (less than
50 eV) emitted from the outer shells of the sample's atoms as a result of inelastic collisions
with the primary electrons (Figure 2.4). Secondary electrons can be categorised into two
main types based on their origin and detection. SE1 electrons are emitted directly from
the surface of the sample beneath the focused primary beam and provide high-resolution,
topographic information. These SE1 electrons are detected by the In-lens detector, which
is located within the SEM column, near the objective lens (Figure 2.4). The In-lens
detector is optimized to capture the SE1 signal due to its position along the primary beam
path, ensuring superior resolution. In contrast, SE2 electrons originate from regions
slightly farther from the primary beam impact area and are typically the result of
scattering events. These electrons are detected by the Everhart-Thornley Detector (ETD),
which is mounted off-axis inside the SEM chamber (Figure 2.4). The ETD is positioned
to collect SE2 electrons that are deflected toward it by a combination of the sample’s
geometry and an applied bias near the detector. While SE2 signals contribute to the image,
they generally provide less spatial resolution than SE1 signals. Because of this, the two

SE signals and detectors are usually used in conjunction to provide complementary data.
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Figure 2.4 Types of electron interactions: inelastic, elastic, and characteristic X-ray (top). Schematic
representation of an SEM chamber, highlighting the main detectors and electron signals (bottom).

In addition to secondary electrons, backscattered electrons (BSE) are another important
signal, consisting of high-energy electrons that are elastically scattered back out of the
sample after interacting with atomic nucleus. BSEs are detected by dedicated BSE
detectors (BSED), often positioned above the sample or integrated within the SEM
column, and provide compositional contrast based on the atomic number of the sample’s
elements, with heavier elements appearing brighter in BSE images (Figure 2.4).
Additionally, the interaction of primary electrons with inner-shell electrons in the sample

generates characteristic X-rays, emitted when an outer-shell electron fills the vacancy and
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releases energy as X-rays. These X-rays, which originate from deeper regions of the
sample (up to a few microns depending on the beam energy), are used for elemental
analysis through techniques like Energy Dispersive X-ray Spectroscopy (EDX). SEM can
also be paired with Auger Electron Spectroscopy (AES), which detects Auger electrons
emitted when an inner-shell electron is ejected and replaced by a higher-energy electron
(see paragraph 2.2.1). However, SEM does not provide detailed information from deeper
within the material, which would require techniques like X-ray diffraction (XRD) or
TEM. A comprehensive summary of all the characteristic signals in SEM is provided in

Table 2.1.

Table 2.1 Summary of characteristic signals in SEM, including type of source, energy, depth of origin and
information provided.'*

Information
Signal Source Energy Depth of Origin
Provided
Initiates
Primary Electrons Electron gun ~0.5-30 keV N/A ] ]
Interactions
Secondary Outer-shell Surface Topographic
<50 eV )
Electrons electrons (~1-10 nm) details
Backscattered Elastic scattering ~Beam Deeper Atomic number
Electrons with nucleus energy (~0.1-5 pm) (Z) contrast
Characteristic X- Inner-shell Element- 3 Elemental
S . ~Ii=> pm o
rays ionization specific composition
Surface electron '
Auger Electrons <1 keV Surface (<1 nm)  Surface chemistry

relaxation

It is important to note that high vacuum conditions are required in the SEM chamber to
prevent scattering of PE by air molecules. This vacuum also ensures that the electron
interactions with the sample remain undisturbed, providing high-quality images and
accurate data. Another important aspect is sample preparation; if the sample is not
conductive, it may require pretreatment with a thin coating of conductive material, such
as gold, platinum, or carbon, to prevent charging and improve image quality.'* Finally,
SEM is a powerful imaging technique that provides valuable insights into the morphology

and composition of a material, especially when combined with other analytical methods.
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2.3 Bulk analysis
2.3.1 X-Ray Diffraction (XRD)

X-ray diffraction is a non-destructive analytical technique used to identify the crystalline
phases of a sample and determine structural parameters such as lattice spacing and crystal
orientation. When an X-ray beam interacts with a crystal lattice, the incident rays are
scattered by the atoms within the lattice planes. Depending on the diffraction angle and
the atomic arrangement, these scattered rays interfere either constructively or
destructively (Figure 2.5). Constructive interference occurs when the path difference

between rays satisfies Bragg’s law, expressed as: !¢

nd = 2d sin 8 (Eq 2.6)

Where n is the order of diffraction (an integer corresponding to the number of
wavelengths in the path difference), A is the wavelength of the incident X-ray beam, d is
the interplanar spacing between the lattice planes, and 6 is the angle of incidence (or

diffraction angle).

Wave beam 1

Wave beam 2

Atominc
Plane

¢

¢ ¢

Figure 2.5 Bragg diffraction illustrated: Two beams with the same wavelength and phase (red and green)
approach a crystalline solid and scatter off two distinct atoms within it. The lower beam travels an additional
path length of 2dsin6.

X-rays used in diffraction are typically generated by heating a filament to produce

electrons, which are accelerated toward a target material (anode) by applying a high
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voltage. When the accelerated electrons possess sufficient energy to dislodge inner-shell
electrons in the anode material, characteristic X-ray emissions are produced.l’ The
emitted X-ray spectrum includes distinct components such as K, and Kg radiation, with
the specific wavelengths depending on the target material. For instance, copper is
commonly used in XRD with a wavelength of A = 1.5418 A characteristic of CuKg
radiation. The generated X-rays are collimated and directed onto the sample. As the
sample and detector are rotated, the intensity of the diffracted X-rays is measured. When
the geometry of the incident X-rays and the sample satisfies Bragg’s law, constructive
interference produces an intensity peak in the diffraction pattern. An X-ray diffractometer
is designed to measure diffraction patterns with high precision. The sample rotates at an
angle 6 in the path of the incident X-ray beam, while the detector, mounted on a rotating
arm, records the diffracted X-rays at an angle of 26. This configuration ensures that
Bragg’s condition is satisfied for a wide range of lattice spacings. The instrument’s
goniometer maintains precise angular alignment of the sample and detector during data

collection.

XRD techniques are classified in single-crystal X-ray diffraction (SCXRD) and powder
X-ray diffraction (PXRD). SCXRD focuses on a single, well-formed crystal to provide
detailed atomic-level structural information, such as bond lengths, angles, and symmetry.
It requires high-quality crystals and is ideal for determining complex structures or
unknown phases. In contrast, PXRD analyses polycrystalline samples composed of
numerous tiny, randomly oriented crystallites. While PXRD may appear less precise due
to the disordered nature of these samples, it leverages the collective behaviour of the
crystallites, ensuring that all possible orientations are represented in the diffraction
pattern. This is a fingerprint of the material’s crystalline structure, enables to extract
averaged structural information, such as lattice parameters and interplanar spacings, and
makes it particularly suited for phase identification and bulk material analysis. PXRD
also has limitations, such as lower resolution compared to single-crystal XRD, which
makes it challenging to resolve complex structures or subtle structural details.
Additionally, overlapping diffraction peaks in multiphase samples can complicate phase
identification and quantitative analysis. For powder diffraction experiments, data is
typically collected over a 206 range from 5° to 90°, depending on the experimental

requirements.*’
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2.3.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a qualitative and quantitative analytical technique
used to measure changes in the mass of a sample as a function of temperature or time. It
is a valuable method for determining the composition of materials since provides

information about the thermal stability, composition, and decomposition.'®

The sample is typically heated at a constant rate or held at a constant temperature, while
the atmosphere surrounding it can be inert, oxidizing, or reactive, and may be changed
during the measurement. TGA instruments consist of a high-precision balance, a furnace,
a temperature programmer, and a gas delivery system (Figure 2.6). The sample is placed
in a crucible that is connected to the balance, which measures any change in mass while
the furnace heats the sample. The results are displayed as a TGA curve, plotting mass
against temperature and/or time. Mass changes occur when a sample loses material
through various processes such as decomposition or reaction with the atmosphere.
Thermal decomposition produces a downward step in the TGA curve due to the formation

of volatile products, while oxidation leads to an increase in mass.

Balance
1 Gas Data
— Computer
‘_
Furnace
Sample

Figure 2.6 Scheme of a TGA instrument.

For inorganic samples, TGA results particularly useful in the determination of the weight

percentage (wt%) of a metal within the sample, although this is usually done indirectly
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by analysing the mass changes associated with the formation of metal oxides or other
compounds.'? In cases where the metal does not react with the atmosphere, it remains as
a stable residue at the end of the TGA experiment. The mass of this residue can then be
used to determine the amount of metal present, especially if other components in the
sample decompose and volatilise. However, this method assumes that the metal does not
undergo significant changes during heating and remains as a stable residue. If a metal-
containing compound undergoes a stoichiometric reaction, the mass change observed in
the TGA curve can be used to calculate the amount of metal present using the known
molar mass of the eliminated molecule. For example, if a metal carbonate decomposes
into metal oxide and carbon dioxide, the mass loss can be used to determine the amount
of the original metal carbonate, and thus the metal content. It's important to note that TGA
is more effective in quantifying the total amount of inorganic material in a sample,
including metals, rather than identifying specific metal compounds. TGA cannot
distinguish between different metal species; other techniques like X-ray fluorescence
(XRF) and infrared spectroscopy may be required for further identification. Also, if a
sample contains multiple metals that oxidise or decompose at similar temperatures, the
TGA curve might be complex, and isolating the mass change associated with a specific

metal might not be straightforward.

2.3.3 X-ray fluorescence analysis (XRF)

X-ray fluorescence analysis (XRF) is a non-destructive technique used to determine the
elemental composition of solid and liquid samples. It is based on the photoelectric effect,
as described in paragraph 2.2.1, which serves as the initiating process. When an inner-
shell electron is ejected, a vacancy is created in that shell (e.g., K-shell or L-shell).
Electrons from higher energy levels (e.g., L or M shells) subsequently transition to fill
this vacancy, releasing energy in the form of characteristic X-ray fluorescence (Figure
2.7).2° The unique energy of these fluorescent X-rays for each element provides the
foundation for elemental analysis in XRF. Unlike other techniques based on the
photoelectric effect previously discussed, such as XPS, XRF is mainly used for bulk
analysis because the emitted characteristic X-rays have relatively high penetration depths.
This allows XRF to probe and provide information about the elemental composition of a

larger volume of material beneath the surface.

67



CHAPTER 2

Vacuum level

Fermi level
VB M, etc

rr—@—@—@— b
2p;—@——@— L2

» X-Ray
-1 Fluorescence

1s @— K

Figure 2.7 Relaxation and emission of X-ray fluorescence radiation.

On the other hand, XPS is limited to surface analysis, as it detects photoelectrons, which
have very shallow escape depths due to strong interactions with surrounding atoms. These
interactions restrict the detectable signal to only the top few nanometres of the material.
Therefore, XRF is better suited for analysing the overall composition of a sample and is
capable of detecting elements from Be-U in concentrations from PPM range to 100%.
Because X-rays are used to excite the sample, depths as great as 10 um can be analysed.
Through the use of appropriate reference standards, XRF analysis can accurately quantify
the elemental composition of both solid and liquid samples.?! Sample preparation is
crucial for obtaining accurate and reliable results. The goal is to ensure that the sample is
homogeneous, representative of the material, and appropriately prepared for optimal XRF
analysis. For instance, powders samples are fine grounded to help to create a uniform
surface, as the technique works best when the X-rays interact with a flat, uniform surface.
XRF instrument is made of an X-ray source, a sample holder, a detector and a control
system. The X-ray tube generates a beam of high-energy X-rays, which is directed toward
the sample. As these X-rays strike the sample, they impart energy to the atoms, causing
the ejection of inner-shell electrons through the photoelectric effect. Once the fluorescent
X-rays are emitted, the detector captures it and measures both their energy and intensity.
Energy dispersive detectors (ED) are commonly used for this purpose, functioning as
converters that transform the radiation's energy into an electrical signal. The control

system then processes this information, using the distinct energy levels and intensities of
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the X-rays to identify which elements are present in the sample and to quantify their
concentrations. By analysing these signals, the XRF instrument provides detailed insights

into the elemental composition of the material being examined.

2.3.4 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a powerful and
versatile analytical technique widely used for the determination of trace elements in a
variety of matrices. ICP-OES measures the concentration of elements by detecting the
optical emission of characteristic wavelengths of light emitted by ions and atoms in a
high-temperature plasma. The method relies on the fact that each element has a unique

emission spectrum, allowing for simultaneous multi-element detection.??

The sample is introduced as an aerosol into the plasma using a nebulizer and spray
chamber, ensuring efficient atomization. The heart of ICP emission spectrometer is the
plasma, an extremely hot excitation source with a temperature of ca.6000 -10000 K,
generated by coupling radiofrequency energy to an argon gas stream. This high
temperature destroys the sample completely, so the analytical result is usually not
influenced by the nature of the chemical bond. In the plasma, atoms and ions are excited
to emit electromagnetic radiation. The emitted light is passed through an optical system,
typically involving diffraction gratings or prisms, which resolve the light into its
constituent wavelengths. A detector, such as a photomultiplier tube (PMT) or a charge-
coupled device (CCD), measures the intensity of the light at each wavelength. The
wavelengths are used for the identification of the elements while the intensities serve for
the determination of their concentration. As a rule, there is a linear relationship between
intensity and concentration over more than 4-6 decades. This intensity concentration
function depends on a number of parameters, some of which are unknown. Hence, these
factors have to be determined before the analysis with a calibration method.?? It is an
important prerequisite to ensure good accuracy calibration based also on the assumption

that the slope of the calibration functions does not change between standards and samples.

ICP-OES is largely used for quantitative determination of bulk metal content in metal-
containing samples, since this method provides accurate quantification of elemental

composition, making it ideal for analysing materials like alloys, ores, and catalysts.
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However, ICP requires liquid samples, and solid metal samples must first undergo
preparation, often involving acid digestion. Common acids used include nitric acid,
hydrochloric acid, or aqua regia, depending on the metal's solubility and reactivity. After
the analysis the metal content can be obtained by converting the measured concentration,
often reported in mg/L or ppm, into the total metal content in the solution based on the

dilution factor.?

Although ICP is a powerful technique for trace metal analysis, offering high sensitivity
(ppb range), multi-element detection, and a wide dynamic range, it can also face some
challenges. Spectral interferences, matrix effects, and operational costs are some
examples. Also, solid samples require digestion, which can be time-consuming and risk
contamination. While less sensitive than ICP-MS, ICP-OES balances performance and
cost effectively for most routine analyses. Its versatility and efficiency make it invaluable
for applications requiring accurate and rapid trace metal determination, though careful

calibration and preparation are essential for optimal performance.

2.4 Spectroscopic characterisation

2.4.1 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a non-destructive analytical technique
used to obtain an infrared spectrum of absorption or emission of a solid, liquid, or gas. It
is fundamentally based on the principle that molecular bonds vibrate at specific
frequencies, and these vibrations can absorb infrared radiation at characteristic energies.
The core component of an FTIR instrument is the interferometer, typically a Michelson-
type, which modulates the infrared beam and generates an interferogram that is
mathematically transformed (via Fourier Transform) into an absorbance spectrum. This
allows for rapid and simultaneous collection of a wide range of frequencies, improving

both signal-to-noise ratio and speed compared to traditional dispersive IR spectroscopy.?*

In the context of graphitised carbon materials, FTIR is primarily used to probe the
chemical functionalities present on the carbon surface, especially those introduced during
oxidative treatment or surface functionalisation. Although the highly ordered graphitic

structure has minimal IR activity due to its symmetry and low dipole moment changes,
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FTIR is very sensitive to polar functional groups such as hydroxyl (-OH), carbonyl
(C=0), carboxyl (-COOH), and ether (C-O-C) groups, which may exist on the surface or
at the edges of graphitic domains.”® These groups influence the physicochemical
properties of carbon materials, including their wettability, catalytic behaviour, and

interaction with other components in composite systems or electrochemical cells.

2.4.2 Raman Spectroscopy

Raman spectroscopy is a complementary vibrational technique based on the inelastic
scattering of photons, known as the Raman effect. When monochromatic light, usually
from a laser source, interacts with a sample, most photons are elastically scattered
(Rayleigh scattering), but a small fraction undergoes energy shifts corresponding to the
vibrational modes of the molecules.?® This shift provides a molecular fingerprint of the
material. Raman systems typically consist of a laser excitation source (commonly in the
visible or near-infrared range), a high-resolution spectrograph, and a sensitive detector.
The technique is particularly advantageous due to its minimal sample preparation

requirements and its ability to analyse samples through transparent containers.?®

Raman spectroscopy is one of the most informative and widely used methods for
characterising carbon-based materials, especially in determining the degree of
graphitisation, structural disorder, and crystallite size. In graphitised carbon, two main
features dominate the Raman spectrum: the G-band (~1580 cm™), attributed to the Eog
phonon of sp?-hybridised carbon atoms in graphitic planes, and the D-band (~1350 cm™),
which arises from Aig symmetry vibrations near defects or edges in the lattice. The
intensity ratio Ip/Ig is a widely accepted metric for quantifying structural disorder: higher
values suggest more defects or less graphitic ordering.?’ In addition, the presence of a 2D
band (~2700 cm™) and its shape can indicate the number of graphene layers or stacking
order in multilayered structures. Due to its high sensitivity to crystallinity and bonding
environment, Raman spectroscopy is extensively used to monitor thermal treatments,
doping, and chemical modifications in carbon materials.?’” Together with FTIR, Raman
provides a comprehensive understanding of both the chemical and structural attributes of
carbon materials, making it an indispensable tool in the study of graphitised carbon for

applications in energy storage, catalysis, and nanocomposites.
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2.5 Electrochemical techniques

In Chapter 1, it was explained that electrochemical reactions and current flow arise from
the mutual exchange of electrons at the interface between an electrode and an electrolyte.
This current is influenced by the applied potential, which acts as the driving force for the
reaction at the electrode. The rate of electron transfer is also affected by the applied

potential, as described by the Butler-Volmer kinetic equation discussed earlier.

By manipulating the applied potential at the electrodes while measuring the resulting
current, it possible to analyse the relationship between current and potential.?®
Electrochemical techniques that rely on the application of specific potentials to an
electrode and monitor the corresponding current response are referred to as voltammetric
methods.”” These methods are typically performed using a potentiostat and a three-
electrode setup, which comprises a working electrode (WE), a counter electrode (CE),
and a reference electrode (RE). Figure 2.8 illustrates a schematic representation of a basic

three-electrode cell circuit using a potentiostat.

Figure 2.8 Scheme of a three-electrode cell circuit with counter (CE), working (WE) and reference (RE)
electrodes.
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The potentiostat’s role is to maintain a well-defined potential difference between the WE
and RE while facilitating the required current between the CE and WE electrodes to
maintain electroneutrality in the solution. The RE serves to provide a stable reference
potential, enabling the potential of the WE to be accurately defined within the
electrochemical system. Notably, the actual potential experienced by the WE can differ
from the set value due to the iR drop (also known as ohmic drop). This refers to the
voltage drop that occurs due to the resistance of the electrolyte solution and other circuit
components when a current flows through an electrochemical cell. For a correct
interpretation of the electrochemical measurements is then important to correct iR drop

via automatic or manual compensation.

In voltammetric methods, the relationship between current (j) time (t), and potential (E)
is fundamental in understanding electrochemical behaviour. Different potential profiles
applied to the WE allow for the exploration of various regions of the j-t-E surface,

providing insight into reaction kinetics, mass transport effects, and capacitive

behaviours.?%?
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Figure 2.9 Potential waveforms and current responses for: (a) potential steps, (b) linear sweep voltammetry
and (c) cyclic voltammetry methods.

Potential step techniques involve holding the potential constant for a specified period

before stepping it to another value. The applied potential waveform follows a step
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function, as illustrated in Figure 2.9. Chronoamperometry is a common potential step
technique that involves measuring the current-time response at a stationary WE potential.
This method captures both capacitive and Faradaic currents arising from Nernstian
reactions. Capacitive currents, characterised by their large magnitude over a short
duration, decay rapidly as charge redistributes at the electrode interface. Faradaic
currents, associated with electron transfer reactions, may vary over time due to mass
transport limitations. For macroscale electrodes, mass transport follows a linear diffusion
pattern, and according to the Cottrell equation (Eq 2.7), the current decreases over time
as the reactants near the electrode surface get consumed and must be replenished by

diffusion from the bulk solution.

zFAcy\VD (Eq 2.7)

0= ==

Where z the number of electrons, F is the Faraday constant, A is the area of the electrode
in cm?, ¢, initial concentration of the analyte, D is the diffusion coefficient of the analyte
and t is the time. Chronoamperometry can give useful information regarding electrode
stability since very slow decreases of Faradaic current over time suggests that the
electrode material is not degrading or undergoing unwanted side reactions. Additionally,
a stable current implies that the electrode surface maintains its activity, meaning the
reaction kinetics are not changing over time. Conversely instabilities, such as electrode

fouling, dissolution, or passivation, typically cause a rapid drop in current.

Another class of voltammetric methods is voltammetry, which involves continuously
varying the applied potential over a defined range at a fixed sweep rate. In linear sweep
voltammetry (LSV), the potential is varied at fixed scan rate (v, V s™') while measuring
the resulting current. The applied potential waveform, presented in Figure 2.9 increases
(or decreases) linearly over time, with the slope equal to the scan rate. During LSV, the
electrochemical reaction begins at a characteristic potential, known as the onset potential
(Eonset), where an increase in current indicates the initiation of the reaction. Beyond a
certain potential, the reaction rate becomes limited by diffusion, meaning that reactants
are consumed at the electrode surface faster than they can be replenished from the bulk
solution. This results in the formation of a current peak, referred to as Faradaic peak
current, representing the point at which the oxidation or reduction process reaches its
maximum rate. The peak occurs when electron transfer is at its fastest, after which the

current stabilises due to the restricted availability of reactants near the electrode.
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A closely related technique is cyclic voltammetry (CV), which extends the principles of
linear sweep voltammetry (LSV) by incorporating a reversing potential scan. Unlike LSV,
where the potential is swept in one direction only, CV involves scanning the potential
forward to a set limit and then reversing it back to the initial value (Figure 2.9). This
approach provides additional information about the reversibility of electrochemical
reactions and the kinetics of electron transfer. CVs experiments allow for the observation
of both oxidation and reduction processes. As the potential is scanned in the forward
direction, an oxidation (or reduction) reaction occurs, generating a peak similar to that
observed in LSV. When the scan direction is reversed, any electrochemically reversible
species at the electrode surface can undergo the opposite reaction, producing a second
peak in the current response. The ratio and separation of these peaks offer insights into

the reversibility of the redox couple, diffusion coefficients, and reaction mechanisms.

CVs serves as a valuable technique for assessing electrochemical capacitance, which is
crucial for evaluating charge storage properties in materials used for electrocatalysis,
supercapacitors, and energy storage applications. Electrochemical capacitance arises
primarily from two mechanisms: double-layer capacitance and pseudocapacitance.
Double-layer capacitance is associated with the accumulation of charge at the
electrode/electrolyte interface, resembling the behaviour of a conventional capacitor, and
is largely influenced by the surface area. In contrast, pseudocapacitance results from fast,
reversible redox reactions occurring at or near the electrode surface, contributing
additional charge storage beyond simple electrostatic effects. The measurement of
electrochemical capacitance is particularly significant when comparing different
electrocatalysts, as it provides insights into their effective surface area, the density of
active sites, and overall charge storage capacity. Since catalytic performance is often
linked to the accessibility of active sites, materials with higher electrochemical

capacitance tend to facilitate higher faradaic currents.

In practical applications, CV is used to determine capacitance by analysing the current
response in a non-faradaic potential window, where no significant redox reactions occur.
Within this region, the measured current is primarily attributed to the charging and
discharging of the electrochemical double layer. The capacitance can be derived from the
relationship between capacitive current and scan rate, where plotting the average current
against scan rate yields a linear trend, the slope of which corresponds to the specific

capacitance of the material. This method is particularly useful when comparing catalysts
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with different surface areas, and to ensure a fair comparison current is usually normalised
by the electrochemical surface area (ECSA). This normalization allows to account for
differences in specific surface area, although it is underpinned by an assumption of the
specific areal capacitance of the material, Cs. However, such Cs values are not always

unambiguously established, as discussed in more detail by Connor et al.*°

2.6 Quantitative analysis: Gas chromatography

Chromatography is an analytical technique employed to separate, identify, and purify
individual components within a mixture. This separation is achieved by distributing the
components (solutes or analytes) between two phases: a mobile phase, which moves in a
define direction, and a stationary phase, which remains fixed. The differing affinities of
each component for these phases result in distinct migration rates, facilitating their
separation. This type of chromatographic process is called elution, and is defined as a
procedure in which the mobile phase is continuously passed through or along the
chromatographic bed and the sample is fed into the system as a fine slug.*!
Sample
injection port
Detector
Carrie (FID)

%TEI?_'HM': &

Gas chromatogram

EE— —

Computer

Column

Oven

Figure 2.10 Schematic of a typical gas chromatograph
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The various chromatographic processes are named according to the physical state of the
mobile phase. Thus, gas chromatography (GC) is a specific type of chromatography
where the mobile phase is an inert gas (also called carrier gas), which transports vaporised
samples through a column containing the stationary phase. A schematic representation of
a generic GC system with highlighted primary components is reported in Figure 2.10.
The first main component is the GC inlet, which ensures accurate and reproducible
sample introduction into the column. Sample is introduced through an injection port,
where it is vaporised in a heated area to prepare it for transport. Depending on the
application, different types of inlets are used. For instance, a split inlet is employed for
high-concentration samples, allowing only a portion of the sample to enter the column
while venting the rest, preventing column overloading. For trace-level analysis, a splitless
inlet directs the entire sample into the column, maximising sensitivity. Once the sample
is vaporised in the inlet, it is mixed with the carrier gas. The mixture is transported
through the column, which is typically a coiled tube housed within a temperature-
controlled oven. The column contains the stationary phase where the separation of
compounds occurs based on their interactions with the stationary phase. Solutes arrive at
the detector, which identifies and quantifies the separated components as they elute from
the column. The Flame lonization Detector (FID) is commonly used for detecting organic
compounds; it operates by ionizing carbon-containing compounds in a hydrogen flame
and measuring the resulting ions to produce a signal proportional to the concentration of
the analyte. In GC-FID the inlet ensures the accurate delivery of a representative sample
into the column. The consistent vaporization and transfer of the analytes are critical for
the sensitivity and accuracy of the detection process. Hydrogen as the carrier gas further
enhances the process by providing fast, efficient, and reproducible separation of
compounds, which are then ionised in the FID for detection. This signal is transferred to
the computer, where data are processed and graphically represented in a gas
chromatogram. The repartition of the components between stationary phase and mobile
phase in the column is mathematically described and controlled by the distribution
constant Kc. This is defined as the concentration of the solute A in the stationary phase

divided by its concentration in the mobile phase (Eq 2.8).%2

K, = [Als (Eq2.8)
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The distribution constant is a thermodynamic value that depends on temperature, and
governs the migration rates of solutes through the column. It is influenced by the
molecular properties of the analytes and their interactions with the stationary phase. This
constant directly determines the retention time (R¢), which is the duration a compound
spends in the column before reaching the detector. To optimise separations, GC systems
commonly use temperature ramps, gradually increasing the oven temperature during the
analysis. At higher temperatures, analytes exhibit reduced retention in the stationary
phase, allowing compounds with stronger interactions to elute more quickly. By applying
a temperature program, compounds with a wide range of volatilities can be efficiently
separated in a single run. Less volatile components are driven out of the column faster as
the temperature rises. This combination of the temperature-dependent distribution
constant and temperature ramps ensures optimal resolution of analytes while reducing

overall analysis time.

One of the key advantages of gas chromatography is its high sensitivity, particularly when
paired with detectors like FID, which is ideal for organic compound detection. GC offers
excellent resolution, the ability to separate complex mixtures efficiently, and the
capability to analyse samples quickly. The use of temperature programming further
enhances its effectiveness, allowing the separation of compounds with a wide range of
volatilities within a single run. Additionally, the technique is relatively cost-effective for
routine analyses, particularly when using hydrogen as the carrier gas, which is both
efficient and readily available. However, gas chromatography has its limitations. It is
restricted to volatile and thermally stable compounds, making it unsuitable for certain
analytes that decompose under high temperatures. Sample preparation may be extensive,
especially for compounds requiring derivatization to increase their volatility. The method
also requires the right combination of optimised parameters such as the inlet type,
temperature program, and carrier gas flow rate for accurate and reproducible results.
Lastly, while detectors like the FID are highly sensitive to hydrocarbons, they are less
effective for non-organic or polar compounds, often requiring the use of additional

detection techniques.
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2.7 Methods and operative conditions

X-ray photoelectron spectroscopy. XPS was carried out in a monochromated
OmicronXM1000MK II X-ray photoemission spectrometer, with an EA125 analyser and
an Al Ka (1486.7 eV) source; pass energies of 50 and 15 eV were used for survey and
high-resolution spectra, respectively. Spectra were analysed using CasaXPS; best fits
were carried out on spectra after Shirley background correction using mixed Gaussian-
Lorentzian functions. Elemental compositions were obtained from peak areas of the high-

resolutions cans.

Brunauer—-Emmett-Teller surface area. BET specific surface area was determined
from N> adsorption at 77 K with a Nova 2200e Surface Area Analyzer (Quantachrome,
UK). The specific surface area was calculated from data in an optimal relative pressure
range according to the method proposed by Rouqueral et al.,** by way of the Micropore
BET Assistant feature of the NovaWin software. Pore size distributions were determined
using the density functional theory (DFT) method'*!3 based on the calculation model: N>
at 77 K on carbon (slit pore, NLDFT equilibrium model). Prior to analysis, the samples

were outgassed at 250 °C under vacuum for 2 h.

Scanning electron microscopy. SEM was performed using a Zeiss Ultra microscope at

5 kV accelerating voltage, with InLens or SE2 detector.

Transmission electron microscopy. TEM was performed using a Jeol JEM 2100HR with
an acceleration voltage of 200 kV, EDS SDD Oxford X-Max 80T detector and Jeol
HAADF detector.

Raman spectroscopy. Raman spectroscopy was carried out using a Witec alpha 300R
confocal scanning Raman system using 532 nm excitation; peak areas were analyzed

using commercial software (CasaXPS).

Powder X-ray diffraction. XRD was performed using a D2 Phaser diffractometer with

LynxEye detector (Bruker) and a CuKa source.

Thermogravimetric analysis. TGA was carried out using a Pyris 1 Thermogravimetric
Analyzer (PerkinElmer) with a hold time of 10 min at 150 °C, followed by a 10 °C/min

ramp in air to 900 °C.
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Inductively coupled plasma-optical emission spectroscopy. ICP-OES was performed
in a iCAP 7000 ICP-OES Analyser (Thermo Fisher); samples were treated in HNO3 (>

65 %) overnight and diluted in Millipore water to a nominal concentration of 10 mg/L.

Energy-dispersive X-ray fluorescence analysis. XRF was performed using a Rigaku
ED-XRF in He atmosphere on bulk solid samples; samples were prepared by selecting an
appropriate sample cup with an XRF-transparent film (TF-240 polypropylene). The cup
was then filled with the sample, ensuring a smooth and level surface, and sealed with the

film to prevent sample loss.

Fourier-transform infrared spectroscopy. FTIR, was carried out on a FTIR Spectrum
100 spectrometer (PerkinElmer) using an attenuated total internal reflectance (ATR)
diamond crystal;4 scans between the ranges of 4000 cm™! and 400 cm™! were collected

and ratioed against background spectra obtained in air

Gas chromatography. Product analysis was carried out using an Agilent 8860 Gas
Chromatograph coupled to a flame ionization detector (GC-FID), H» as carrier gas, split
injection (1 :10,2 mL/min flow) anda DB-WAX UI column (30 m*0.250 mmx0.50 pm,
Agilent J&W).
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CHAPTER 3

Design of M@C:N architectures:
synthesis, characterisation and
electrochemical study of Fe@C:N

Carbon porous materials containing nitrogen functionalities and encapsulated iron-based
active sites (Fe@C:N) have been suggested as electrocatalysts for energy conversion,
however their applications to the hydrogenation of organic substrates via ECH remain
unexplored. This chapter examines the design and synthesis of Fe@C:N materials,
offering detailed insights into the optimal annealing conditions and the impact of various
carbon nanoscaffolds on the structural and electrochemical performance of the resulting

materials.

This chapter presents result and contents reported in the candidate’s first-author publication,
titled:

Porous N-Doped Carbon-encapsulated Iron as Novel Catalyst Architecture for the
Electrocatalytic Hydrogenation of Benzaldehyde

Pota, F.; Costa de Oliveira, M. A.; Schroder, C.; Brunet Cabré, M.; Nolan, H.; Rafferty, A.;
Jeannin, O.; Camerel, F.; Behan, J. A.; Barriere, F.; Colavita, P E.

ChemSusChem 2025,18 (1), e202400546

With the exception of specified contributions, the candidate conducted the primary investigation
reported in the published work and prepared the first draft of the paper, along with subsequent
revisions, under the supervision of Prof. Paula E. Colavita. The contributions of the other
coauthors are as follows: M.A.C.O. development of the sample preparation methodology, C.S. &
H.N. XPS analysis, M.B.C. computational study with COMSOL simulations, A.R. BET and PSD
analysis, O.J. & F.C. SAXS analysis, J.A.B. & F.B. writing - review and editing, P.E.C
conceptualization and supervision.




CHAPTER 3
3.1 Introduction

Encapsulated metals within porous N-doped carbon frameworks (M@C:N) have received
significant attention over the years as potential low-cost electrocatalyst for the HER and
ORR.'* However, their use in ECH of model organic compounds remains unexplored.
M@C:N architectures are designed by carefully selecting the metal core, the type of
carbon precursor, the annealing procedure and, if applicable, a carbon nanoscaffold. Each
of these components plays a critical role in producing a stable electrode material with
practical applications in ECH, ensuring a balanced trade-off between cost and potential

performance.

Most electrode materials are able to yield some level of organic hydrogenation at high
overpotentials; this has been shown e.g. for Hg or for pure graphitic carbons which are
poor at activating hydrogen.>”’” Therefore, in a M@C:N architecture at low overpotentials,
the metal centres are expected to be the active sites, determining its effectiveness and
usability as electrocatalyst for ECH. An ideal metal should possess activity for the HER
so as to facilitate the Volmer step without fully suppressing ECH. Iron is a good example
in this sense since it displays moderate HER activity leaving room for potential ECH
applications.>®* Additionally, iron is highly appealing due to its abundance, sustainability,
and relatively uniform geographic distribution, which contributes to its low criticality
index.”!? Indeed, iron-based catalysts have been largely studied in the hydrogenation of
several model organic compounds. HMF and glucose hydrogenations were studied by
Kwonet al.!'"!3 at Fe electrodes; crotonaldehyde and hydroxyacetone hydrogenations
were reported on Fe catalysts;'*!> while Fe supported on graphite was used in the
hydrogenation of acetophenone.'® Furfural was hydrogenated on Fe electrodes with high
selectivity in acid electrolyte towards the pinacol dimerization product;!” however ECH
experiments with Fe cathodes reported methylfuran (MF) as the preferred product.'® Most
recently, an iron-molybdenum phosphide heterostructured electrode was demonstrated
for the electrocatalytic reduction of nitro groups.!® In a M@C:N structure the metal core
can be protected by a carbon shell that prevents air oxidation, degradation and corrosion
of the active sites so as to preserve the activity of the catalyst itself. This carbon shell can
be generated during the annealing step of a carbon precursor which is usually an organic
sol-gel resin. The most popular resin is a resorcinol-formaldehyde resin that can be further

modified including melamine as source of nitrogen to generate an N-doped carbon
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framework. N-doping has been suggested to enhance the rate of the Volmer step relative
to a N-free carbon surface.?’ While the above effects have been extensively studied in the
context of HER, their potential to enhance ECH activity in M@C:N architectures remains
unexplored. To date, no studies have tested M@C for ECH, and its applicability has not

been suggested in the literature.

The annealing step is also important because it results in the graphitisation of the porous
material. This process enhances the material’s properties for electrode applications by
creating a more ordered, robust, and conductive carbon structure. One of the key
objectives during annealing is to minimise the oxidation of both carbon and metal centre
during evolution of decomposition products, as a less oxidised structure is generally more
beneficial for performance in terms of conductivity, stability, and catalytic activity.?
High oxygen content in carbon-based materials, such as graphene or carbon nanotubes,
can disrupt their conductive properties by introducing defects into the sp? carbon network.
These defects interrupt the continuous pathways necessary for efficient electron transport,
significantly reducing electrical conductivity.??> Oxidation also impacts the chemical
stability of the material. Materials with high oxygen content are more susceptible to
degradation under harsh conditions, such as acidic or basic environments, making them
less suitable for long-term applications. In catalytic processes, oxygenated groups on the
surface can impede performance by blocking active sites or altering the material's intrinsic
electrochemical properties. A less oxidised structure helps to preserve a high density of
accessible active sites, thereby improving the catalytic efficiency. However, excessive
surface stability can be detrimental, as it may hinder adsorption. Overall performance is
therefore a balance between these factors: surface functionalities are needed for
activation, but their density and type must be carefully controlled to prevent excessive
reactivity, which often leads to degradation and loss of conductivity in carbon materials.

Finally the carbon nanoscaffold is a crucial component in a M@C:N designs since it acts
as a substrate onto which encapsulated architectures are dispersed, and can have a strong
impact on the final properties of the catalyst. For large-scale applications, the use of
commercial carbon blacks as a carbon nanoscaffold is advantageous in terms of
commercial availability, low cost and their good properties (e.g. conductivity, surface
area) compared with other carbon nanostructures, such as carbon nanofibers and carbon

nanotubes, which are more expensive and primarily restricted to academic purposes.
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Commercially available carbon blacks such us Black Pearl 2000® (BP) and Vulcan
XC72R® (VUL) are then attractive as conductive and porous support for metal cores. The
above two carbon materials however differ in terms of morphology/properties. First, their
BET specific surface areas are 1400 m?/g vs 240 m?/g for BP and VUL, respectively.?
Second, BP shows an average particle size of 15 nm?* while VUL has particles in the 50-
60 nm range.?® Finally, BP has high surface area and pore volume, while VUL has a low
surface area and pore volume.?® These properties have a strong impact on the conductivity
of the carbon material as well as on the electrochemical response of the final
electrocatalyst. In fact, it has been shown that an increase in porosity decreases the
conductivity and can bring high ohmic losses;?* nevertheless, high values in surface area
can be advantageous to increase the density of active sites and, as a consequence, the
effective activity of fabricated electrodes.?”-*® Notably, this effective activity depends not
only on the intrinsic activity of the material but also on factors such as loading of catalyst.
Trade-offs between these parameters must therefore be considered in the choice of the

carbon scaffold in order to optimise electrocatalytic and material performances.

In this chapter, the design and synthesis of M@C:N materials with Fe as the metal core
are examined in detail. Four distinct Fe@C:N architectures are prepared by combining
two types of carbon nanoscaffolds with different annealing processes. Optimal conditions
for pyrolysis are identified using XPS as a diagnostic analysis. The optimised samples
undergo further structural characterisation through a combination of surface, bulk, and
electron microscopy techniques. Electrochemical characterisation is carried out for both
the HER and ECH cathodic reactions using BZH as a model compound. Cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) experiments are performed on
glassy carbon disk (GC disk) electrodes in two supporting electrolytes to evaluate the
effects of pH changes. The results presented in this chapter establish a foundation for
understanding the design and synthesis of M@C:N architectures using Fe as the active
site. Insights are provided into the optimal annealing conditions and the role of different
carbon nanoscaffolds in influencing the structural and electrochemical performance of

the resulting materials.
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3.2 Experimental section

Materials. Iron (II) acetate (95%), Nafion® 117 solution (5%), resorcinol (99%),
Pluronic F-127, melamine (99%), hydrochloric acid (37%), sulfuric acid (95-98%), nitric
acid (> 65%), formaldehyde solution (37 wt.%), hydrogen peroxide (30%), sodium
sulphate (> 99%); benzaldehyde (BZH, > 99%) were all purchased from Sigma Aldrich
and used as received. Ethanol (>99%) was purchased from Fisher and used as received.

Black Pearls 2000® (BP) and Vulcan XC72R® (VUL) were purchased from Cabot.

Catalyst Synthesis. BP and VUL were initially pre-treated through oxidative purification
to remove metal impurities and improve hydrophilicity**’. The carbon black materials
underwent a 4 h reflux in concentrated HNOs3 at 90 °C, followed by filtration and washing
with distilled water until reaching a neutral pH. The resulting carbon paste was dried at
50 °C for two days, then ground in an agate mortar for further use.!*! Porous carbon-
based catalysts were prepared as follows: Resorcinol (1.65 g), Pluronic F-127 (2.5 g), and
melamine (0.84 g) were dissolved in a 40 mL water-ethanol solution (1:1 by volume) and
stirred for 15 minutes. Fe(CH3COO): (1.5 g) was added as the metal precursor, followed
by 0.2 g of concentrated HCI, with stirring continued for 1 hour. A formaldehyde solution
(2.5 g) was then added dropwise, and the mixture was vigorously stirred for another hour
to form a homogeneous slurry. Purified BP or VUL (1.5 g) were added to this mixture and
stirred for 15 more minutes. The resulting mixture was placed in a Teflon-lined autoclave
and heated at 50 °C for 2 days. Samples were then dried at 50 °C for two days and ground
in a mortar. Finally, the product was pyrolysed at 800 °C for 2 h in an N2/NH3 flow (1:1
vol.,200 sccm) using two different methods referred to as annealing procedure-(a) and

annealing procedure-(p) (see Figure 3.2).

Electrochemical characterisation. Catalyst (0.0100 g + 0.0003) was used for the
preparation of an ink dispersion, adding 135 pL of Millipore water, 270 pL of isopropyl
alcohol (IPA) and 50 pL of Nafion solution. The ink was sonicated at room temperature
prior to drop casting on glassy carbon disk working electrode (GC disk, @ 5 mm, HTW
GmbH), finally let it dry under N> flow, as shown in Figure 3.1. GC disks were polished
with decreasing grades of alumina slurry (Ted Pella) according to published procedures;>?
disks were thoroughly sonicated and rinsed between polishing steps to remove any
residue from the preceding step. GC disks were mounted in a Teflon disc holder (Pine

instruments) and modified with the ink dispersion (10 pL), then dried under inert gas,
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resulting in a loading of 1.10 mg cm™. A Pt disk electrode (@ 3 mm, eDAQ) was used for
comparison; prior to experiments using Pt as electrode, the disk was polished and then
cleaned by cycling into the anodic region until the characteristic response of
polycrystalline Pt was obtained.>*=> CVs and LSVs experiments were carried out using a
standard 3-electrode cell controlled by a potentiostat (Metrohm Autolab), using graphite
rods (Morgan Advanced Materials) as counter electrodes (CE) and Ag/AgClI (1 M KCl)
as reference electrode (RE,0.235 V vs SHE). All potentials are reported vs the relative
hydrogen electrode (RHE) based on the experimentally determined pH of the electrolyte.
The cell was cleaned with piranha and Millipore water prior to each experiment, then
filled with 250 mL volume of supporting electrolytes (0.100 M H>SO4 or 0.100 M

NayS04); the electrolyte was purged with N> for at least 15 min prior to characterization.

Rough powder

A

l

Ink dispersion

°€—>

Glassy carbon disk

Figure 3.1 Schematic representation of working electrode preparation from ink preparation, drop casting
and drying under nitrogen flow.

3.3 Results and discussion
3.3.1 Synthesis of Fe@C:N and optimisation of annealing procedure

Electrode materials were synthesised using a protocol! based on hydrothermal reactions
of a resorcinol resin®® in the presence of metal precursor, soft template and conductive
carbon black, as schematically shown in Figure 3.2a. Resorcinol resin is synthesised via
polycondensation of resorcinol and formaldehyde in a mixture of alcohol and water
containing BP or VUL as conductive carbon black support. The presence of melamine
and Pluronic F-127 leads to nitrogen incorporation in the carbon network and increases

the surface area of the material,’’® yielding a carbon-supported resin here onwards
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referred to as FeRPM/BP or FeRPM/VUL, based om which carbon black support used in

the preparation.
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Figure 3.2 (a) Scheme showing the main steps in the materials synthesis protocol. Schematic representation
of annealing procedure-(a) and annealing procedure-(p). Figure adapted from Pota et al. reference 39.

The resin was then pyrolysed using two different thermal annealing protocols named
annealing procedure-(a) and annealing procedure-(8), and schematically illustrated in
Figure 3.2b and Figure 3.2c¢, respectively. These two annealing procedures mainly differ
in their temperature ramping and sample insertion timing. In annealing procedure-(a), the
sample is placed in the furnace at room temperature, and the temperature is gradually
increased in two stages: first at 5 °C/min, then at 2 °C/min, until it reaches 800 °C. The
temperature is then held constant for 2 h in a mixed N2/NH3 atmosphere. This procedure
had been previously used in the group for the synthesis of M@C:N electrocatalysts for
the ORR and was therefore first investigated for ECH applications in this thesis.! In

contrast, annealing procedure-(f) includes a pre-annealing step where the furnace is
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rapidly heated to 800 °C, followed by rapid cooling before inserting the sample. After
insertion, the temperature is ramped up at 5 °C/min to 800°C and held constant for 2 h in
No/NHj3 atmosphere. The final result of these pyrolysis processes is a graphitised carbon
matrix surrounding the N-functionalities and Fe-rich clusters. From this point forward,
the annealed samples will be referred to as Fe@BP:N-(a), Fe@BP:N-(), Fe@VUL:N-
(), and Fe@VUL:N-(B), based on the carbon nanoscaffold (BP or VUL) and the

annealing procedure (a or ) used in their synthesis.

XPS surface analysis was used to characterise annealed samples and compare the
outcomes of the different pyrolysis procedures in order to determine optimal conditions;
a more detailed XPS characterisation of the optimised samples is presented in the next
paragraph. Figure 3.3 shows the XPS survey spectra for Fe@BP:N-(a), Fe@BP:N-(p)
and Fe@VUL:N-(a), Fe@VUL:N-(B) normalised by the carbon peak intensity (285 eV)
to allow for easier comparison. Characteristic peaks corresponding to Fe 2p3» (710 eV),
N Is (398 eV), C 1s (284 eV), and O 1s (531 eV) are observed, with additional peaks

attributed to the indium foil used as support.*°

Ing, 0,

A

Fe@BP:N-(a)

Fe@BP:N-(p)

Fe@VUL:N-(8) JL_—_QL_‘
e A N
Fe@VUL:N-(0)) ‘

700 600 500 400 300 200
Binding Energy (eV)

Intensity (a.u.)

Figure 3.3 XPS survey overlays for annealed samples. Peaks corresponding to the In foil used as support
are highlighted in grey, while peaks of interest are marked in yellow.

The elemental composition, detailed in Table 3.2, was calculated from the area ratios of
high-resolution scans of core level excitations, after correcting for relative sensitivity
factors. Figure 3.4a shows the best-fit of the C 1s obtained using five components,

attributed to sp® (284.4 eV) and sp> (285.3 eV) carbon, C-O/C-N (286.0 eV), C=0/COOH
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(287.5 eV) groups, and 7- m* transitions (289.5 eV).***3 For all samples the C sp?
component is larger than the C sp?, suggesting that the majority of carbon observed is part

of a graphitised network as the result of the annealing processes.

Table 3.1 Elemental composition in atomic-% obtained from XPS high-resolution spectra for annealed
samples.

C o*? N Fe Cs?/Cit®  0O/IC
Sample

(%)  (n) (%) (%) (%) (%)

Fe@BP:N-(0) 785 183 285 0.34 39.4 233
Fe@BP:N-(B) 885 739 225 182 60.8 8.34
Fe@VUL:N-(0) 91.7 421 385 021 68.4 4.59
Fe@VUL:N-(B) 91.8 392 350 0.71 70.3 4.26

a — atomic-% content calculated from the contribution to the O 1s area that does not arise from In2Os.

b — Calculated as area ratio of the best-fit component at 284.4 eV over the total C 1s peak.

The degree of graphitisation can be assessed by examining the percentage of the peak at
284.4 eV (C sp?) relative to the total C 1s peak area, with a higher %-contribution
suggesting a higher degree of graphitisation. Comparing the two preparation methods, the
annealing procedure-(p) results in a higher degree of graphitisation for both BP- and
VUL-based materials (Table 3.1). This effect is especially pronounced in the BP-based
samples, where procedure-(p) produces a degree of graphitisation 1.5 times greater than
procedure-(a); for Fe@VUL:N although a difference is still observed, it is less significant.
Figure 3.4b shows the best-fit of the O 1s obtained using two components at 532.2 and
530.2 eV, that can be assigned to O* from C=0 groups and OH~ from oxides/hydroxides,
respectively.*** Both contributions may be affected by the formation of In,O3 due to the
use of indium foil for sample mounting.*> For this reason, the oxygen content in the
samples was determined by subtracting the oxide contribution from the indium foil from
the total area of the O 1s peak (Table 3.1). To estimate the level of oxidised species in the
samples, O/C ratio was calculated, and results align with the degree of graphitisation
presented in Table 3.1. Fe@BP:N-(B) results to have O-containing functionalities almost
three times lower than Fe@BP:N-(a). For VUL-based samples the difference in O/C is
instead negligible, with values consistent with the typical O/C content observed for air
exposed graphitic carbons.>* Additionally, the total amount of Fe incorporated in the
subsurface is higher for procedure-() compared to procedure-(a) for both BP- and VUL-
based samples, as shown in Table 3.1; suggesting that procedure-() has a greater

capacity for metal incorporation than procedure-(a).
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Figure 3.4 Best-fit components and simulated spectral envelope from XPS analysis for (a) C 1s and (b) O

Is of annealed samples.

It is therefore reasonable to conclude that annealing procedure-(p) is more effective and
performing for preparing Fe@C:N architectures compared to procedure-(a), since it
results in a higher degree of graphitisation, greater metal incorporation, and a lower or
similar level of oxidised species. For these reasons, samples obtained by annealing
procedure-(a) were excluded from further structural characterization in favour of the
optimised samples obtained by procedure-(B). For simplicity, Fe@BP:N-(B) and
Fe@VUL:N-(B) will be referred to as Fe@BP:N and Fe@VUL:N from this point

forward.
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3.3.2 Comparison of carbon black nanoscaffolds

After identifying the optimal annealing conditions, a series of characterisation techniques
were conducted to examine the impact of using BP or VUL as carbon black nanoscaffolds

on the structure, composition, and electrochemical performance of the samples.

The specific surface area and pore structure of the annealed samples were determined
using BET analysis and DFT method applied to N> sorption isotherms.**® The BET
surface area for Fe@BP:N was measured at 430 m?/g, while Fe@VUL:N exhibited a
lower value of 371 m?*/g. This is consistent with BP possessing a BET area >1400 m?*/g
compared to 240 m?/g for VUL.? The pore structure of annealed samples can be analysed

using the adsorption/desorption isotherms shown in Figure 3.5a.
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Figure 3.5 (a) Nidrogen adsorbion isotherms and (b) pore size distributions obtained for Fe@BP:N and
Fe@VUL:N

Both materials displaying similar hysteresis loops characteristic of type IV isotherms
associated with capillary condensation, and type H4 loops reported for narrow slit-like
mesopores.*>? At high relative pressure (p/p°> 0.8) Fe@BP:N shows a steeper isotherm
compared to Fe@VUL, suggesting higher macroporosity in the BP-based sample. This is
consistent with the sharp increase in adsorption typically observed at high relative
pressures, which indicates significant macroporosity as large pores fill rapidly when the
pressure approaches saturation (p/p® = 1). Moreover Fe@BP:N results in a higher
adsorbed volume compared to Fe@VUL:N and this is coherent with higher surface area

recorded for the BP-based sample. Pore size distributions (PSDs) reported in Figure 3.5b
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for both samples show similar distributions, with a prominent peak at 4.7 nm and smaller
peaks across the measured range. Fe@BP:N demonstrates a higher pore volume in the
range of 7.34 to 39 nm, aligning with the higher surface area measured for this sample

compared to the VUL-based sample.

Figure 3.6a shows TGA curves in air for FeRPM/BP and Fe@BP:N samples, i.e. before
and after the annealing process; data for the BP scaffold materials is also shown for
comparison. Pure BP particles undergo a single combustion process at high temperature
yielding a negligible residual mass of 3.7%. The FERPM/BP solid obtained from the
hydrothermal reaction yielded two broad weight loss processes, a first one at ca.230 °C
and a second one at ca.430 °C, with a final residual mass of 9.5%. After graphitisation,
Fe@BP:N materials show a single well defined mass loss at ca. 360 °C with a final residue
of 20.6%. This observation is consistent with the sample undergoing graphitisation,
yielding a more crystalline and stable carbon structure that is oxidised at higher
temperatures than the partially graphitised FeRPM/BP. Assuming that the inorganic
residue from Fe@BP:N consists of Fe2Os exclusively, the observed 20.6% corresponds
to an estimated Fe-content of 14.4% by wt. This value is in excellent agreement with that
determined by ICP-OES after accounting for the BP solid residue, yielding in an Fe-
content of 10.7% by wt. Notably, a lower decomposition temperature was observed for
Fe@BP:N compared to BP; this is likely due to the presence of iron oxides which are
known to catalyse the oxidation of carbons.’! Similar results are observed for VUL-based
samples, as shown in Figure 3.6b. FeRPM/VUL shows two processes, a first one at
ca.230 °C and a second one at ca.475 °C; while, the annealed sample Fe@VUL:N shows
two processes at ca.390 °C and 560 °C, with the second process likely due to oxidation of
the carbon scaffold, which in this case is observed probably due to the structural
differences between BP and VUL nanomaterials. For Fe@VUL:N and FeRPM/VUL
residues of 16.7% and 6.62% were observed, respectively, yielding estimated Fe%
content of 11.8% wt. and 4.6% wt. Also in this case the annealed sample shows a lower
degradation temperature compared to the pure carbon scaffold, and this can be justified
as discussed above in relation to previous reports for Fe@BP:N.>! Figure 3.6¢ and 3.6d
present FTIR transmittance spectra for BP- and VUL-based samples, respectively, in the
1800 - 450 cm™! range. Pure BP and VUL nanomaterials show mostly feature-less spectra
due to the absence of oxidised groups or other functionalities. For both carbon scaffolds,

the spectra of samples before annealing (FeERPM/BP and FeRPM/VUL) show broad peaks
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consistent with the presence of an RPM resin.*®>? The absence of peaks in the annealed
samples (Fe@BP:N and Fe@VUL:N) further supported TGA results indicating that
materials undergo significant graphitisation. Finally, Raman spectroscopy performed on
Fe@BP:N also confirmed graphitisation as evidenced by an increase after annealing of
the D-band contribution that is associated with the breathing mode of six-membered rings
in graphitic carbons (Appendix I, Figure A.1), and in agreement with graphitisation

trends in amorphous carbon materials.>
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Figure 3.6 TGA curves (a), FTIR spectra (c) and XRD profiles (¢) measured for BP, FeRPM/BP and
Fe@BP:N. TGA curves (b), FTIR spectra (d) and XRD profiles (f) measured for VUL, FERPM/VUL and
Fe@VUL:N. Figure adapted from Pota et al. reference 39.
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Figure 3.6e shows XRD data for BP, FeRPM/BP and Fe@BP:N materials. The only
prominent peaks in the patterns of BP and FeERPM/BP can be indexed as (002) at 23.7°
with d =3.75 A, and (101) at 42.9° with d = 2.10 A, reflections of the graphite structure,
in agreement with literature values.>*> The large fwhm observed is indicative of
structural disorder in the carbon phase. In the case of Fe@BP:N the pattern is instead
dominated by relatively narrow and intense peaks; reflections at 20 = 37.8°,43.3° and
44.5° are in good agreement with (121), (211) and (031) reflections, respectively, of
Fe;C;! peaks at 20 = 41.0°,57.1°,68.5°,83.0° and 84.7° are assigned to contributions from
nitrides and carbides in agreement with reference patterns for Fe;N (PDF#73-2102),
FesN (PDF#01-1236) and Fe3C (PDF#89-2005). The formation of nitrides and carbides
is consistent with a process involving carbonisation of the organic resin under the
ammonia-rich atmosphere while in the presence of iron salts. XRD does not show
evidence of crystalline Fe, given the absence of any of the characteristic peaks at 65.2°
and 85.2°, or at 63.4° and 80.1° of metallic iron patterns PDF#87-0722 and PDF#89-
4186, respectively (Appendix I, Figure A.2). Therefore, the XRD pattern indicates that
the annealing process results in the decomposition of the iron salt and its reduction to
carbide-nitride solids. A similar analysis applies to the XRD patterns of the VUL-based
samples, as shown in Figure 3.6f. Pure VUL shows graphite reflections (002) and (101)
at24.4° (d=3.63 A) and 42.9° (d=2.10 A), respectively; while FeRPM/BP shows a single
peak at 22.7° indexed as (002). For Fe@VUL:N peaks similar to those in Fe@BP:N are
observed: peaks at 20 =37.8°,43.3°,44.7° and 45.7° correspond to the (121), (221), (031)
and (112) reflections of Fe;C, while those at 26 = 40.8°,56.9°,58.4°,82.9°, and 84.6° are
attributed to contributions from nitrides and carbides. The crystallite size for the Fe phase
was estimated in both annealed materials using the Scherrer equation, taking into account
the well resolved peaks at 43°. For Fe@BP:N the crystallite size was estimated at 30.3
nm, and for Fe@VUL:N at 23.6 nm. The average crystallite size for Fe@BP:N is
therefore larger than for Fe@VUL:N, which is consistent with results from TGA analysis.

Surface analysis of the annealed samples was performed using XPS. Figure 3.7 shows
survey spectra for Fe@BP:N and Fe@VUL:N already presented in Figure 3.3, revisited
now in a larger binding energy range and normalised by the carbon peak intensity.
Characteristic peaks are labelled as before with the addition of the peak at 18 eV assigned

to In 4d. Table 3.2 revisits the elemental composition of the two samples calculated from
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the area ratios of high-resolution scans of core level excitations (as in Table 3.1), with the

addition of N-composition details.
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Figure 3.7 XPS survey overlays for Fe@BP:N and Fe@VUL:N. Peaks corresponding to the In foil used as
support are highlighted in grey, while peaks of interest are marked in yellow. Figure adapted from Pota et
al. reference 39.

Table 3.2 Elemental composition in atomic-%, obtained from XPS high-resolution spectra of Fe@BP:N
and Fe@VUL:N.

C O« N Fe  Graphitic-N  Pyridinic-N  Pyrrolic-N  Csp?/Cot ?

Sample
(%) (%) (%) (%) (%) (%) (%) (%)
Fe@BP:N 885 739 225 182 14.9 425 42.6 60.8
Fe@VUL:N 918 392 350 0.71 10.1 43.6 46.3 70.3

a — atomic-% content calculated from the contribution to the O 1s area that does not arise from In2Os.

b — Calculated as area ratio of the best-fit component at 284.4 eV over the total C 1s peak.

Figure 3.8a and 3.8b show best-fits of the Fe 2p3/» spectra of Fe@BP:N and Fe@VUL:N,
respectively; these display two maxima at 704 and 710 eV. The peak at 704 eV was best-
fit using a single component that can be assigned to Fe, FexC or FexN species based on
its binding energy.*®® Iron carbides, its nitrides and metallic iron all have similar binding
energies and cannot be fully resolved via XPS,%%>® however, based on the XRD results
the contribution at 704 eV likely arises from carbides and/or nitrides. The envelope with
maximum at 710 eV is consistent with the presence of Fe(Ill) oxides/oxyhydroxides,
which typically give rise to multiple peaks and an overall asymmetric line shape;*’

accordingly, the best-fit was obtained using multiple peaks (709.8,710.8,711.6,711.9 and
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713.0 eV) all assigned to Fe(Ill) oxide species. For both samples the 704 eV peak has
significantly higher intensity than the oxide components, thus indicating that most of the
iron present at the surface/sub-surface is in a low oxidation state. Importantly, metallic
iron and its carbides/nitrides are known to be easily oxidised in air;**¢! therefore, the
absence of significant FeOx contributions in the Fe 2p spectrum strongly suggests that
iron-rich phases are encapsulated and thus protected from oxidation by a carbon shell
when using either of BP or VUL as nanoscaffolds. Values in Table 3.2 show that
Fe@BP:N has a higher surface %Fe content compared to Fe@VUL:N, and this is

consistent with Fe being able to penetrate more deeply inside the carbon scaffold.
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Figure 3.8 XPS high resolution spectra of Fe 2p3» (a), N 1s (¢) and C 1s (e) for Fe@BP:N; and of Fe 2ps)
(b), N 1s (d) and C 1s (f) for Fe@VUL:N. Figure adapted from Pota et al. reference 39.
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For Fe@BP:N most of the Fe remains at the surface and is encapsulated inside the
resorcinol resin with a thinner layer as previously reported using a similar protocol.!
Figure 3.8c and 3.8d show best-fits of the N 1s spectra of Fe@BP:N and Fe@VUL:N,
respectively, which were obtained using three components attributed to graphitic-N
(400.9 eV), pyrrolic-N (400.0 eV) and pyridinic-N (398.0 eV).*62 The relative
contributions of these three functionalities are reported in Table 3.2 and indicate that the
majority of the nitrogen is present in the form of pyrrolic/pyridinic groups for both
analysed samples, while Fe@VUL:N displays a larger total nitrogen content compared to
Fe@BP:N. It was not possible to resolve any contributions at 397 eV expected for Fe-N
species;® this is likely due to their relative contributions being much smaller than those
arising from N-functionalities in the carbon scaffold. Figure 3.8e and 3.8f show best-fits
of the C 1s spectra of Fe@BP:N and Fe@VUL:N, respectively, already presented in
Figure 3.4 and obtained using the same five components. The absence of a carbide peak
indicates that most of the C 1s intensity arises from the graphitised scaffold, consistently
with a surface Fe-content of ca.1.8% and 0.71% for Fe@BP:N and Fe@VUL:N,
respectively. Indeed, this indicates that the contribution arising from carbide should
account for <0.7% and <0.2% of the total C 1s peak based on the Fe3C stoichiometry for
Fe@BP:N and Fe@VUL:N, respectively. Fe@VUL:N shows a higher Csp?/Ciot ratio as
reported in Table 3.2, suggesting a higher graphitisation compared to Fe@BP:N. This is
consistent with TGA results, where Fe@VUL:N shows a higher temperature to reach the
residual plateau resulting from the degradation of the carbon scaffold, when compared to

Fe@BP:N, thus suggesting greater stability of the scaffold.

The morphology of materials was investigated via electron microscopies. Figure 3.9a
and 3.9b show SEM images of BP and VUL, respectively, which indicate samples are
characterised by a rough and irregular surface with a porous structure more evident for
BP compared to VUL. Figure 3.9c and 3.9d shows the SEM images collected for
Fe@BP:N and Fe@VUL:N, respectively, displaying a complex matrix with
dispersed/embedded nanoparticles. Fe@BP:N presents a higher porosity than
Fe@VUL:N and this is consistent with BET results that display a higher surface area for
the BP-based sample. Further investigation via TEM for Fe@BP:N reveals that the
sample consists of nanoparticles with size similar to those of the primary BP particles, as
shown Figure 3.9e and 3.9g, and additional larger and denser particles with diameter of

0.15+0.06 um. Figure 3.9h,3.9i,3.91 show TEM-EDX images of the Fe, C and O signals,
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respectively, showing that the larger particles are rich in Fe and are dispersed over a

graphitised carbon scaffold support.

Figure 3.9 SEM images collected for (a) BP, (b) VUL, (c) Fe@BP:N and (d) Fe@VUL:N. TEM images of
(e) Fe@BP:N and (f,g) expanded images with details of metal-rich nanoparticles (indicated with arrows in
(e)) resulting from the annealing process. TEM-EDX chemical mapping of the image in (e) in the (h) Fe,
(1) C and (1) O spectral regions. Figure adapted from Pota et al. reference 39.
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3.3.3 Electrochemical study on glassy carbon disk

To evaluate the electrochemical response in both HER and ECH reactions, voltammetry
experiments were carried out in HoSO4 aqueous electrolytes using BZH as a diagnostic
organic compound. Figure 3.10a shows the LSV collected in the cathodic region for
Fe@BP:N and Fe@VUL:N, measured after drop casting of ink dispersion on a polished
GC disk at a scan rate of 5 mV/s, in only supporting electrolyte. For comparison, data of
bare GC disk and Pt disk electrodes are also included. Fe@BP:N and Fe@VUL:N show
overpotentials at 1 mA cm™ of -0.30 and -0.58 V vs RHE, respectively and no evidence
of faradaic peaks. This indicates a higher HER activity of BP-based compared to VUL-
based electrocatalysts, and an improved HER current relative to the bare GC disk (n = -
0.99 V at 1 mA cm™), albeit below those observed at Pt disk under the same conditions.
HER activity in the -0.3 to -0.5 V region is attributable to the incorporation of iron
carbide/nitride nanoparticles at the surface/subsurface of the electrode material. Indeed,
the overpotential at 10 mA cm?, Tafel slope and exchange current density values
estimated for Fe@BP:N disk electrodes are 123 mV/dec and -2.4 mA/cm?, respectively
(Figure 3.10b). These values are in good agreement with those reported in literature for

mild steel and cast iron in acid,®>%

suggesting that HER currents are dominated by
Fe/FexC sites. This also justifies the lower HER current measured for Fe@VUL:N, that
as reported in Table 3.2 displays less than half of Fe/FexC in the surface/subsurface
composition compared to Fe@BP:N. Figure 3.10c shows the response of electrode
materials in the presence of 10 mM BZH, revealing changes in cathodic current densities
with overpotentials n = -0.57 V and -0.67 V vs RHE at 1 mA cm™, for Fe@BP:N and
Fe@VUL:N respectively. This suppression in current suggests that benzaldehyde adsorbs
onto the electrode surface, blocking sites involved in proton reduction and quenching the
HER activity, a behaviour previously observed with precious metal electrocatalysts®”-%3
and base metal electrodes in acidic aldehyde solutions.®” A similar suppression of HER
current is observed for both the bare GC disk and Pt disk electrode, as show in Figure
3.10c. Notably, a cathodic peak at ca. -0.64 V is observed more pronounced for Fe@BP:N
than for Fe@VUL:N, and is likely associated with BZH reduction.”® The bare GC disk
exhibits a cathodic peak at ca. -0.92 V, while the Pt disk electrode does not show a clear

reduction peak, due to the high HER current background that dominates the cathodic

response below -0.4 V on these surfaces.

103



CHAPTER 3

0 -1 I e -: = - - = en- =
a Pk - Ve rd
1S / / !
o -2 I
< ’ !
= / / !
> 41 ! ! !
@ ! I
® [
8 - /
- —Ptdisk (0.1 H M ,S0,) / !
c
g el —Fe@BP:N (0.1 MH,S0,) | 1
5 — —Fe@VULN (0.1 MH,50,) |
o —Bare GC (0.1MH,80,) | | |
-10 T T T T T T
-1.2 -1 -08 -06 -04 -02 0 0.2
b E (V) vs RHE
Fe@BP:N

-0.4 -0.2
c E (V) vs RHE
04
& /
E
o -2
<
E
2
7
5
o 81
= —— Pt disk (0.1 M H,SO, + 10 mM BZH)
o Fe@BP:N (0.1 M H,SO, + 10 mM BZH)
5 -8+ Fe@VUL:N (0.1 M H,SO, + 10 mM BZH)
& Bare GC (0.1 M H,SO, + 10 mM BZH)
-10 T T T T T T T T T T T T T
-12 -1 -08 -06 -04 -02 0 0.2

E (V) vs RHE

Figure 3.10 (a) LSV collected in supporting electrolyte 0.1 M H2SOj4 and (b) Tafel plot for Fe@BP:N. (c)
LSV collected in 0.1 M H,SO4 + 10 mM BZH at 5 mV s°! scan rate. Figure adapted from Pota et al. reference
39.

Additional investigations were carried out in Na2SQOs, to study the effect of pH changing
and different BZH concentration on the HER and ECH performances. Figure 3.11a and
3.11b shows CVs recorded in 0.1 M NaxSO4 and in presence of 10 mM BZH for
Fe@BP:N and Fe@VUL:N, respectively, on polished GC disk at a scan rate of 10 mV/s.
In background electrolyte a lower capacitive current is recorded for Fe@VUL:N

compared to Fe@BP:N. Since the loading per mass of both electrodes is the same, this
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means that the electrochemical specific surface areas (ECSA) of Fe@BP:N is higher than
that of Fe@VUL:N, in agreement with BET results. Materials display presence of
faradaic peaks: an anodic peak is observed at ca.0 V, while a cathodic peak is observed at

ca -0.42 'V and -0.45V for Fe@BP:N and Fe@VUL:N, respectively.
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Figure 3.11 CVs collected for (a) Fe@BP:N and (b) Fe@VUL:N in 0.1 M Na,SO4 (dashed line) and in 0.1
M Na,SO4 + 10 mM BZH (solid line) at 10 mV s! scan rate . CVs recorded in 0.1 M Na,SOy for different
BZH concentration 5.0, 10.0, 15.0 mM BZH for (c) Fe@BP:N and (d) Fe@VUL:N.

These peaks were absent in acid electrolytes and are likely due to redox-active species
present in the electrode materials and in no way associated to BZH. Indeed, given the
presence of iron-species they are possibly associated with surface oxides or hydroxides.
These species could result in iron couples that undergo redox processes at the surface of
the electrode. It has been reported that FeoOs display Fe(III)/Fe(Il) oxidation at ca.0.32 V
vs RHE and Fe(Il)/Fe(I) oxidation at ca.0.2 V vs RHE,”""”> while cathodic reactions to
obtain mixed Fe(IIl)/Fe(1I) species were reported at ca.0 V vs RHE.” In the presence of
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10 mM of BZH both electrocatalysts show a decrease of capacitive currents and of
faradaic response associated with the HER. The anodic and cathodic peaks attributed to
iron redox switch species, even if affected by this suppression, are still present after the
addition of the BZH. A cathodic peak at ca. — 0.9 V vs RHE is observed and attributed to
a BZH reduction process. This result agrees with literature reported by Cantu. et al. on
reduction of benzaldehyde at glassy carbon electrodes, which was observed as a peak at

-1.53 V vs Ag Nafion/AgCl at pH 5.7

Figure 3.11¢ and 3.11d show CVs recorded for different concentration of BZH (5.0, 10.0,
15.0 mM) in NaxSO4 0.1 M using a narrower potential windrow from 0 to -1.15 V vs
RHE, for Fe@BP:N and Fe@VUL:N, respectively; the CV in supporting electrolyte is
also reported for comparison. There are differences in terms of capacitive current between
the two nanoscaffolds, along with a decrease of the capacitive current as consequence of
the increase of BZH concentration due to adsorption effects. No additional cathodic peaks
are observed at ca. -0.4 V vs RHE even in the pure background electrolyte, and this is
consistent with previous hypotheses according to which these peaks are associated to
Fe(IIT)/Fe(IT) redox activity. Notably, the use of a potential window with a ca.0 V anodic
limit appears to prevent formation of the switching redox species. Both samples display
an increase of the peak current density at ca. -0.9 V as the concentration of the BZH
increases indicating that this peak arises in the presence of BZH, and probably associated

to ECH of the organic compound.

Considering results obtained from preliminary electrochemical study, Fe@BP:N shows a
higher response in current density for low concentration of BZH even with a higher
capacitive contribution compared to Fe@VUL:N in Na>SOs4 (Figure 3.11c and 3.11d).
While in H2SO4, Fe@BP:N displays a higher HER activity and a higher current density
at the same BZH concentration (Figure 3.10a). For these reasons, Fe@BP:N material
was chosen as candidate to carry out further determinations of efficiency and selectivity
in BZH hydrogenation as discussed in the next chapter, while Fe@VUL:N was no longer
investigated; finally, for simplicity from this point forward in this thesis, Fe@BP:N will
be referred to as Fe@C:N.
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3.4 Conclusion

In this chapter, Fe@C:N materials were synthesised, characterised and investigated as
potential electrocatalysts for ECH, with benzaldehyde used as a diagnostic compound.
Two hydrothermal methods were applied to M@C:N architectures prepared using BP or
VUL as carbon nanoscaffolds. XPS analysis was employed to determine optimal
conditions based on the degree of graphitisation, metal incorporation, and level of
oxidised species. The annealing method that included a pre-annealing step proved more
efficient and was selected as the definitive procedure. The optimised samples underwent
structural analysis to evaluate the influence of BP and VUL as carbon black nanoscaffolds
on the final material.

Based on BET analysis, Fe@BP:N exhibits a higher surface area, macroporosity, and pore
volume compared to Fe@VUL:N, consistent with BP possessing a greater surface area
than VUL. TGA analysis shows an estimated Fe wt% of 14.4% for Fe@BP:N and 11.8%
for Fe@VUL:N, suggesting greater Fe bulk incorporation in the BP-based sample.
Moreover, the results indicate graphitisation, as confirmed by the FT-IR spectra collected
before and after annealing. XRD spectra reveal that the bulk of the annealed samples
predominantly consists of Fe3;C, with contributions from FeoN and FesN. The formation
of nitrides and carbides aligns with a process involving carbonisation of the organic resin
in an ammonia-rich atmosphere in the presence of iron salts. The average crystallite size
for Fe@BP:N was found to be larger than that for Fe@VUL:N, in agreement with the
TGA results. Surface analyses were performed on the annealed samples, indicating the
encapsulation of iron-rich phases within a protective carbon shell. Fe@BP:N exhibits a
higher surface atomic %Fe content compared to Fe@VUL:N, consistent with Fe
penetrating more deeply into the carbon scaffold. For both samples, the majority of
nitrogen within the carbon framework is present in the form of pyrrolic/pyridinic groups;
however, Fe@VUL:N displays a higher total nitrogen content compared to Fe@BP:N.
Additionally, Fe@VUL:N shows a higher Csp?/Ciot graphitisation level than Fe@BP:N,
as confirmed by TGA analysis. SEM analysis revealed a complex matrix morphology
containing dispersed or embedded nanoparticles for both annealed samples. TEM-EDX
analysis of Fe@BP:N further revealed larger and denser Fe-rich particles, with a diameter
of 0.15 + 0.06 um, dispersed over a graphitised carbon scaffold support.
Electrochemical studies conducted on a glassy carbon disk revealed higher HER activity

for the BP-based material compared to the VUL-based material in H>SO4 supporting
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electrolyte. This is attributed to the greater incorporation of iron carbide/nitride
nanoparticles at the surface and subsurface of the electrode material in Fe@BP:N relative
to Fe@VUL:N. In the presence of 10 mM BZH, both electrocatalysts exhibit a cathodic
peak at ca. -0.64 V, which is more pronounced for the BP-based material and likely
associated with the ECH of the organic diagnostic compound. When using Na>SOj as the
supporting electrolyte, the electrochemical response changes, displaying diagnostic peaks
corresponding to iron redox couples active on the electrode surface. More importantly, a
cathodic peak at ca. -0.9 V is observed, which increases with rising BZH concentration,
indicating that this peak arises in the presence of BZH and is likely associated with the
ECH of the organic compound. Taking into account the higher current density response
for low concentration of BZH in NaxSOg, along with higher HER activity in HoSO4 of
Fe@BP:N compared to Fe@VUL:N, the BP-based material, renamed as Fe@C:N, has
been selected to carry out quantitative analysis of benzaldehyde hydrogenation, as

discussed in detail in the next chapter.
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CHAPTER 4

Development of stable Fe(@C:N
electrocatalysts and quantitative analysis
of benzaldehyde hydrogenation

The fabrication of stable Fe@C:N materials is a crucial aspect for their practical
application as electrocatalysts in ECH processes. This chapter presents a methodology for
preparing stable and durable electrocatalysts, along with a comprehensive analysis of key
ECH performance parameters. The results highlight that these materials could serve as a

viable, cost-effective alternative to the commonly used precious metal electrocatalysts.

This chapter presents result and contents reported in the candidate’s first-author publication,
titled:

Porous N-Doped Carbon-encapsulated Iron as Novel Catalyst Architecture for the
Electrocatalytic Hydrogenation of Benzaldehyde

Pota, F.; Costa de Oliveira, M. A.; Schréder, C.; Brunet Cabré, M.; Nolan, H.; Rafferty, A.;
Jeannin, O.; Camerel, F.; Behan, J. A.; Barriere, F.; Colavita, P, E.

ChemSusChem 2025,18 (1), e202400546
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H.N. XPS analysis, M.B.C. computational study with COMSOL simulations, A.R. BET and PSD
analysis, O.J. & F.C. SAXS analysis, J.A.B. & F.B. writing - review and editing, P.E.C
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CHAPTER 4
4.1 Introduction

As discussed in Chapter 1, ECH offers a sustainable electrochemical approach to biomass
valorisation, providing an alternative to conventional industrial processes that
predominantly depend on fossil fuels.!* To realise the potential advantages of ECH,
electrocatalysts with good performance in terms of faradaic efficiency (FE), yield and
selectivity are needed. FE of ECH processes is typically limited by competition with the
HER.>% The main difference between the HER and ECH is how the Hags is used: Tafel
and Heyrovsky steps consume electrons and Hags species and may drastically suppress the
FE of organic hydrogenations.” Therefore, electrocatalysts must be materials capable of
facilitating the Volmer step but that also inhibit the H> evolution pathways. Several
electrocatalyst materials have been proposed as good candidates for the hydrogenation of
organic substrates.>’ Precious metals like Pd, Pt, Au'®!? and carbon-supported Pt-group
metals (M/C) such as Pt/C, Pd/C, and Ru/C"*"'> have been reported as good
electrocatalysts for the hydrogenation of aldehydes and phenols. Despite these
encouraging results, the use of precious and/or critical metals is not desirable at scale. For
this reason, there is interest in developing abundant and low-cost electrocatalysts as a
suitable replacement. For instance, Ni and Cu have been reported as base metals that can
either operate as the active phase or that can be alloyed to modulate the activity of

precious metals in ECH processes.!®!7

The previous chapter have discussed the application of Fe-based electrocatalysts for
hydrogenating benzaldehyde, which due to its good solubility in water'® and its moderate
reactivity,!” stands out among various potential organic derivatives of biomass as a
relevant candidate for studying the reactivity of new electrocatalyst materials for ECH.
The ECH of benzaldehyde has been previously investigated using Pt-group
electrocatalysts and is reported to result information of benzyl alcohol (BA) and/or in
dimerization to hydrobenzoin (HBZ).!" In Chapter 3 promising preliminary
electrochemical results were observed utilised Fe@C:N material drop casted on a glassy
carbon disk as a conductive support, and tested in different supporting electrolytes.
Glassy carbon is an excellent choice for small-scale electrochemical studies due to its
smooth, inert surface and low background current, providing a stable and controlled
environment for evaluating porous materials.’ However, when working with larger

surface areas, such as 1 cm? or more, challenges arise in achieving uniform ink dispersion
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and film stability. These difficulties often make glassy carbon less practical for these
applications. In contrast, carbon cloth (CC) with a microporous layer (MPL) offers
significant advantages for larger surfaces.?! Its textured and slightly porous surface helps
improve adhesion and stability of the ink dispersion, making it less prone to cracking or
detachment. Additionally, the flexibility and robustness of carbon cloth make it well-
suited for larger experimental setups, where its structural integrity can handle the
increased demands. Unlike the rigid and costly glassy carbon, CC is more economical
and adaptable, allowing for easier handling and better compatibility with large-scale
studies. This makes CC with an MPL a more appropriate choice for applications that
require larger electrode surfaces, such as the evaluation of the ECH quantitative
performances and, ultimately, any prototype devices for studying performance with real

biomass feeds.

The first part of this chapter evaluates glassy carbon plate (GC plate) and CC as high
surface area conductive supports for the Fe@C:N material, while also identifying a
methodology for the preparation of stable and durable electrocatalysts. Electrochemical
studies, along with chronoamperometry coupled with gas chromatography analysis, are
conducted to determine the FE response in two different supporting electrolytes. Finally,
a detailed analysis of quantitative ECH performance parameters, such as faradic
efficiency and selectivity, product rate, and turnover frequency (TOF), is performed as a
function of the applied potential, exclusively in the supporting electrolyte displaying
higher efficiency. The results presented in this chapter demonstrated that is possible to
achieve high faradaic efficiency and good selectivity towards the alcohol product using
Fe@C:N heterostructures. A comparison of TOF estimates obtained from these results
suggests that these materials could be viable as electrocatalysts for the ECH of bio-
derived organics.

118



CHAPTER 4
4.2 Experimental section

Materials. Nafion® 117 solution (5%), sulfuric acid (95-98%) sodium sulphate (> 99%);
benzaldehyde (BZH, > 99%); hydrobenzoin (HBZ,99 %); acetophenone (ACP > 99 %);
ethyl acetate (> 99 %) were all purchased from Sigma Aldrich and used as received.
Ethanol(> 99 %), benzyl alcohol (BA, > 99 %) were purchased from Fisher and used as

received.

Electrochemical characterisation. The ink dispersion was prepared as described in
Chapter 3 and then drop-cast onto two different conductive supports. The first one, GC
plate (2 cm? geometric area, Signadur®G) was polished following the same procedure as
for the GC disk, using alumina slurry of decreasing grades (Ted Pella) with sonication
and rinsing between each polishing step to remove any residual material. The unpolished
surfaces (back and edges) were covered with insulating polyimide tape, and a portion of
the polished surface was also masked with the same tape to create a final exposed
geometric area of 1 cm?. 50 pL of the ink were drop casted on the polished glassy carbon
plate, then dried under inert gas for 15 min. Additional tests on glassy carbon plate were
performed drop-casting Nafion solution onto the dried ink layer and further dried under
inert gas for 5 min (see Figure 4.1). Flags of CC with MPL (1 cm? geometric area,
FuelCellStore) were used as alternative conductive support. The CC was used as received
after covering the back side (woven carbon fibre side) with insulating polyimide tape. 50
uL of the ink were drop cast in two equal aliquots, drying the ink after each step in a hot
plate (80 °C) followed by compression of the CC in a hydraulic press (Specac) at room
temperature. For both conductive supports, preparation methods resulted in loadings of
1.09 mg cm™ for all experiments. CV, LSV and chronoamperometry experiments were
conducted using graphite rods as CE and Ag/AgCl (1 M KCl) as RE (0.235 V vs SHE),
cleaning the cell with piranha and Millipore water prior to each experiment. GC disk was
employed as WE for CVs and LSV experiments, while CC was used as WE for
chronoamperometry experiments. Estimates of ECSA were obtained from capacitive CV
curves in Na;SO4 0.100 M over a no-Faradaic potential window; the double layer
capacitance was normalised by an average value of 40 uF cm 2222 Electrolysis
experiments were performed in an costumed H-cell, with compartments separated by an
ion-conducting membrane (FKE-50 Fumasep) to minimise cross contamination (Figure

4.6a).WE and RE were inserted in 34 mL of catholyte (BZH in 0.1 M H2SO4 or 0.1 M
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Na»S04), and the CE was inserted in 34 mL of anolyte (0.1 M H2SO4 or Na;SO4). Before
starting the electrolysis both compartments were purged with N> for at least 15 min;2 mL
of catholyte were aliquoted for quantitative analysis at to =0 s. CVs at 100 mV/s and 10
mV/s were first collected to condition the electrode surface, followed by measurement of
the iR drop via the i-interrupt method (NOVA). Potentiostatic electrolysis was carried out
for 2 h, followed by analysis via GC-FID of a 2 mL aliquot of the catholyte; the catholyte
was extracted in ethyl acetate (2 mL,99.1% and 89.9% efficiency for BZH and BA,
respectively) adding ACP as internal standard. Calibrations lines and extraction efficiency
estimations used for quantitative analysis are presented in Appendix I (Figure A.3 and
A.4). Appendix I includes also the equations used to calculate the key ECH performance

parameters discussed throughout this chapter.

4.3 Results and discussion

4.3.1 Ink stabilization on conductive supports

To optimise the production and detection of target products by combining
chronoamperometry experiments with gas chromatography analysis, it was essential to
use electrode supports with a large surface area. However, this introduced challenges in
stabilising the ink dispersion on such supports. The GC disk (& 5 mm), discussed in the
previous chapter as a conductive support, exposes too small an area to the electrolyte
solution for this purpose, i.e.0196 cm?. Therefore, a GC plate with a larger surface area
(1 cm?) was first selected as conductive support. The drop-casting electrode preparation
on the polished GC plate followed the same procedure used for the GC disk described in
the previous chapter and reproposed in Figure 4.1a. After drying under a nitrogen flow
for 15 minutes, the ink dispersion appeared uniformly distributed across the entire
electrode surface, as shown in Figure 4.1b. However, preliminary electrochemical tests
revealed low stability of the ink on these larger supports. In particular, the production of
H> at negative potentials led to bubble formation, which caused the ink to deteriorate and
fragment, eventually detaching in pieces from the electrode surface. Figure 4.1c
illustrates the response of the drop-cast electrode in the electrochemical cell under applied
voltage, highlighting the instability caused by bubble formation during hydrogen
evolution. To address the issue of ink instability, additional tests were conducted by

applying an extra layer of Nafion to prevent disintegration and improve adhesion to the
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electrode surface (Figure 4.1d). Figure 4.1e and Figure 4.1f shows the modified

electrode and the corresponding results of applying potential, respectively.

Rough powder
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Figure 4.1 (a) Schematic representation of drop-casting electrode preparation on GC plate 1 cm?. (b) Drop-
cast electrode after 15 min drying under N> flow. (c) Response of the drop-cast electrode under applied
voltage showing ink disintegration (indicated with red arrows). (d) Modified preparation with Nafion
coverage. (e) Electrode appearance after 15 minutes of drying under N> flow. (f) Response of the drop-cast
electrode under applied voltage showing detachment from GC plate.
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Although the Nafion layer kept the ink intact, it still detached from the glassy carbon
support. The high volume of bubbles produced, particularly during hydrogen evolution,
continued to exert enough force to dislodge the ink layer from the electrode surface.
Hence, GC plate was excluded from further use as conductive support for electrolysis

experiments, and CC support was tested as an alternative candidate.

Woven carbon fibers

PTFE

Figure 4.2 (a) Picture of 1 cm? bare CC and (b) schematic representation of the MPL (top layer) and woven
carbon fibres (back layer). SEM images of (c) MPL, (d) woven carbon fibres layer, (e) close-up view of
mud-cracks and (f) magnification of MPL layer with PTFE 3D structure.

Figure 4.2a presents an example of a 1 cm? bare CC composed of two layers: the top one
is a microporous layer formed by carbon black particles usually bound together by a

polymer, while the second layer (backing) is made of woven carbon fibres (Figure 4.2b).
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Figure 4.2¢ shows the SEM image collected for the top layer revealing the non-
uniformity of the MPL, characterised by so-called "mud-cracking",?!**?* while an image
for the backing layer of woven carbon fibres is showed in Figure 4.2d. A close-up view
of the MPL cracks is showed in Figure 4.2e, making the woven carbon fibre layer beneath
more visible. The MPL has a measured thickness of 9.12 um £1.9, and the magnification
in Figure 4.2f highlights the microporous structure. The most common binder polymer
used in MPLs is polytetrafluoroethylene (PTFE), which is both chemically inert and
hydrophobic. Figure 4.3a shows the XPS survey collected for the CC support on MPL
side, displaying characteristic peaks corresponding to C 1s (284 eV), O 1s (532 eV) and
F 1s (689 eV),% confirming the presence of fluorinated groups. The elemental

composition was determined from the area ratios of high-resolution scans of core-level

excitations, showing the sample consists of 53.0 at.% C,46.2 at.% F, and 0.80 at.% O.
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Figure 4.3 XPS (a) survey, (b) C Is, (c) F 1s and (d) O 1s spectra of MPL side of bare CC; best-fit
components and simulated spectral envelope are also shown where relevant.

Figure 4.3b shows the best-fit of the C s highlighting two clear pecks at 284.5 and 292

eV corresponding to the non-fluorinated and fluorinated region of MPL layer,
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respectively. The non-fluorinated region was deconvoluted as discussed in the previous
chapter using five components, attributed to sp> (284.3 eV) and sp> (284.7 eV) carbon,
C-0 (285.7 eV), C=0/COOH (287.3 eV) groups, and - m* transitions (290.0 eV).?*?°
The fluorinated region was deconvoluted using two contributions attributed to CF (292.1
eV) and CF; (293.4 ¢V).’**2 Similarly the F 1s best-fit region was deconvoluted using

3133 a5 showed in Figure 4.3c. Finally, Figure

two component assigned to CF and CF»,
4.3d shows the O 1s best-fit region obtained using two components attributed to C=0
(532.1 eV) and C-O (533.3 eV)*>* in fact surface functional groups like quinones,
carbonyls, and carboxyls are commonly found in carbon-based materials. While PTFE is
considered chemically inert, these oxygenated functional groups can be reduced at

negative potentials®> with the electrochemical behaviour highly dependent on the pH and

the specific type of carbon to which they are attached.

d
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Figure 4.4 (a) Schematic representation of drop-casting electrode preparation on CC 1 cm?, with brushing
and pressing steps. SEM image of unmodified bare CC (b) and CC coated with drop-cast ink (c). SEM-
EDX mapping for C, F and O atomic species of the unmodified bare CC in (b); and SEM-EDX mapping
for C, F and Fe atomic species of the Fe@C:N surface in (c¢). Figure adapted from Pota et al. reference 36.

The MPL side of the CC was selected for drop-casting the ink dispersion due to its higher

porosity and surface area compared to the back side of woven carbon fibres; and from
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this point onward, any reference to CC will refer specifically to the MPL side. The greater
hydrophobicity of CC compared to the GC plate, along with structural differences,
required a modified approach for preparing drop-cast electrodes. Figure 4.4a illustrates
the newly developed protocol, which involves brushing the electrocatalyst ink onto the
CC support, followed by drying on a hot plate; then to ensure stability and adhesion the
support was pressed at 3 tons using a hydraulic press. Figure 4.4b and 4.4¢ show SEM
images of the unmodified CC surface and the CC surface coated with a uniform drop-cast
layer of the Fe@C:N electrocatalyst ink, respectively. A comparison of the SEM-EDX
mapping for both samples at C, O, F and Fe energies, reveals a uniform distribution of
the ink across the CC surface, with a low Fe signal from the metal centres and a distinct
F signal from the Nafion binder and/or MPL layer. Notably, F and O signals also appear
in the unmodified CC sample, further confirming the presence of the PTFE binder

polymer and surface oxygenated groups.

4.3.2 Electrochemical behaviour and faradaic efficiency in H2SO4 and Na:SO4

To assess the stability of the Fe@C:N ink dispersion on the CC support and investigate
its electrochemical response, measurements were first carried out using H2SOs as
supporting electrolytes. Figure 4.5a presents uncompensated LSV of bare CC (1 cm?)
recorded at a scan rate of 10 mV s in 0.1 M H2SOs, both in the absence and presence of
30 mM BZH. In the background electrolyte, bare CC exhibits moderate activity toward
HER, with an overpotential of ca. -0.6 V (at 1 mA/cm?). Upon the addition of 30 mM
BZH, a cathodic peak appears at ca. -0.8 V, consistent with observations made for a GC
disk electrode in Chapter 3. Figure 4.5b shows the response of CC modified with
Fe@C:N (Fe@C:N/CC) under the same conditions. In the supporting electrolyte a
cathodic peak is detected at ca. -0.1 V which shifts cathodically to -0.26 V in presence of
30 mM BZH. Moreover, in presence of the organic compound a distinct cathodic peak
appears at ca. -0.8 V in agreement with prior results observed for bare CC. Figure 4.5¢
displays LSVs for Fe@C:N/CC at varying BZH concentrations (1.0,10.0, and 30.0 mM)
at 10 mV s™'. The peak at -0.26 V remains unaffected by BZH concentration, suggesting
it is dominated by surface redox processes; conversely, the peak at -0.8 V increases with
BZH concentration, indicating that it is associated with an organic reduction process. The

same set of experiments were repeated under different pH conditions (pH 5.3) using 0.1
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M Na2SOs as supporting electrolyte. Figure 4.5d shows the response of bare CC in the
presence and absence of BZH. In the supporting electrolyte a peak appears at
approximately 0.1 V, which shifts cathodically in the presence of BZH.
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Figure 4.5 (a) LSV collected for bare CC in 0.1 M H,SOj4 (dashed line) and in 0.1 M H,SO4 + 30 mM BZH
(solid line) at 10 mV s™'. (b) LSV collected for Fe@C:N/CC in 0.1 M H»SO4 (dashed line) and in 0.1 M
H>SO4 + 30 mM BZH (solid line) at 10 mV s°'. (c) LSV collected for Fe@C:N/CC 0.1 M H,SO4+ 1.0, 10.0
and 30.0 mM BZH. (d), (e) and (f) CVs collected in the same conditions as (a),(b) and (c) but using 0.1 M
Na»S0;4 as supporting electrolyte instead of H,SOj4. Figure adapted from Pota et al. reference 36.

Additionally, a new cathodic peak at ca. — 1.1 V is observed with BZH, likely
corresponding to its reduction. In contrast, the peak at ca.0.1 V is not attributed to BZH,
but rather to surface functional groups such as quinones/carbonyls/carboxyls present in
the MPL layer.®® Figure 4.5e shows the CVs of Fe@C:N/CC in NaxSOs with a similar

response to that observed with the GC disk as discussed in the previous chapter. Two
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faradaic peaks are visible, one anodic at ca.0 V and one cathodic at ca. -0.6 V, which are
attributed to the redox processes of iron species on the electrode surface; additionally, a
cathodic peak at ca.0.1 V is observed. Similarly to what was argued for measurements in
H2SO4 the peak at ca 0.1 V in NaxSOs shifts cathodically to ca.0.06 V in presence of 30
mM BZH together with the appearance of an additional cathodic peak at ca. -1.0 V.
Figure 4.5f shows the CVs collected at various BZH concentrations for Fe@C:N/CC
(1.0,10.0 and 30.0 mM) in 0.1 M Na2SO4. The results indicate that the faradaic peak
associated with the iron redox couple (at ca.0 V and -0.6 V) decreases in intensity as the
BZH concentration decreases, likely due to adsorption effects. Meanwhile, the peak at
0.06 V remains unaffected by the BZH concentration, further suggesting that it is
unrelated to the organic compound. More importantly, the peak at ca. -1.0 V increases as
the concentration of BZH increases, strongly suggesting that it is associated with an

organic reduction process.

CVs obtained at varying scan rates were conducted in Na2SO4 supporting electrolyte in a
non-faradaic potential window, as shown in Appendix I (Figure A.5). The double-layer
capacitance (Cdl) was estimated from a linear fit of the capacitive currents and found to
be 1.32 and 5.57 mF cm™ for bare CC and Fe@C:N/CC, respectively. This suggests that
drop-casting of the catalyst ink increases the ECSA; assuming the specific double-layer
capacitance to remain constant,”>* the microscopic area can be estimated to increase
approximately four-fold after deposition of Fe@C:N/C on the CC support. This higher
value is consistent with high porosity developed during the synthesis of the catalyst
material. Notably, across all electrochemical tests in both H2SO4 and Na;SO4 solutions,
the stable current density observed even at negative potentials suggest the robust stability

of the ink dispersion on the CC support.

To further evaluate reactions taking place at cathodic potentials, electrolysis experiments
with product analysis were carried out using an H-cell setup as showed in Figure 4.6a.
Chronoamperometry experiments were carried out at the peak potential of -0.8 V
and -1.0 V in 0.1 M H>SO4 and 0.1 M NaxSOy4 solutions, respectively; containing three
concentrations of BZH for 2 h reaction time and under static conditions. The current
density remained stable over the entire duration of the experiment, thus confirming that
the electrodes prepared display high stability even when subject to the mechanical stresses

associated with evolution of hydrogen bubbles in the HER region (Figure 4.6b). Stability
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tests were also conducted for longer times (4 h) at constant potential always displaying a

solid and stable response in current density over the time (Appendix I, Figure A.6).
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Figure 4.6 (a) Schematic representation of H-cell setup. (b) Chronoamperometry recorded in 0.1 M H,SO4
+ 30 mM BZH at -0.8 V vs RHE (red line), and 0.1 M Na;SO4+ 30 mM BZH at -1.0 V vs RHE (blue line).
Carbon balance for 1,10, and 30 mM BZH in (c) 0.1 M H,SOj4 and (d)0.1 M Na,SO4

Two products were identified from the chromatogram at ton: BA and HBZ, thus
confirming that hydrogenation of the organic substrate takes place at the peak potential
(Appendix I, Figure A.7). For all the experimental conditions the carbon balance was
ca.90% (Figure 4.6¢ and 4.6d), suggesting only a small mass loss likely resulting from
diffusion of the organic through the membrane in the half-cell and/or partitioning into the
headspace. Figure 4.7a and 4.7b shows the total FEgcnh associated with BZH reductions
obtained as a function of BZH concentration in H2SO4 and Na>SOg, respectively. FEecn
values increased linearly with rising BZH concentrations, reaching 70.1 % at 30.0 mM
BZH in H2SO4, but only 23.5% at the same BZH concentration in Na>SO4; higher
concentrations were not tested to remain well below the solubility limit of the reactant
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(65 mM).'8 It is important to note that although a cathodic peak can be observed at bare
CC electrodes (Figure 4.5a), the hydrogenation performance summarised in Figure 4.7a
can be largely attributed to the presence of Fe@C:N; in fact, a control experiment in acid
conditions (Appendix I, Figure A.8) shows that the bare support yields less than half of
the FEgcH at Fe@C:N.
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Figure 4.7 Total faradaic efficiency (FE) given by the sum of BA and HBZ contributions in 0.1 M H»SO4
at -0.8 V applied potential (a) and 0.1 M NaSO; at -1.0 V applied potential (b), for 1.0,10.0 and 30.0 mM
BZH. Contributions of benzyl alcohol (BA) and hydrobenzoin (HBZ) to the total FE in 0.1 M H»SOj4 (c)
and 0.1 M Na,SOj4 (d). Figure adapted from Pota et al. reference 36.

Further, in H2SO4 supporting electrolyte the faradaic selectivity towards BA is highest at
the lowest BZH concentrations, whereas the dimer becomes the preferred product at the
highest concentration investigated (Figure 4.7¢). This suggests that when the BZH
concentration increases from 1 to 30 mM the cathodic process results in increased ketyl
radical concentrations leading to higher probability of dimerization via pinacolic
coupling.’” On the other hand, at 1 mM the ketyl radicals should have a higher probability

of reacting with protons or Hags species at the electrode surface thus enhancing the
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selectivity towards BA. Conversely, in NaxSO4 supporting electrolyte, BA is the preferred
product for all tested BZH concentrations (Figure 4.7d). Indeed, the availability of Hags
on the surface strictly depended by the pH conditions and potential applied. In Na;SOs4,
despite the higher pH, the potential applied is also more cathodic, allowing a lower

probability of dimerization even at higher BZH concentration.

Based on these results and taking into account that acidic electrolytes are suggested to
favour ECH processes by generating high proton concentrations,*® Na;SO4 was excluded
from further quantitative analysis due to its lower efficiency, focusing on H>SOj4 as the

only supporting electrolyte.

4.3.3 Quantitative analysis in H2SO4 supporting electrolyte

Yield values were calculated for H>SO4 supporting electrolyte and showed in Figure 4.8a.
The total yield for the hydrogenation (Yieldech) decreases from 16.3 % to 7.2 % when
the BZH concentration is increased from 1 to 30 mM. Additionally, the BA yield
contribution result to be higher at lower BZH concentration showing a linear decline as
BZH concentration increased, favouring the production of HBZ (Figure 4.8b). This trend

aligns with previous observations for faradaic selectivity.
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Figure 4.8 (a) Total ECH Yield given by the sum of BA and HBZ contributions and (b) BA and HBZ Yield
for 1,10,30 mM in 0.1 M H,SOs. Figure adapted from Pota et al. reference 36.

Figure 4.9a shows the BZH conversion as a function of its concentration displaying a

decrease from 33.6% to 24.3% as the concentration increases. These results were
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compared to estimates for a diffusion-controlled reaction using a smooth 1 cm? electrode
with comparable cell and electrode geometry to those used experimentally. Figure 4.9b
and 4.9c¢ provides the details of the model implemented to simulate diffusive mass

transport through Finite Element Analysis (FEA) by COMSOL Multiphysics version 5.4.

d b C

BZH conc. (mM)
10

Conversion (%)
3 n
8
|

T T
1mM BZH 10 mM BZH 30 mM BZH

Experimental time

N

I
! 18
99 1 !
! F16 —
! ¢
D 5 ., E
93—14%|\ " <
oy I L £
< o7+ 1 12 ey
<] 1 =
E ) 1 §
E 964 ! 08 B
o] 1 5
1 =
95 - \ Fo6 g
10.3mAem® |4 ©
04 X s
1
93 } 0
0 1 2 3
Time (h)

Figure 4.9 (a) Conversion of BZH as function of its concentration. (b) Geometry of the cell simulated from
different plane view perspectives with key geometric parameters identified. (c) Cell cross-sections profile
showing BZH concentration on the cell after 2 h reaction considering only diffusive mass transport. (d) On
the left axis, evolution of the percentage of BZH moles remaining (from 30 mM BZH initial concentration)
in the cell vs reaction time. On the right axis, evolution of current density vs reaction time. Figure adapted
from Pota et al. reference 36.

The model takes into account the diffusion coefficient of BZH, the specific geometry of
the cell used and ensures the same volume of electrolyte as for experimental
determinations (32 mL). A comprehensive description of the boundary conditions and
parameters is provided in Table A.1 and A.2. The maximum conversion achievable solely
through diffusive processes over a 2 h period was determined to be 1.86 % (Figure 4.9d).
Considering that mass losses typically observed at open circuit are only ca.7.4%
(Appendix I, Figure A.9), then the ca.24% conversion measured at 30 mM BZH (Figure

4.9a) is much higher than values expected based on a diffusion-controlled reaction alone.

131



CHAPTER 4

Thus, reduction rates are facilitated by convection due to the generation of H> bubbles, as

previously reported.®

0
" - ‘1b
o~ o
e 4 £
(3} o 24 +
2 T H
E ELY
= =
@ -10 - 2 -6
@ [
fa] o
£ £ 8- (’ .
& -15 - o
=3 S -104
(&) [&]
-20 : . : . . . -12 : . :
12 -1 -08 -06 -04 -02 0 02 0 2000 4000 6000 8000
E (V) vs RHE Time (s)
100
N 30
150
o] C . . 2 da 1
> | ‘ o L25
~ 5 [ . <
R 60 5 100 r20 =
e F
I.EU) 0 w 15 %
- T8
g A + © e
[ g 501 N L10
204 S
! g 2t
o T
U v T T v T T T N T T T T 0 T T T |_\|)—| D
-11 -1 -09 -08 -0.7 -06 -05 -04 -03 -02 -0.1 -1 -08 -05 -0.26
E (V) vs RHE E (V) vs RHE
100
e [Jea[JHBZ NCER i
80 »
. e -
=2 60 T £ 100 A
b | | 3
g 5 .
ur 40 - &
A ' ¢ 2 %
20 T B
7 : =
n T T U : T L 6: 0 T T T T
E 08 05 026 -1 -08 -05 -0.26
E (V) vs RHE E (V) vs RHE

Figure 4.10 (a) CV collected for Fe@C:N on CC-MPL in 0.1 M H,SO4/ 30 mM BZH at 10 mV/s. (b)
Chronoamperometries collected for each potential for 2 h. Total ECH FE% (c) and total product rate with
TOF-spui values (d) for -0.26, -0.5, -0.8, -1 V vs RHE. Contribution of BA and HBZ to ECH FE% (e) and
to product rate (f) for each potential. Figure adapted from Pota et al. reference 36.

To better understand the interplay among product selectivity, FE and potential, a more
detailed investigation of hydrogenation performance indicators was carried out using the
electrolyte composition that yielded the highest FE performance in H2SO4, i..30 mM
BZH. Figure 4.10a shows the uncompensated CV of a Fe@C:N/CC electrode in the
above electrolyte, obtained in the H-cell, with potentials marked at -0.26, -0.50, -0.80 and
-1.00 V to indicate values chosen for further chronoamperometry experiments. The

corresponding chronoamperograms are shown in Figure 4.10b; all plots display nearly
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constant currents, which is diagnostic of a highly stable electrode performance over the

entire duration of the experiments.

Figure 4.10c shows the change in total FE of the organic hydrogenations as a function of
potential. First, it is interesting to note that there is detectable organic hydrogenation
activity at potentials as high as -0.26 V vs RHE. A control experiment run under identical
conditions but at open circuit confirmed that the products observed are indeed the result
of an electrochemical hydrogenation process (Appendix I, Figure A.9). As the potential
is lowered, the FE first increases and then decreases significantly at -1.00 V; in contrast,
the rate of production (Product rategre) and effective turn over frequency (TOFetpuik) both
normalised by bulk metal content remain approximately constant, as shown in Figure
4.10d (see also summary of equations in Appendix I). These results are consistent with
improvements in hydrogenation efficiency at -0.50 and -0.80 V, and the drop at -1.00 V
being attributable to competition from increased rates of HER.*’ Therefore, for potentials
below -0.80 V, any further increases in cathodic current are almost exclusively due to
increased rates of HER rather than to enhanced rates of organic hydrogenation. Finally, a
control experiment using a bare CC in 30 mM BZH/0.1 M H>SO4 (Appendix I, Figure
A.10) further confirms that the FE at -0.50 V results from an improvement of more than
a factor of two in the intrinsic efficiency of Fe@C:N surfaces towards ECH relative to

that of a graphitic carbon support.

The trends in FE vs potential for the two products, BA and HBZ, are particularly
interesting and are shown in Figure 4.10e. It is clear that under experimental conditions,
BA is the preferred product at more anodic potentials whereas HBZ is instead favoured
at the more cathodic potentials. This is also evident by examining the rates of production
for the two compounds, shown in Figure 4.10f; the corresponding TOFcfpuic values are
reported in Appendix I (Table A.3). Notably, at -0.56 V the selectivity towards BA is very
high, while also achieving a close to maximum average rate of production of
hydrogenated organics and high total FE. This suggests that it is possible to tailor the
electrolysis conditions to achieve electrochemical hydrogenations with high selectivity

and high efficiency.

Optimal conditions are likely to be found at intermediate potentials that are sufficiently

1

cathodic to result in Hags coverage,>*! but also sufficiently anodic to inhibit

uncontrolled/too fast reduction rates of BZH to a-hydroxybenzyl radicals and,
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consequently, fast dimerization. In fact, greater selectivity for BA in Figure 4.10 is
achieved at the lowest overpotentials relative to the thermodynamic value for the
conversion of BZH to BA (E° = 0.14 - 0.19 V).*** A similar mechanism for increased
selectivity towards dimerization at base metals was proposed by Andrews et al.** based
on product trends in continuous flow cell experiments. Results presented in this chapter
therefore suggests that using metal-encapsulated Fe@C:N heterostructured materials it is
possible to achieve hydrogenation via an electrocatalytic mechanism, as opposed to a
direct electronation-protonation pathway. This can take place over a selected potential
range that enables fast rates of hydrogenation via surface-activated proton transfer. It is
important to note that the specific influence of nitrides and carbides on the ECH
performances cannot be easily discriminated/resolved and fundamental studies on pure

carbides and nitrides would be desirable in order to clarify this aspect.

Prior work on the reduction of BZH indicates that achieving high FE values while
controlling selectivity for BA and/or HBZ remains a challenge in the literature,
particularly when balanced against the choice of metal in terms of their cost and
abundance.®!6:1744-4¢ Electrode materials with high HER activity, such as Pt/C, catalyse
hydrogenation selectively to BA at low overpotentials; however, as the potential is shifted
to more cathodic values, competition from the HER lowers the FE of hydrogenations. '’
This is similar to observed trends in Figure 4.10e, further supporting the idea that BA
production at Fe@C:N surfaces and low overpotentials takes place via Hags transfers. It is
interesting to note that FE values for Fe@C:N at -0.26 V are only slightly inferior to those
for Rh/C and Pt/C in pH 5 batch cells at similar potentials (vs. RHE) reported by Song et
al., while the performance appears comparable or better at -0.50 V.!” TOFe¢pui values at
Fe@C:N are approximately two orders of magnitude lower than those reported for Rh/C
and Pt/C in the same work, as expected from the much higher HER activity at these Pt-
group metals compared to Fe.*” However, using a continuous flow cell configuration with

carbon felt electrodes, Lopez-Ruiz et al.*®

reported TOFgcH values at pH 2 and 5 mA cm’
2 using Pd/C, one of the best metal electrodes for ECH of BZH, that are only ~12 times
larger than those observed with Fe@C:N/CC at similar current density. Anibal et al.!! also
investigated BZH reduction studies on metal foils in pH 4.6 electrolyte at -0.5 V vs RHE;
interestingly, rates of production at -0.56 V with Fe@C:N found experimentally are
intermediate between those reported in the study for Pd and Pt, and are similar to those

measured at Au foils. Given the well-known difference in cost and criticality between Fe
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and Pt-group metals, the performances observed at Fe@C:N appear promising to further
develop novel Fe-based composite electrocatalysts with selectivity towards the alcohol.
ECH of BZH using base metal electrodes has been previously investigated and the
performance of Fe@C:N compares very well to those of e.g. Ni!” and Cu!! in terms of
TOF values and production rates in aqueous electrolytes. The use of iron electrodes for
the reduction of other aldehydes have been previous reported by several studies, showing
a lower selectivity towards the simple alcohol product.*? For instance, in acid
electrolyte the ECH of furfural using iron electrodes has been shown to lead almost
exclusively to the pinacolic dimer’! or to the highly hydrogenated methylfuran product.*?
Hydrogenation of glucose to sorbitol is somewhat of an exception, as it was observed to
take place with high selectivity using Fe at neutral pH, but no hydrogenated products were
detected in sulfuric acid solutions, as the hydrogenation was proposed to require a local
alkaline pH to proceed.’® Mixed product streams with different degree of hydrogenation

were detected at Fe electrodes using HMF as a substrate in acid electrolyte.*’

The results presented in this chapter demonstrate strong selectivity for BA at intermediate
potentials, with no evidence of aromatic ring hydrogenation or hydrogenolysis to toluene.
The BA-selectivity is likely due to a combination of higher stability of phenyl vs. furanyl
rings and differences in the organic-surface adsorption strengths. Although this argument
is consistent with descriptors and reactivity trends observed in the literature,**>* further
studies aimed at modulating the partitioning of BZH onto the surface are needed to
support this hypothesis. An interesting aspect of the M@C:N electrocatalyst architecture
is the wide range of metal cores that can be used as catalytic centre, and also the rich
library of surface functionalization strategies applicable to carbon nanomaterials
available to fine tune the binding strengths of substrate and intermediates®*>®. In the
following chapters, these architectures will be tested with different metal centres to assess

their impact on ECH performance and compare the results with similar electrocatalysts.

4.4 Conclusion

In this chapter, a protocol for fabricating stable Fe@C:N material on a large surface area
conductive substrate was developed. The GC support was set aside due to ink instability,
and CC was chosen as the definitive substrate for quantitative studies of Fe@C:N as

electrocatalyst for benzaldehyde hydrogenation. LSV and CV measurements performed
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on the prepared material showed results consistent with those obtained using the GC disk
in Chapter 3, with cathodic peaks observed at ca. -0.8 V and -1.1 V for H2SO4 and
NaxSOs, respectively. These peaks were attributed to benzaldehyde reduction, as
confirmed by chronoamperometry carried out in a customised H-cell for 2 h at constant
potential. Gas chromatography analysis identified two possible products: BA and HBZ.
Faradaic efficiency evaluation for both pH conditions revealed superior performance in
H,SOs4, consistent with literature reports,®® while Na,SO4 was excluded from further

quantitative analysis.

A more detailed investigation of hydrogenation performance indicators was conducted at
various potentials in H>SOj4. Results showed that the applied potential can influence the
contribution to the total FE for hydrogenations of the two products, thus indicating that
electrolysis conditions can be tailored to achieve both high product selectivity and high
efficiency. Optimal conditions were identified at intermediate potentials that enable
control over the competition between ECH and HER, with BA and HBZ being the
preferred products at low and high overpotentials, respectively. Estimates of TOFefsbuik
and production rates compare extremely well to those reported using base metal
electrodes such Ni and Cu for the ECH of BZH in aqueous electrolytes.!"!® Notably,
TOFetrpuk values for Fe@C:N were only an order of magnitude smaller than those
observed for a carbon supported precious metal electrocatalysts such as Pd/C (pH 2) in
previous reports.'® Given that this experiments are not carried out under conditions that
necessarily maximise mass transport, the calculated TOFespuk values for Fe@C: N are

likely to represent a lower boundary value.

The results presented in this chapter are the first report of an Fe-based N-doped
electrocatalyst for the ECH of benzaldehyde. No comparable or superior performances
using iron-carbon composites have been reported to date. Given the potential for
implementing these architectures with various functionalisations, these findings could
pave the way for the development of improved M@C:N architectures for the
hydrogenation of organic compounds. This approach utilises low-cost and abundant
metals not yet explored in this configuration and expands the scope of catalysts for a

range of organic substrates.
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CHAPTER S

Effect of metal concentration in M@C:N
architectures: investigating structural and
electrochemical differences

M@C:N architectures using Fe as metal core have shown promising results in the
electrocatalytic hydrogenation of BZH. However, other low-cost metal cores have yet to
be explored for similar applications. In this Chapter, W and Mo are investigated as active
sites for the preparation of M@C:N, with the methodology developed in previous
chapters being adapted for their synthesis. The structural properties and electrochemical
behaviour of both Mo- and W-based materials are evaluated, revealing the significant

impact of metal concentration on performances and composition.
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CHAPTER 5
5.1 Introduction

The advantages of utilising low-cost metal cores in M@C:N architectures were discussed
in Chapter 1. In particular, the use of Fe as an active site was extensively explored in
Chapters 3 and 4, yielding encouraging results in terms of performance and material
stability. This has prompted a review of catalyst preparation methods using alternative
low-cost metal cores. Indeed, as highlighted in Chapter 1, transition metals such as Mo
and its carbide, Mo,C, have demonstrated promising HER activity in both acidic and
neutral media.!” Similarly, W>C has also been reported as an effective HER
electrocatalyst in acidic media, albeit with slightly lower performance compared to Mo.>
Notably, encapsulating Mo or W within an M@C:N structure has shown enhanced HER
performance,>* however no report on their use as electrocatalyst for benzaldehyde
hydrogenation are reported to date. HER activity is a key requirement in the design of
new ECH electrocatalysts, while simultaneously striving to balance the competition
between these two electrochemical processes. To develop an optimised procedure for
preparing such electrocatalysts, it is essential to understand how metal concentration
affects ECH performance and HER competition. Specifically, for a given metal, it is

crucial to determine the impact of concentration variations on hydrogenation processes.

In this chapter, Mo and W were selected as metal cores for the preparation of M@C:N
architectures with varying metal concentrations. For each metal, two materials were
synthesised with lower —(L) and higher —(H) atomic %-content of active sites, allowing
for an internal comparison of how changes in the concentration of the same metal affect
electrochemical performance, composition and nanostructure. The use of ammonium salt
precursors also resulted in different dispersibility of the final catalyst powders, which
were assessed to develop a new ink preparation recipe. The results and discussion section
of this Chapter is divided into subsections for Mo- and W-based electrocatalysts. These
sections evaluate the impact of varying metal concentrations on both the composition
(surface and bulk) and structure, and how these affect the ECH performance for each
metal core. The results presented in this chapter demonstrated that differences in metal
concentration significantly influence the structural properties and electrochemical

behaviour of both Mo- and W-based materials.
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5.2 Experimental section

Materials. Nafion® 117 solution (5%), resorcinol (99%), Pluronic F-127, melamine
(99%), hydrochloric acid (37%), sulfuric acid (95-98%), nitric acid (> 65%),
formaldehyde solution (37 wt%), hydrogen peroxide (30%), sodium sulfate (> 99%);
benzaldehyde (BZH, > 99%); hydrobenzoin (HBZ,99%); acetophenone (> 99%); ethyl
acetate (>99%); ammonium heptamolybdate tetrahydrate ((NH4)sM07024 . 4 H20,99%)
were all purchased from Sigma Aldrich and used as received. Methanol (>99%), benzyl
alcohol (BA, >99%) and ammonium metatungstate hydrate ((NH4)sW 12039 . H20,99%)
were purchased from Fisher and used as received. Black Pearls 2000® (BP, > 1400 m?/g)

were purchased from Cabot.

Catalyst synthesis. BP were purified as mentioned in Chapter 3. Porous carbon-based
catalysts were synthesised by first dissolving resorcinol (0.83 g), Pluronic F-127 (1.25 g),
and melamine (0.42 g) in 20 mL of'a 1:1 water:methanol solution and stirring for 15 min.
Ammonium heptamolybdate tetrahydrate (NHs)sM07024 « 4H>O, or ammonium
metatungstate hydrate (NH4)6W12039 « H2O, were then added as metal precursors in
amounts summarised in Table 5.1, followed by the addition of concentrated HCl (0.2 g)
and stirring for 1 h. Formaldehyde (1.25 g) was introduced dropwise, resulting in a
homogeneous slurry after vigorous stirring for another hour. Purified BP (0.75 g) was
added to the mixture and stirred for an additional 15 min. The mixture was heated in a
Teflon-lined autoclave at 50 °C for 2 days, then the vessel was opened and the solid was
thoroughly dried at the same temperature. The sample was ground in a mortar, inserted in
a tube furnace at 250 °C under N, flow and, finally, annealed at 800 °C for 2 h in a N>:NH3

flow (1:1 vol.,200 sccm total) following the procedure reported previously.

Electrochemical characterisation. Ink dispersions contained catalyst (0.0100 g +
0.0003), 270 pL of deionised water, 160 puL of methanol (MeOH) and 53 pL of Nafion
solution. Each addition was followed by 10 min of sonication in a cooling bath; the
resulting dispersion was drop-cast on carbon working electrodes for further analysis. GC
disks (@ 5 mm, HTW GmbH) were used as working electrodes for CV experiments. GC
disks were polished as described in Chapter 3 and modified with the ink dispersion (10
pL), then dried under inert gas, resulting in a loading of 1.06 mg cm™. Flags of CC (1
cm’? geometric area, FuelCellStore) with microporous layer were used as current

collectors for electrolysis experiments. The CC was used as received after covering the
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back side with insulating polyimide tape.52 pL of the ink were drop-cast in two equal
aliquots following the same preparation procedure used for Fe@C:N, yielding a loading

of 1.07 mg cm?

across all samples. Voltammetry and chronoamperometry experiments
were carried out as described in previous Chapters, utilising the same three-electrode

configuration.

5.3 Results and discussion

Carbon-based materials were prepared using the optimised procedure described in
Chapter 3 for Fe@C:N. Briefly, materials were synthesised via polycondensation of
resorcinol and formaldehyde with the addition of BP carbon black as a conductive
scaffold, Pluronic F-127 as a soft template and melamine as a nitrogen source. Annealing
at 800 °C under No/NH4 atmosphere resulted in graphitisation of the prepared samples.
Mo and W metal precursors were integrated into the established protocol and varied their
amount to prepare two distinct electrode materials per metal. Table 5.1 shows the
precursor quantities used for the synthesis of each sample, as well as the metal content
obtained after the final graphitisation step, by weight and by atomic percent. The bulk
composition of Mo-based materials was investigated via ICP-OES, while for W-based
electrodes ED-XRF analysis was performed. The atomic-% content in the bulk was
calculated assuming carbon and metal to be the main components. Mo-based materials
are referred to as Mo@C:N and Mo@C:N-(L), with the latter having a lower metal
concentration. W-based electrocatalysts are labelled as W@C:N and W@C:N-(H), with

the latter having a higher metal concentration.

Table 5.1 Summary of samples, details of the metal precursors used, metal content after the final
graphitisation step by weight-% and by atomic-%, and BET specific surface area.

Material Pr':(lzitri!or p::;::ij Irsrgi3 t(zl) wt. (%) at. (%) (EE/;)

Mo@C:N (NH4)sM07024 « 4H,0 1.78 10.8% 1.51 229
Mo@C:N-(L)  (NH4)sM07Oz. 4H;0 0.36 3.59° 0.46 509

W@C:N (NH4)sW12039 « H,0 0.61 17.7° 1.41 450
W@C:N-(H) (NH2)sW12030 « H20 2.5 29.3° 2.71 198
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a — Data obtained by ICP-OES on the graphitised material. 5 — Data obtained by ED-XRF on the graphitised material.

5.3.1 Mo-based electrode materials

The bulk structure of Mo-based materials was first investigated via XRD; Figure S.1a
reports patterns collected for Mo@C:N and Mo@C:N-(L). The Mo@C:N pattern
indicates the presence of crystalline phases consisting of mostly Mo>C, with contributions
from MoO> oxide. Peaks at 34.4°37.8°,39.3°,51.9°,61.5°,69.3°,74.4°,75.6°, match well
those Mo2C reference (PDF#35-0787) and are assigned to reflections (100), (002), (101),
(102), (110), (103), (112) and (201), respectively. The broad peak at 25.3° is assigned to
(002) reflection of graphitic carbon while the small broad peak at 36.9° indicates the

presence of MoO: (PDF#65-5787).°
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Figure 5.1 (a) XRD patterns, (b) nitrogen adsorption-desorption isotherm, (c) pore size distribution, and
(d) TGA curves, collected for Mo@C:N and Mo@C:N-(L).
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The XRD pattern of Mo@C:N-(L), synthesised with a lower metal content, shows only
peaks associated with the graphitised carbon phase at 25.3° and 43.2°, indexed as (002)
and (101) reflections,’ thus suggesting that Mo-containing phases are either below the
detection limit or highly amorphous when the metal is introduced at these lower
concentrations. Both samples were found to be porous as expected based on previous
results using related protocols for M@C incorporation.” Materials display similar
hysteresis loops characteristic of type IV isotherms associated with capillary
condensation, and type H4 loops reported for narrow slit-like micro-/mesopores (Figure
5.1b).3? The BET specific surface values calculated from the isotherms are summarised
in Table 5.1. Mo@C:N display a lower specific surface area compared to Mo@C:N-(L)
due to the higher metal incorporation. The differences in hysteresis profiles reveal
significant differences in pore structure among the materials. This is confirmed by
comparison of PSDs in Figure 5.1¢, where the capability of Mo centres to catalyse pore
opening is evident at lower concentrations, as the PSD for Mo@C:N-(L) shows already
a significant shift in the maximum contribution from ca.3.5 nm to 5 nm. This suggests
that the progressive introduction of metals has a marked effect on the pore distribution,
particularly in the range 3.5 — 4.5 nm, as these tend to be suppressed in favour of the
formation of larger pores. Figure 5.1d shows the TGA curves collected in air for
Mo@C:N and Mo@C:N-(L). The TGA of Mo@C:N yields multiple processes: the first
one at ca.360 °C is marked by a small 0.7% mass increase that suggests formation of
MoOx species, as previously reported in the case of Mo>C materials,!®!! followed by a
mass loss attributable to combustion of carbon. The high temperature mass losses starting
at ca.700 °C are likely due to oxidation combined with sublimation of MoO3, which is
known to take place above 700 °C.'>!3 Indeed, the solid residue of 10.5% at 900 °C would
account for an estimated Mo-content of only 7%, assuming a residual consisting of MoOs.
This value is lower than the Mo-content in Table 5.1 obtained from ICP-OES, as expected
after partial sublimation during the temperature ramp. The TGA curve for Mo@C:N-(L)
displays a first combustion starting at ca.320°C without any discernible mass increase
resulting from MoOx formation, likely due to lower metal incorporation compared to
Mo@C:N. As for Mo@C:N, the process starting at ca.700 °C is assigned to sublimation
of MoO3 species with possible combustion of any residual highly graphitised carbon. The
final residual of MoO; was found to be 3.04 wt%, that corresponds to ca.2 wt.% of Mo,
which is again lower than the Mo-content in Table 5.1, obtained via ICP-MS.
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Figure 5.2 show survey spectra of Mo-containing materials; peaks associated with Mo
4p (41 eV), Mo 3d (231 eV), Mo 3p12 (398 eV), Mo 3s (511 eV), C 1s (284 eV), N 1s
(414 eV), O 1s (531 eV) ionisations are clearly identified. The In foil support contributes
additional peaks at 18.4 ¢V,444.5 and 452.7 e¢V,667.4 and 704.6 eV, corresponding to In
In 4d, In 3d and In 3p emissions.'* The O-content of Mo@C:N materials was therefore
obtained by subtracting the oxide contribution from the indium foil (In2O3) from the total

area of the O 1s peak.
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Figure 5.2 Survey XPS spectra of Mo-based electrocatalysts. Pecks associated to Mo are highlighted in
yellow, while all other contributions are marked in grey.

As showed in Figure 5.3a-b, the C 1s peak was deconvoluted using six components
attributed to sp? (284.2 eV) and sp> (285.3 eV) carbon, C-O (286.6 eV) and C=0 (288.0
eV) groups, m-n* excitations (289.0 eV) and COOH groups (290.0 eV).!>!8 For both
materials, the sp” peak constitutes the largest contribution to the total intensity, as shown
in Table 5.2. Csp?/Ciot ratio indicate that Mo@C:N undergo higher graphitisation during
the annealing step compare to Mo@C:N-(L). N 1s spectra are shown in Figure 5.3c-d.
Best-fits were obtained using three components attributed to graphitic-N, pyrrolic-N and
pyridinic-N; Table 5.2 report the binding energies and %-contributions to the total
nitrogen content for each component.'®!” Notably, the peak associated with pyrrolic-N
could not be resolved for Mo@C:N-(L), likely due to the strong contribution of pyridinic-
N (Figure 5.3d). Indeed, for both Mo@C:N and Mo@C:N-(L) pyridinic-N accounts for
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the majority component. An additional well-resolved peak at ca.394.6 eV is also observed

and is assigned to Mo 3ps, ionizations.!%-20-2!
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Figure 5.3 XPS high resolution spectra of C 1s (a), N 1s (c¢) and Mo 3d (e) for Mo@C:N; and of C Is (b),
N 1s (d) and Mo 3d (f) for Mo@C:N-(L).

The Mo 3d spectrum of Mo@C:N, Figure 5.3e-f, was deconvoluted using three doublets
with an energy splitting of ca.3 eV, assigned to Mo?* (228 V), Mo** (230 eV), and Mo®"
(232 eV) species. Mo?" components indicate the presence of molybdenum carbides in the
form of Mo,C and/or MoC, whereas Mo*" and Mo®" arise from oxide species due to
surface oxidation in air, as previously reported for Mo carbides.!%??2?* Table 5.2 report

%-contributions to the total metal content for each component. Peak area ratios, Table
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5.2, indicate that the majority of surface Mo centers (>80%) are indeed oxidised after air

exposure, in contrast with the predominance of carbide phases in the bulk evidenced by

XRD studies.

Table 5.2 Summary of atomic elemental compositions and selected best-fit results, along with nitrogen
content and Mo %-contents calculated from best-fits of high resolution XPS spectra of Mo-based materials.

e MC/  M-O/
C (0K N Mo Csp*/Crot M/C
Material (at.%) (at.%) @t%)  (@L%) (at.%) Mot Mot
at. at. at. at. % at.
° ° ° ° %) 7 @t%)  (at.%)

Mo@C:N 68.9 13.6 13.5 4.30 63.4 5.7 16.3 83.7
Mo@C:N-(L) 86.4 6.01 6.04 1.49 56.6 1.7 3.9 96.0
Pyri-N¢  Pyrr-N¢  Gra-N¢ Mo* Mo* Mo®
(%) (%) (%) (%) (%) (%)
397.6eV  3988¢V 4006V
Mo@C:N 61 24 1 16.3 8.5 75.2
397.9 eV 400.7 eV
Mo@EN-L) g A 22 3.9 16 944

a — atomic-% content calculated from the contribution to the O 1s area that does not arise from InZO3
b — Calculated as area ratio of the best-fit component 284.4 eV over the total C 1s peak
¢ — Pyri-N = Pyridinic-N, Pyrr-N = Pyrrolic-N, Gra-N= Graphitic-N.

The morphology of the materials was investigated via electron microscopies. Figure
5.4a-b shows an SEM image of Mo@C:N and Mo@C:N-(L), respectively. Materials
consist of nanostructured particles with rough and irregular surfaces; Mo is uniformly
distributed in the carbon matrix as shown in the SEM-EDX mapping at C, O and Mo
energies. HR-TEM, performed on Mo@C:N showed in Figure 5.4¢-d, indicates that the
sample consists of opaque nanoparticles (~5 nm diameter), embedded within a graphitised
carbon matrix: nanoparticles exhibit lattice d-spacing of 0.138 nm, in Figure 5.4e, closely

matching (103) reflections of Mo2C at 0.135 nm (PDF#35- 0787).
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Figure 5.4 SEM images for (a) Mo@C:N and (b) Mo@C:N-(L) with SEM-EDX mapping in the C, O, Mo
spectral regions. HR-TEM (c-d) of Mo@C:N and (e) HR-TEM for Mo@C:N with measured d-spacings
(white arrow).

Electrochemical analysis was conducted using an ink dispersion, which was prepared and
drop casted onto a polished GC disk. The procedure for ink preparation was consistent
with the method used for Fe@C:N, as described in Chapter 3. However, the results were
less satisfactory due to the lower dispersibility of the catalyst powders compared to Fe-
based materials. Consequently, the drop-casting approach was unsuccessful, as the ink
dispersion exhibited an uneven distribution and poor adhesion to the carbon support
(Figure 5.5a). To improve dispersion, various tests were conducted, highlighting the
importance of the water to organic solvent ratio. Prepared Mo-based samples showed
better dispersion in water compared to organic solvents. Unlike the Fe@C:N ink

dispersion, which used 59% IPA as the main solvent, the Mo-based ink dispersion
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primarily utilised water, constituting 56% of the mixture. Furthermore, replacing IPA with
methanol and incorporating ice-bath sonication during the preparation significantly
enhanced the ink's stability and ensured a more uniform distribution on the glassy carbon
disk. The finalised ink dispersion protocol was established as follows: 270 uL of
Millipore water, 160 pL of methanol, and 53 pL of Nafion. Each addition was followed
by 10 min in ice bath sonicator. An example of ink dispersion and drop cast electrode

prepared following this procedure is presented in Figure 5.5b.

a

Millipore water (30%)

IPA (59%) —

Nafion (11%)

b

Millipore water ( 6%

Methanol (33%) —_—
Nafion (11%)

Figure 5.5 (a) Recipe used for Fe@C:N applied to Mo-based catalyst powder, and (b) optimised recipe
developed for Mo-based materials.

The electrochemical response for the HER reaction was investigated via voltammetry
experiments, carried out in 0.1 M H2SO4 electrolyte after drop casting the ink dispersion
on polished GC disk with identical loadings by weight. Figure 5.6a shows LSV in the
cathodic region obtained for Mo@C:N and Mo@C:N-(L) at 2 mV s'. Mo@C:N show an
overpotential 1 = -0.17 V at 1.5 mA ¢cm™, while Mo@C:N-(L) displays a lower HER
performances with n = -0.31 V at the same current density. Measurements conducted in
the same conditions for bare GC disk result in higher overpotential (n = - 1 V at 1 mA
cm™), as already discussed in Chapter 3.%!* Then the HER activity of the prepared
materials is strongly influenced by the incorporation of the metal and its concentration
within the carbon nanoscaffold. Specifically, Mo@C:N-(L), which contains a lower metal
concentration compared to Mo@C:N, also exhibits reduced HER activity. Furthermore,
the presence of a cathodic peak at -0.078 V, characteristic of proton-coupled reductions
of MoO; at low pH,**? is consistent with a significant concentration of Mo®" at the

electroactive surface of Mo@C:N and with evidence from XPS characterisation. Mo>C is
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reported to be activated under cathodic polarisation,?* while MoO2/MoOj3 are sluggish in
the HER;?* therefore the observed activity of Mo@C:N in acid electrolytes is likely to be
dominated by Mo?* centres at the electrolyte interface. As a preliminary study of the ECH
response, electrochemical measurements were repeated in the presence of 30 mM of BZH
at2mV s’ (Figure 5.6b), and higher concentrations were not tested to remain well below
the solubility limit of the reactant (65 mM).?” Mo@C:N remains stable in the HER
response and does not show any cathodic peaks associated with the presence of the
organic, thus suggesting low ECH activity. Anyway, Mo@C:N shows a suppression of
the peak at -0.078 V, and this could likely be due to adsorption of the BZH, blocking
surface sites involved in the electrochemical activity of molybdenum oxides. Mo@C:N-
(L) shows a similar behaviour to Mo@C:N with suppression of cathodic peaks attributed
to MoOx species at -0.078 V, and absence of diagnostic peaks associated with the organic

compound.

a b

0 0
* Mo@C:N
Mo@C:N-(L)
& 1A &1
5 5
< <
§_2 i E.
% / g
c Fl c
(] :' @
S = S -
c $ c
o H o
5 ._r' 5
o, o,
-5 . e . T =5 T = T T
-0.4 -0.2 0 -0.6 -0.4 -02 0
E (V vs RHE) E (V vs RHE)

Figure 5.6 LSVs collected for Mo-based materials ink dispersion drop-casted on polished GC disk in (a)
0.1 M H,SO4 and (b)0.1 M HSO4 + 30 mM BZH at 2 mV s™'.

The catalyst ink dispersion was drop-cast onto 1 cm? CC supports using the procedure
introduced in Chapter 4 and was tested in 0.1 M H>SO4 / 30 mM BZH in the H-cell
discussed in the same Chapter. Mo@C:N does not show any diagnostic peak associated
with BZH, in good agreement with results obtained at drop-cast disk electrodes, while

Mo@C:N-(L) displays a cathodic peak at ca. -0.8 V similarly to Fe@C:N (Figure 5.7).
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Figure 5.7 LSVs collected for Mo-based materials ink dispersion drop-casted on CC in 0.1 M H,SO4 + 30
mM BZH at 10 mV s,

Electrolysis experiments were performed for 2 h at three selected potentials: -0.56 V, -0.8
V, and -1.1 V vs RHE, for both samples, to investigate and compare the influence of
applied potential and metal concentration on BZH hydrogenation. Gas chromatography
was used for diagnostic analysis, and FE was calculated to determine the optimal
conditions. At the anodic potential of -0.56 V vs RHE, Mo@C:N-(L) exhibited a FE of
ca.30%, with BA as the major product. In contrast, Mo@C:N showed negligible
efficiency at this potential (Figure 5.8a-b). A similar trend was observed at the
intermediate potential of -0.8 V vs RHE, Figure 5.8c-d, where Mo@C:N remained
inactive, whereas Mo@C:N-(L) displayed a FE comparable to that at -0.56 V. At the more
cathodic potential of -1.1 V vs RHE, both materials demonstrated activity toward
benzaldehyde ECH, with FEs of ca.20% and 60% for Mo@C:N and Mo@C:N-(L),
respectively (Figure 5.8e). Notably, Mo@C:N exhibited higher selectivity for BA, while
Mo@C:N-(L) showed a higher FE for HBZ (Figure 5.8f). This behaviour can be
attributed to differences in HER activity and the reaction pathways leading to the final
products. Specifically, Mo@C:N, with its higher HER competition, favours a direct
reduction pathway to BA as the preferred product. Conversely, Mo@C:N-(L), due to its
lower HER activity at this potential, generates a high concentration of radical

intermediates that readily dimerise to form HBZ.
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Figure 5.8 Faradaic efficiency of ECH for Mo@C:N and Mo@C:N-(L) at (a) -0.56 V, (c) -0.8 V, and (e) -
1.1 V vs. RHE, and Faradaic selectivity for BA and HBZ at (b) -0.56 V, (d) -0.8 V, and (f) -1.1 V vs. RHE.

It might be tempting to conclude from the FE results that metal centres inhibit ECH
catalytic activity and that a metal-free material would be preferable for ECH. However,
as discussed in Chapter 4, bare CC exhibits lower FE compared to Fe@C:N at equal
potential conditions, confirming that the metal centre in M@C:N architectures serves as
the active site (Appendix I, Figure A.10). Additionally, it is important to emphasise that
FE results reflect the strong competition from HER, which becomes particularly
significant at higher metal concentrations. Therefore, additional studies focusing on

accurately assessing the catalytic activity of the prepared materials, by incorporating other

performance parameters such as product rate and TOF, would be highly beneficial.
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5.3.2 W-based electrode materials

W-based electrode materials were characterised using methods similar to those employed
for Mo-based electrocatalysts. Bulk analysis was performed by XRD. Figure 5.9a shows
the pattern for W@C:N with peaks at 37.4°,43.6°,63.3°,76.1° and 80.1°, that match those
of the WN reference pattern (PDF#65-2898) and are assigned to reflections (111), (200),
(220), (311), and (222), respectively.?®?° The (002) reflection of graphitic carbon is also
detectable at 24.6°. At higher W concentrations, the XRD pattern of W@C:N-(H) yields
similar WN peaks and additional ones assigned to W>C (PDF#35-0776) at
34.5°,39.5°,61.6°,69.7° and 74.7° (Figure 5.9a). Therefore, the synthesis protocol results
in mixed nitride/carbide phases with carbide phases more evident at higher W
concentrations. Hysteresis loops obtained by BET analysis are similar with those reported

for Mo-based materials, characteristic of micro-/mesopore structures (Figure 5.9b).
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Figure 5.9 (a) XRD patterns, (b) nitrogen adsorption-desorption isotherm, (c) pore size distribution, and
(d) TGA curves, collected for W@C:N and W@C:N-(H).
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The higher W concentration in W@C:N-(H) it translated into decrease in BET area that
is more evident than those reported for Mo-based materials suggesting that effects on pore
development require higher metal concentrations when using W relative to Mo. Figure
5.9c illustrates the PDS for the W-based material. The results align with those observed
for the Mo-based electrocatalyst, highlighting a significant effect of high metal
concentration on pore distribution. Specifically, W@C:N-(H) predominantly exhibits
larger pores, whereas W(@C:N shows smaller pore dimensions. Figure 5.9d shows the
TGA curves for W@C:N and W@C:N-(H). W@C:N displays a mass loss at ca.493 °C
preceded by a 2.6% wt. increase due to the formation of WOy, in agreement with previous
reports.>® The final inorganic residual of 29.4 wt% was attributed to WO3 and corresponds
to 18.5 wt.% of W in the sample, in good agreement with results in Table 5.1 from ED-
XRF analysis. W@C:N-(H) leads to a first mass loss at ca.464 °C and a second at ca.534
°C, followed by a constant residual weight until 900 °C. Such behaviour is attributed to
the higher incorporation of metal in the structure compared to W@C:N, as confirmed by
the higher mass increase equal to 4.5 wt.% due to the formation of WOx species. The
residual assigned to WO3; was found to be 65.7 wt.%, corresponding to 41.4 wt.% of W
in the sample, i.e. a higher value than obtained from ED-XRF (see Table 5.1).
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Figure 5.10 Survey XPS spectra of W-based electrocatalysts. Pecks associated to W are highlighted in
yellow, while all other contributions are marked in grey.
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Surface analysis was performed by XPS. Figure 5.10 shows surveys of both W-based
materials with peaks for W 4f (33.4 eV), W 4d (244.4 eV,256.8 eV), and W 4p (426.7
eV), along with C, O, N, and In peaks previously mentioned for the Mo-based
electrocatalysts. C 1s spectra of W-based material was deconvoluted as done for Mo-
based materials. Also in this case the sp? peak constitutes the largest contribution to the
total intensity, with W@C:N-(H) that displays a lower degree of graphitisation (Figure
5.11a-b, Table 5.3). N 1s spectra are shown in Figure 5.11¢c-d. Peaks were deconvoluted
into three contributions: graphitic-, pyrrolic-, and pyridinic-N, with pyridinic-N
accounting for the majority as reported in Table 5.3. The W 4f spectrum, Figure 5.11e-f,
was deconvoluted into two doublets with energy splitting of ca.3 eV.!>*1-32 The 4f7,, peak
at low binding energy (32.2 eV) is assigned to W>C and/or WN;>*3° this is consistent with
XRD results indicating the presence of nitrides/carbides as the main species in the bulk.
The 4f7,> peak at high binding energy (35.2 eV) is instead assigned to oxidised tungsten
in the form of WQ3.3%%

Table 5.3 Summary of atomic elemental compositions and selected best-fit results, along with nitrogen
content and W %-contents calculated from best-fits of high resolution XPS spectra of W-based materials.

Csp?/ MNy or M-O/
C 0« N W Croc ? M/C
Material (at.%) (a£.%) @t%)  (@t%) tot (a£.%) WCx /Mtot Mtot
at. at. at. at. at.
’ ’ ’ ) ° @t%)  (at.%)
W@C:N 94.7 3.25 1.64 0.43 57.1 0.45 64.3 35.7
W@C:N-(H) 83.9 9.47 3.97 2.67 473 3.18 68.6 314
Pyri-N¢  Pyrr-N¢  Gra-N¢ w3+ wé*
(%) (%) (%) (%) (%)
397.6 eV 400.4 eV 401.6 eV
W@C:N 64.3 35.7
48 37 15
W@ C:N(H 397.6 eV 400.4 eV 401.8 eV
@C:N-(H) 63 27 10 68.6 31.3

a — atomic-% content calculated from the contribution to the O 1s area that does not arise from I O .
2 3

b — Calculated as area ratio of the best-fit component 284.4 eV over the total C 1s peak.

¢ — Pyri-N = Pyridinic-N, Pyrr-N = Pyrrolic-N, Gra-N= Graphitic-N.

Notably, the oxide component accounts for a minority of surface W species, while
carbides/nitrides constitute 64-68% of the metal centres. Tungsten carbides have been
reported to oxidise in air as demonstrated by multiple studies,?>*’* therefore the absence

of significant contributions from oxide species suggests that the majority of the
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carbide/nitride phases are encapsulated within a protective carbon shell that
prevents/minimises oxidation, in agreement with the observation of a W-
surface/-subsurface content that is lower than that expected from bulk determinations and

in contrast to evidence of a metal surface excess in Mo@C:N.
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Figure 5.11 XPS high resolution spectra of C 1s (a), N 1s (c) and W 4f (e) for W@C:N; and of C 1s (b), N
1s (d) and W 4f () for W@C:N-(H).

Morphology analysis was performed using electron microscopy techniques. Figure
5.12a-b shows TEM and SEM images collected for W@C:N-(H) and W@C:N,
respectively, together with EDX mapping for C, O and W elements. Both materials

display a porous solid matrix with well-defined rodlike nanostructures rich in W, and with
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diameters in the 50-200 nm range. HR-TEM of such features for W@C:N reveals that
they display well defined crystal facets and are encapsulated within a graphitised shell
10-20 nm in thickness, as showed in Figure 5.12c-d. The selected area electron
diffraction (SAED) pattern of nanorods, in Figure 5.12e, confirms d-spacings of 0.238
nm and 0.205 nm, consistent with the (111) and (200) reflections of WN at 0.238 nm and
0.206 nm, respectively (PDF#65-2898).

Figure 5.12 (a) TEM images for W@C:N-(H) and (b) SEM images for W@C:N with EDX mapping in the
C, O, W spectral regions.(c-d) HR-TEM of W@C:N and (f) SAED pattern of WN nanorods with estimated
d-spacing.

Electrochemical performance of W-based materials was first studied using GC disks as
conductive supports. Figure 5.13a shows the LSV collected in 0.1 M H>SOj4 at a scan
rate of 2 mV s™!. W@C:N-(H) shows a lower overpotential i.e. 1= -0.26 V at 1.5 mA

161



CHAPTER 5

cm™ compared to W@C:Nn = -0.50 V at the same current density, and similar to those

reported for either WN,* or carbon-encapsuled WC electrodes.*!
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Figure 5.13 LSVs collected for Mo-based materials ink dispersion drop-casted on polished GC disk in
(2)0.1 M H,SO4 and (b) 0.1 M H2SO4 + 30 mM BZH at 2 mV s\,

The difference in overpotential between the two W-based materials aligns with the
discussion in the previous section for Mo-based electrocatalysts regarding the relationship
between HER activity and metal concentration. Interestingly, W@C:N-(H) presents a
cathodic peak at -0.1 V vs RHE characteristic of proton-coupled reductions of WO3
species.*? This peak is absent in W@C:N thus supporting results from XPS that show a
higher metal concentration for W@C:N-(H). Figure 5.13b shows LSV curves collected
in presence of 30 mM BZH in the same supporting electrolyte. W@C:N displays a
cathodic peak associated with the organic at ca. -0.7 V vs. RHE, along with a change in
cathodic current density with an overpotential of -0.64 V at 1.5 mA cm™. Similarly,
W@C:N-(H) shows HER quenching but does not present any cathodic peaks associated
with BZH reductions. Also for W-based materials,1 cm?> CC conductive supports were
selected for quantitative ECH studies. Figure 5.14 shows LSV collected in 0.1 M H2SO4/
30 mM BZH in the same cell configuration used for Mo-based materials. W@C:N-(L)
does not display any cathodic peaks, while W@C:N presents small ones at -0.26 V and -
0.5 V vs RHE. Electrolysis experiments were conducted as for Mo-based materials, at -
0.56 V, -0.8 V, and -1.1 V vs RHE, using FE as a diagnostic parameter to assess ECH

performance.
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Figure 5.14 LSVs collected for W-based materials ink dispersion drop-casted on CC in 0.1 M H,SO4 + 30
mM BZH at 10 mV s,

At all tested potentials W@C:N shows higher FE compared to W@C:N-(H) reaching a
difference of ca.15 % in FEgcu at -1.1 V vs RHE (Figure 5.15a, Figure 5.15¢, Figure
5.15e). Moreover, BA results to be the preferred product in the case of either of the
electrocatalysts and at all tested potentials, even if W@C:N shows higher performance
toward BA selectivity compared to W@C:N-(H) (Figure 5.15b, Figure 5.15d, Figure
5.15f). These results align with those from the previous section, as electrocatalysts with
lower metal concentrations present also higher FEgch due to reduce HER competition.
However, in the case of W-based materials, the effect of the applied potential on the FE
performance is less significant compared to what was observed for Mo-based
electrocatalysts. This is likely due to the generally lower activity of W compared to Mo

for the HER, which could in turn affect the ECH response.>

The results presented in this chapter highlight the critical role of metal concentrations in
determining the structural composition and ECH/HER activity of M@C:N materials,
using Mo and W as metal cores. Structures with higher metal content are particularly
active towards the HER, which appears to limit their potential application for ECH.
Conversely, materials with lower metal concentrations exhibit higher FE, indicating a
more favourable balance between HER and ECH. However, as noted at the end of the

previous section, these trends must be interpreted with caution, as additional performance
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parameters are needed to accurately assess the true impact of the metal on the ECH

reaction.
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Figure 5.15 Faradaic efficiency of ECH for W@C:N and W@C:N-(H) at (a) -0.56 V, (c) -0.8 V, and (e) -
1.1 V vs. RHE, and Faradaic selectivity for BA and HBZ at (b) -0.56 V, (d) -0.8 V, and (f) -1.1 V vs. RHE.

Indeed, while understanding the effect of metal concentration is essential, an even more
important aspect is evaluating the impact of the metal type on properties and performance
at equivalent metal concentrations. In the next chapter, these comparisons will be
examined through a more detailed quantitative and structural analysis, integrating other
ECH performance parameters and using a metal-free sample as a benchmark to have a

clearer understanding of the specific impact of each metal on ECH performance.
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5.4 Conclusion

In this chapter, Mo and W were utilised as active sites for the preparation of M@C:N
architectures with varying metal concentrations. For the Mo-based electrocatalysts,
Mo@C:N exhibited an atomic-% metal concentration approximately three times higher
than Mo@C:N-(L), determined by ICP-MS. Significant structural differences were
observed between these samples. XRD analysis of Mo@C:N revealed characteristic
peaks corresponding to Mo>C , along with minor MoO» impurities. In contrast, Mo@C:N-
(L) displayed peaks solely associated with the graphitised carbon phase, indicating that
Mo-containing phases are either below the detection limit or highly amorphous at lower
metal concentrations. The higher metal incorporation in Mo@C:N was also reflected in
its increased BET surface area compared to Mo@C:N-(L). Additionally, the progressive
introduction of metal notably influenced the pore size distribution, with smaller pores
giving way to larger ones. Finally, TGA results were consistent with ICP-OES findings,
confirming the higher metal incorporation in Mo@C:N. Surface composition analysis via
XPS revealed higher degree of graphitisation for Mo@C:N sample; with significant
differences observed also in metal incorporation. Indeed, consistent with bulk analysis
results, Mo@C:N exhibited a higher surface metal concentration compared to Mo@C:N-
(L). However, most of the surface Mo centres were oxidised upon air exposure,
contrasting with the predominance of carbide phases in the bulk as evidenced by XRD
studies. This effect was even more pronounced for Mo@C:N-(L), where oxidised Mo
species exceeded 95% on the surface. Electron microscopy techniques confirm the

incorporation of Mo nanoparticles embedded within a graphitised carbon matrix.

The lower solubility of Mo-based powders using the established Fe@C:N ink preparation
method prompted the development of a new procedure. This revised approach
incorporated a higher water content percentage and replaced the IPA organic solvent with
methanol. The ink dispersion was drop-casted onto a GC disk electrode, revealing higher
HER activity for the Mo@C:N sample, attributed to its greater metal incorporation
compared to Mo@C:N-(L). ECH performance was evaluated using CC as a conductive
support decorated with Mo-based samples, with FE determined at three selected
potentials. Mo@C:N-(L) exhibited higher FE, attributed to its reduced HER competition.

However, this also led to increased generation of radical intermediates that readily
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dimerize to form HBZ at cathodic potentials, explaining its lower selectivity under these

conditions.

The atomic-% concentrations of W-based materials were determined using ED-XREF,
revealing that the metal content in W@C:N was approximately half that of W@C:N-(H).
Both samples exhibit characteristic XRD peaks associated with WN; however, the
spectrum for W@C:N-(H) also aligns well with the presence of W>C. Porosity
measurements, performed similarly to those for Mo-based materials, yielded comparable
results. W@C:N-(H) demonstrated a lower BET surface area and larger pores compared
to W@C:N. TGA profiles aligns the ED-XRF findings, while morphological analysis
revealed that the metal is encapsulated within graphitised shell structures in the form of
rod-like nanostructures. This was further supported by XPS surface analysis, which
indicated that oxide species account for a minor fraction of surface W species, while
carbides/nitrides constitute 64—68% of the metal centers in the subsurface. Since carbides
are known to oxidise in air, as shown in multiple studies,?>*"° the negligible presence of
oxide species suggests that most carbide/nitride phases are protected by a carbon shell.
Electrochemical evaluation on GC disk indicates higher HER activity for W@C:N-(H),
while quantitative analysis on CC shows greater FE toward ECH for W@C:N. Notably,
for W-based materials, the effect of applied potential on FE performance is less
pronounced compared to Mo-based materials, and the selectivity toward BA consistently

exceeds that for HBZ.

The results presented in this chapter provide valuable insights into the impact of low-cost
metal concentration on the structural composition of M@C:N and the competition
between ECH and HER. However, a more in depth study of the ECH performance
indicators is necessary to determine the effective role of metal cores in M@C:N structures

for developing active electrocatalysts. This analysis will be conducted in the next chapter.
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CHAPTER 6

The role of metal core selection on the
electrocatalytic hydrogenation
performances of porous N-doped carbon
catalysts

Understanding the role of the metal core in M@C:N structures is crucial for developing
efficient and cost-effective catalysts for electrocatalytic hydrogenation. In this chapter, a
metal-free material is used as a benchmark to compare two M@C:N structures containing
nearly identical atomic amounts of Mo and W. The results suggest that W@C:N
architectures have strong potential for cost-competitive ECH applications compared to
precious metal. Additionally, a comparison including Fe@C:N provides a comprehensive
perspective on all the metals examined in this thesis. The findings confirm that balancing
HER and ECH competition is key to achieving high-performance catalysts for ECH
applications, with the metal playing a crucial role in tuning this balance.

This chapter presents result and contents reported in the candidate’s first-author publication,
titled:

Electrocatalytic hydrogenation of unsaturated organics using Mo and W porous carbon-
encapsulated nanostructures: impact of metal type on properties and performances

Pota, F.; Costa de Oliveira, M. A.; Schroder, C.; Rafferty, A.; De Castro C.; Rault L.; Behan, J.
A.; Barriere, F.; Colavita, P E.

Journal of Materials Chemistry A, 2025, Advance Article

With the exception of specified contributions, the candidate conducted the primary investigation
reported in the published work and prepared the first draft of the paper, along with subsequent
revisions, under the supervision of Prof. Paula E. Colavita. The contributions of the other
coauthors are as follows: M.A.C.O. development of the sample preparation methodology, C.S.
XPS analysis, A.R. BET and PSD analysis, C.D.C XRF analysis, L.R. TEM-EDX analysis, J.A.B.
& FE.B. writing - review and editing, P.E.C conceptualization and supervision




CHAPTER 6
6.1 Introduction

The previous chapter examined the impact of metal concentration in M@C:N
architectures, with a focus on the influence of varying metal concentrations on structural
composition and ECH performance. However, the influence of different metal cores at
equal concentrations within an M@C:N structure was not thoroughly evaluated. Hence,
once identified the optimal concentration condition for the synthesis of materials with
identical atomic metal loadings, addressing this gap is crucial for designing and
developing efficient, high-performing catalysts for applications in the ECH of biomass-
derived organics. In this thesis, three metals cores have been studied for the preparation
of M@C:N architectures: Fe, Mo, W. These metals and several of their compounds,
possess the ability to activate chemisorbed hydrogen through the Volmer step while
displaying differences in their activity towards hydrogen evolution,!? thus offering a
potential route to regulating the degree of competition between HER and the ECH.
Moreover, as already discussed, these transition metals are highly desirable as active sites
in M@C:N structures, due to their significantly lower costs compared to precious metals.
Figure 6.1 shows market prices for these metals; iron displays the lowest cost of ca.l X

104 USD/g, followed by W and Mo with 0.05 USD/g and 0.07 USD/g, respectively.*
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Figure 6.1 Market prices of precious and base metals in USD/g. Data sourced from reference 4.
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In this chapter, two electrocatalysts introduced in Chapter 5, Mo@C:N and W@C:N, are
utilised to investigate the influence of the metal centre on their electrochemical
performance in HER and ECH processes. Both these samples have nearly identical metal
atomic contents of ca.1.5%. To complement this study, a metal-free material is
synthesised using the same preparation procedure as the metal-based electrocatalysts.
This material serves as a benchmark for comparing the structural and electrochemical
ECH performances of the metal-based catalysts. To minimise surface differences among
the materials and to facilitate the preparation of ink dispersions, an additional sieving step
was incorporated into the process, yielding benefits in dispersibility and ink stability.
Finally, the last section presents a comparative analysis performance of all three metal

cores discussed in this thesis, including Fe.

The results presented in this Chapter demonstrate that the identity of the metal core can
have a profound influence on the properties of the graphitised carbon matrix and on the
surface chemical composition in M@C:N materials with identical atomic metal loadings.
This translates into important changes in product rates, FE and TOF, offering new insights
into optimising transition metal-based heterostructured electrocatalysts for the ECH of

organics.
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6.2 Experimental section

Electrochemical characterisation. Materials were synthesised as discussed in Chapter
5 then mortared and sieved (20 um) prior to the preparation of catalyst inks. The ink
preparation follows the same procedure presented in previous chapter for Mo- and W-
based electrocatalysts. GC disk and CC flags were used as conductive support for the
preparation of drop-casted electrodes as schematised in Figure 6.2. For the metal-free
sample 52 pL of the ink were drop-cast in two equal aliquots on CC yielding a loading of
1.07 mg cm. Capacitance measurements were conducted in 0.1 M Na>SO4 supporting
electrolyte in a non-faradic region at different scan rate. Voltammetry and
chronoamperometry experiments were carried out as described in previous chapters,
utilising the same three-electrode configuration. Appendix I includes the equations used

to calculate the key ECH performance parameters discussed throughout this chapter.

Drop casting

Rough powder
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Glassy carbon disk
Ink dispersion
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Hot Plate Hydraulic press
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Figure 6.2 Illustration of the ink dispersion preparation procedure, highlighting the additional sieving step
in red, along with schematic representation of the drop-casting process onto a glassy carbon disk or carbon
cloth support, detailing the main steps involved.
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6.3 Results and discussion

6.3.1 Mo and W carbon-encapsulated structures

The metal-free electrocatalyst material was synthesised according to the procedure
detailed in Chapter 5. BP were purified through reflux and served as carbon nanoscaffold;
while resorcinol, Pluronic F-127, and melamine were utilised for the formation of the sol-
gel resin. The autoclave treatment and annealing processes were conducted in identical
manner to those described in Chapter 5. The final metal-free product, named as RPM/BP,

was characterised as done for metal-based samples.
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Figure 6.3 (b) XRD patterns for metal-free RPM/BP, Mo@C:N and W@C:N. (c) Nitrogen adsorption-
desorption isotherm and (d) pore size distribution for RPM/BP, W@C:N and Mo@C:N materials. (d) TGA
curves for RPM/BP, W@C:N and Mo@C:N electrocatalyst.

The bulk structure was first investigated via XRD. Figure 6.3a reports patterns collected

for metal-free RPM/BP, along with Mo@C:N and W@C:N for comparison purposes.
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RPM/BP yielded two peaks at 24.3° and 43.2°, indexed as (002) and (101) reflections of
the graphitic carbon, respectively.’ These peaks match really well with those observed for
Mo@C:N and W@C:N and assigned to the same reflections. RPM/BP display a porous
structure with similar hysteresis loops and isotherms to those reported for metal-based
electrocatalysts (Figure 6.3b). The BET specific surface area summarised in Table 6.1,
reveals how the incorporation of Mo or W into the structure results in a decrease in BET
surface areas by 15% to 67% compared to metal-free RPM/BP. Assuming that
contributions to the surface area from metal-containing phases are negligible relative to
those from the carbon phases, and accounting for the metal wt.% in Table 6.1, it is
possible to note that for W@C:N the BET area is only slightly lower than expected from
a replacement of 1.4% of C atoms in RPM/BP with W (494 m?/g). This suggests that the
development of the carbon microscopic area during graphitisation is not significantly
affected by the presence of the W centres at these concentrations. On the other hand, for
Mo@C:N the BET area is less than half the value expected based on replacement of 1.5%
of C atoms alone (535 m?%/g). This suggests that Mo centres impact the development of
pores in the carbon phase to a much greater extent than W. Metal centres can have a

1

catalytic effect on carbon gasification and graphitisation,%!! and such processes can

enhance pore opening and lead to reductions in BET areas.

Table 6.1 Summary of samples, details of the metal precursors used, metal content after the final
graphitisation step by weight-% and by atomic-%, and BET specific surface area.

Material Metal wt. at. BET Pore volume Pore width
precursor (g) (%) (%) (m%g) (ecm¥/g) (mode(dLog)) (nm)
RPM/BP N/A N/A  N/A 600 0.524 1.1
Mo@C:N 1.78 10.8¢ 1.51 229 0.280 8.9
W@C:N 0.61 17.7° 1.41 450 0.329 1.2

a — Data obtained by ICP-OES on the graphitised material.
b — Data obtained by ED-XRF on the graphitised material.

To better understand the impact on pore size the DFT method was used to generate pore
size distributions, shown in Figure 6.3¢. The three materials are similar insofar as they
exhibit distinct occurrences of porosity in the micro (< 2 nm) and meso (2-50 nm) ranges,
with broadly similar distributions, i.e. peaks at 1.5,3.5 and 5 nm, characteristic of the
parent carbon phase. W(@C:N and RPM/BP share the most similarities, with a significant

volume of micropores, which are key contributors to the surface area. A closer inspection
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of the micropore region shows differences, in that the second peak (ca.1.5 nm) grows
according to Mo@C:N > W@C:N > RPM/BP, while the peak at 1.1 nm decreases
accordingly. As also mentioned in the previous chapter, this means that larger micropores
are generated at the expense of smaller ones. Notably, Mo@C:N displays limited
contributions from micropores relative to both RPM/BP and W@C:N. This likely
explains the lower surface area observed for this sample, as well as its low pore volume
(Table 6.1). Further, it highlights a key difference between Mo@C:N and W@C:N: for
Mo@C:N the smallest tranche of micropores have either been rendered inaccessible or
have undergone enlargement. DFT pore width values (mode), in Table 6.1, show that pore
size increases with a decrease in surface area, as expected. Of note is the fact that the
values for RPM/BP and W@C:N occur in the micropore range, where that of Mo@C:N
falls in the mesopore range thus confirming that pore evolution in the N-doped carbon

matrix is significantly affected by the incorporation of Mo centres.

TGA analysis in air was carried out and results are reported in Figure 6.3d. Briefly, in the
case of the metal-free RPM/BP a single combustion process with zero residual mass is
observed over 650-750 °C, associated with oxidation of graphitised carbon. In the
presence of metals, carbon oxidation occurs at significantly lower temperatures, with the
effect on onset temperature being more pronounced in the case of Mo-containing
materials. This is consistent with oxidation being catalysed by metal centres, in agreement

12,13 while the enhanced effect of Mo vs W in these reactions is also

with prior literature;
consistent with observations from BET and DFT analysis that suggest a greater effect of

Mo centres on pore opening processes.

Table 6.2 Summary of atomic elemental compositions and selected best-fit results obtained from high
resolution XPS spectra of synthesised materials.

Cop?/Crot® N/C M/C MC5x or MNyx /Mot M-O /Mot

Material

(%) (at.%)  (at.%) (%) (at.%)
RPM/BP 51.6 4.69 NA NA NA
Mo@C:N 63.4 19.5 5.7 16.3 83.7
W@C:N 57.4 1.7 0.45 64.3 35.7

a — Calculated as area ratio of the best-fit component at 284.4 eV over the total C 1s peak.
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Surface composition was studied using XPS, and Table 6.2 summarises results obtained

from best fits of high-resolution spectra for all materials. Figure 6.4a show the survey

spectrum collected for RPM/BP with peaks associated with C 1s, N 1s and O 1s

ionisations together with peaks coming from the In foil, as mentioned in Chapter 5.4
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Figure 6.4 (a) Survey XPS spectrum of RPM/BP with highlighted in yellow characteristic peaks and in
grey In peaks. Corresponding high-resolution spectra in the (b) Cls and (c¢) N 1s regions.

The C 1s peak, Figure 6.4b, was deconvoluted using five components attributed to sp?

and sp> carbon, C-O/C-N and C=0/COOH groups, and n-n* excitations.'*!” As observed
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in Mo- and W-based materials, the sp? peak in RPM/BP makes the largest contribution to
the total intensity (Table 6.2). This suggests that the material undergoes graphitisation to
a similar extent during the annealing step. N 1s spectra collected for RPM/BP is shown
in Figure 6.4c. The peak was deconvoluted using three components assigned to graphitic-
N, pyrrolic-N and pyridinic-N,'>!® Also in this case results are coherent with those
coming from metal-based electrocatalysts, with pyridinic-N that accounts for the majority
of contributions (49.9 at.%). Relevant is also the comparison of the metal-based materials
surface composition. Both the nitrogen and metal %-contents are much lower for W@C:N
than for Mo@C:N, despite the two metals being present at similar atomic bulk
concentrations. Indeed, a comparison between metal/carbon atomic %-ratios obtained by
XPS and those from bulk determinations (Table 6.1) indicates that while W remains
preferentially in the bulk, or below sub-surface, Mo is found predominantly at the air

interface.
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Figure 6.5 LSV of W@C:N, Mo@C:N, RPM/BP and bare GC normalised by capacitance.

The electrochemical behaviour of prepared materials was initially evaluated using a GC
disk as conductive support. After the sieving step, the catalyst powder was dispersed in
an ink, drop casted onto the GC disk, and tested in H>SO4 supporting electrolyte. Given
that drop-cast films are porous, a comparison of the LSV curves was carried out after
normalisation by capacitive contributions in a non-faradaic region to account for
differences in microscopic area (Figure 6.5).1°2! Metal-free surfaces yielded the most
sluggish responses with RPM/BP providing a slightly better overpotential than GC
electrodes, likely due to the presence of heteroatom functionalities.!” Both M@C:N
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materials yielded better performances than metal-free materials strongly suggest that
M@C:N materials have improved intrinsic HER activity relative to metal-free graphitic
carbons, and that this can be attributed to the incorporation of Mo/W centres in the form
of carbides/nitrides. As also observed in Chapter 5, Mo@C:N was found to display higher
HER currents than W@C:N, in agreement with prior reports of better HER performance
in general for MoCx vs WCx electrodes in acid electrolytes.?? The cathodic peak
at -0.078 V at Mo@C:N is due to the electrochemical activity of MoO3 species in acid
media.>* An attempt was made to calculate Tafel slopes from the LSV in 0.1 M H2SO4
yielding values of 225 and 166 mV for Mo@C:N, and W@C:N, respectively. However,
note that the overlap between MoOs3 reductions and the rising edge of the HER current
make the unambiguous determination of the HER Tafel slope challenging for Mo@C:N
materials. Therefore, these values are only reported for operational comparisons vs others’
in the literature. Benzaldehyde reaction was then studied using electrolysis experiments
coupled to product detection. Carbon cloth current collectors were drop-coated using the
same ink dispersions as for disk voltammetry studies. Figure 6.6a shows again the SEM
image of unmodified CC presented in Chapter 4 to facilitate comparisons. Figure 6.6b
shows the SEM image of CC coated with RPM/BP, while Figure 6.6¢ and Figure 6.6d
display the SEM and SEM-EDX images of CC decorated with Mo@C:N and W@C:N,
respectively, indicating uniform metal distribution over the CC surface. Figure 6.6e-h
shows capacitance measurements conducted in NaxSO4 0.1 M supporting electrolyte in a
non-faradic region for bare CC, RPM/BP, Mo@C:N and W@C:N, respectively. Bare CC
displays lower capacitance values, while all prepared electrocatalysts present higher

capacitances arising from their porous structures (Table 6.3).

Table 6.3 Capacitance values obtained from cyclic voltammograms in 0.1 M Na,SOs on carbon cloth
electrodes of constant mass loading (1.07 mg cm?); values shown are obtained from normalizations by
geometric unit area and by areal mass loadings of catalyst ink.

Materials Capacitance

(mF cm™) (Fgh
Bare CC 0.34 NA
RPM/BP 24.9 23.2
Mo@C:N 11.9 I1.1
W@C:N 11.1 10.4
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Capacitance values were found to be comparable for Mo@C:N and W@C:N, suggesting
that the two materials do not differ significantly in ECSA despite their differences in BET
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Figure 6.6 SEM images for (a) bare CC and (b) CC coated with RPM/BP, along with SEM images and
EDX mapping of CC electrodes coated with (¢) Mo@C:N and (d) W@C:N electrocatalyst inks. CV
recorded at varying scan rates in 0.1 M Na,SO, for (e) bare CC, (f) RPM/BP, (g) Mo@C:N and (h) W@C:N
coated on CC supports.

182



CHAPTER 6

LSV at electrodes prepared on CC supports were recorded in 0.1 M H>SO4 at 10 mV s,
In supporting electrolyte, Figure 6.7a, RPM/BP displays lower HER currents compared
to Mo@C:N and W@C:N. Wide cathodic plateaus are observed over the -0.4 to -0.2 V
range likely due to contributions from capacitive/pseudocapacitive processes at the
nitrogenated porous carbon over this potential window.?* Figure 6.7b-d show LSV
comparisons at RPM/BP on CC, Mo@C:N on CC and W@C:N on CC with and without
30 mM benzaldehyde, respectively.
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Figure 6.7 (a) LSV measured in 0.1 M H,SO4 supporting electrolyte for all materials on CC current
collectors at 10 mV s™'. LSV measured in 0.1 M H,SOy4 in absence and presence of 30 mM BZH for (b)
RPM/BP, (¢) Mo@C:N, (d) W@C:N coated on CC.

In the presence of benzaldehyde RPM/BP present a single peak at ca. -0.8 V, likely
associated to the organic and in agreement to what was observed in previous chapters. No
peaks are observed for Mo@C:N likely due to HER being the dominant contribution to

the LSV currents, as observed for disk electrodes. Multiple broad cathodic peaks between
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-0.8 and -0.26 V and associated with BZH are observed for W@C:N, consistently with
the discussion in Chapter 5 for unsieved samples. The peaks in the LSV currents could
arise from either mixed mass transport regimes in the porous CC electrode,?*® or from
reduction at different functional sites, as observed by some even at carbon disk electrodes

of well-defined geometry.?’
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Figure 6.8 (a) LSV collected for W@C:N and Mo@C:N on CC support in 0.1 M H2SO4 + 30 mM BZH
with highlighted potential at -0.26 V (¢), -0.5 V (e) and -0.8 V (m) vs RHE. (b) Representative
chronoamperograms recorded for W@C:N and Mo@C:N, measured at -0.8 V. (c) Representative log-log
plots of individual chronoamperograms at -0.26 V. (d) Summary of mass balance for electrolysis
experiments carried out with all three investigated materials. (e¢) Conversion and (f) yield obtained from
electrolysis experiments carried out with all three investigated materials.

An H-cell was used for electrolysis studies, as described in previous chapters.

Chronoamperometry experiments were carried out in a 30 mM BZH in 0.1 M H>SO4
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solution at three selected potentials: -0.26, -0.50 and -0.80 V vs. RHE, as shown in Figure
6.8a. Catalyst layers displayed high mechanical stability over the duration of the
experiments thus yielding stable chronoamperogram curves as shown in Figure 6.8b.
Log-log plots of current vs. time, Figure 6.8c, show that after ca.100-150 s, the slope of
these plots transitions from a value of ca. -0.5 to a value close to zero, indicative of
convective control. Evidence of convection is in agreement with prior work on similar
electrode materials and is attributed to gas evolution during HER.?* Both BA and HBZ
were identified as reduction products via gas chromatography, confirming the
hydrogenation of BZH. Carbon balance was found to be ca.90% for all materials,
indicating negligible mass losses due to diffusion through the membrane or into the
headspace (Figure 6.8d). Yields and conversion values were calculated for all materials

and are shown in Figure 6.8e and Figure 6.8f.
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Figure 6.9 Yield by product for all materials at (a) -0.26 V (b) -0.5 V and (c) -0.8 V. Selectivity by
product for all materials at (d) -0.26 V (e) -0.5 V and () -0.8 V.
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As the potential is shifted to more cathodic values, both conversion and yield show an
increase, while the preferred product remains BA (Figure 6.9a-c). At any given potential,
better yields and conversions were observed for W@C:N vs Mo@C:N over 2 h, thus
suggesting that given, the same metal atomic concentrations, W-containing catalyst layers
result in better operational performances in organic hydrogenations. Faradic selectivity
was calculated by considering the individual contributions of BA and HBZ, as is
summarised in Figure 6.9d-f. BA consistently emerged as the preferred product across

all tested potentials and materials, aligning with the yield results.
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Figure 6.10 (a) Total FEgcu calculated for all three investigated materials and potentials. Product rate
normalised by geometric area (b), by capacitance (c), and by amount of metal in the bulk for both M@C:N

().

The ECH faradaic efficiencies, were calculated and are summarised in Figure 6.10a.
Mo@C:N shows good FEgcH at the lowest overpotential, but the efficiency of reductions
decreases significantly at -0.5 V before increasing slightly at -0.8 V again. The greater
HER activity of Mo@C:N vs W@C:N and RPM/BP, enables facile Hags activation even
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at -0.26 V which increases rates of ECH via Hags addition or concerted e-H" additions; %2’

however, as the potential is shifted to more cathodic values, the HER becomes the
dominant faradaic process decreasing the overall efficiency of ECH. At higher cathodic
overpotentials proton coupled reductions of BZH can become an additional and
energetically favourable pathway for the production of BA/HBZ particularly at carbon
surfaces, as discussed in detail in computational studies by Cantu at. al.?® This is likely to
explain the increase in FEgch at -0.8 V for Mo@C:N. In the case of both W@C:N and
RPM/BP, the efficiencies are low at -0.26 V but superior to that of Mo@C:N at -0.5 V,
which is consistent with these materials being less effective at evolving hydrogen and
with the HER being suppressed as a competing reaction at -0.5 V. Product rates
normalised by geometric area (Product Rategeo) and by capacitance (Product Ratecap) are
shown in Figure 6.10b and Figure 6.10c, respectively (see also summary of equations in
Appendix I). Normalisation by capacitance puts in clear evidence the significant
differences in specific electroactive area between the metal-free material and M@C:N
catalysts, as well as the superior performance in organic hydrogenations obtained with
the latter. W(@C:N materials offer significant advantages at -0.5 and -0.8 V. Interestingly,
while the Volmer step is facile and H, desorption limiting at WC/WN,*20 it is Hags
activation that is rate determining at carbons. Therefore, Hags coverages should remain
low at RPM/BP but increase readily with cathodic overpotential at WN, which likely
explains why the product rate normalised by specific area is markedly superior for
W@C:N at both -0.5 V and -0.8 V. Figure 6.10d shows product rates for Mo@C:N and
W@C:N after normalisation by bulk metal contents (Product Rategwv). These results align
with trends in FEgch, showing higher performance for Mo@C:N at -0.26 V and for
W@C:N at -0.5 V; while at-0.8 V the two materials show similar product rates. However,
their performances diverge when considering differences in surface segregation between
Mo and W centres observed for the two M@C:N. This can be taken into account by
estimating a surface-effective turnover frequency (TOFeftsurface) for W and Mo metal
centres at the electrolyte interface. Assuming that the double-layer capacitance arises

from the carbon matrix alone (20 uF/cm?)3!32

and accounting for the areal carbon density
of graphite of 3.82x10" atoms/cm?**** TOFeftsurface Values can be calculated using the
atomic %-contents of 0.43% and 4.30% for W and Mo, respectively, obtained from XPS
(see also summary of equations in Appendix I). TOFefrsurface Values thus calculated are
shown in Figure 6.11 and suggest that encapsulated W centres yield significant

advantages in terms of intrinsic activity.
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Figure 6.11 TOFcfurace calculated values for Mo@C:N and W@C:N samples normalised for surface
atomic concentrations.

The above results indicate that both Mo@C:N and W@C:N show activity in the
hydrogenation of benzaldehyde and that W@C:N appears to be particularly promising,
achieving satisfactory FEgcy and good product rates at moderate potentials. At low
overpotentials, FEgch values for Mo@C:N samples are comparable to those reported for
Pt/C (~60%) and exceed those of similar M@C:N architectures synthesised using Fe as a
metal core.?®3> Further, W@C:N shows good FEgcu at -0.5 V compared to Pt/C, as
determined by Song et al. at pH 5 and similar potentials.?® Interestingly, TOF e surface
values estimated for W@C:N under operational conditions presented in this thesis are
comparable to those reported for Pt/C and Rh/C catalysts at -0.5 V vs RHE in the same
work. These findings therefore suggest that compositional changes can be successfully
leveraged to modulate and improve ECH performance at M@C architectures based on

transition metals.

It 1s important however to highlight that, when interpreting differences in performance
between Mo and W-containing electrodes it remains challenging to disentangle the effects
of a change in metal identity (W vs Mo), from those arising from morphological and
compositional differences that result from metal-catalysed graphitisation. In the case of
W@C:N materials, metal centres are encapsulated and protected from oxidation; the
majority of them are present in the form of WN nanorods that can improve,
simultaneously, Hags stabilisation®** and metallic character/conductivity of the porous

carbon matrix. For Mo@C:N it is also possible to argue that Hags coverages are stabilised
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relative to RPM/BP; however, the presence of surface MoOx indicates that only a fraction
of metal sites should facilitate Hags activation, while charge transfer impedances are likely
to be negatively affected by surface oxidised phases.’® Moreover, the calculation of
TOFefrsurface Values assumes implicitly that the metal sites are responsible for BZH
reduction rates. This is likely an oversimplification that neglects possible activation of
multiple N-/C-sites due to e.g. proximity effects of metal in the sub-surface,'*” as well as
the fact that hydrogenation pathways are potential-dependent.?” As mentioned in Chapter
1, several proposed hypotheses have been put forward to explain the nature of the active
site at M@C:N electrodes in the HER. Both M-sites in contact with the electrolyte but
with their reactivity modulated by the surrounding carbon matrix, or C/N-sites with their
reactivity modulated by metals in the subsurface are considered as possible and
experimentally consistent explanations for Hags activation at carbon-encapsulated
architectures. However, unequivocal identification of these active sites remains a topic of
ongoing debate, as highlighted recently by Yoo et al.,’® despite the HER being a
considerably simpler reaction than the ECH of benzaldehyde. Nonetheless, regardless of
whether the active sites are C- or M-centers, the activity remains dependent on the degree
to which the metal is in proximity to, or at, the surface. Therefore, XPS atomic coverages,
which reflect metal content within the first 1-3 nm from the surface, are a relevant
quantity when attempting to account for metal effects on surface reactivity. A more in-
depth analysis of the active site in the ECH is likely to require further experimental work,

1.3® Furthermore,

including use of poisoning/capping agents, as discussed by Yoo et a
potential-dependence of the active site must also be contemplated, at increasing cathodic
overpotentials it is reasonable to assume that the total product rate stems at least in part
from proton coupled reductions, as noted when discussing FEgch values at -0.8 V. Indeed,
contributions from M-site mediated H-addition and from proton coupled reduction of
BZH.4s must both be contemplated, particularly at high overpotentials, based on the
current mechanistic understanding of ECH.?****! Therefore, the validity of assumptions
underpinning TOFefr calculations might be limited at the most negative potentials tested
and comparisons between metal TOF values are best restricted to the low overpotential
range where metal catalysed pathways are expected to dominate hydrogenation rates.
Also, although electrolysis experiments are performed under natural convection, well-

defined convective conditions e.g. flow through electrolyser devices, would be desirable

to fully account for mass transport effects and support comparative performance studies.?’
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6.3.2 Performance comparison of Mo, W, and Fe metal cores

Particularly interesting is the comparison of W- and Mo-based materials with Fe@C:N
material introduced in Chapters 3 and 4 under identical conditions, i.e. after sieving.
Indeed, although Fe@C:N has a different surface atomic %-contents of 2.51%, present
still a similar bulk metal wt.% compared to Mo-based sample equal to ca.10.7% (Table
6.4). The ink dispersion of Fe@C:N was prepared following the sieving-based procedure
presented in this chapter and then drop-cast on CC support. Electrolysis experiments were
performed at identical potentials of -0.26, -0.5, and -0.8 V vs. RHE as done for W- and
Mo-based materials. ECSA measurements for the sieved Fe@C:N yielded a Cq of 6.86
mF cm, higher than the values reported in Chapter 4 for the unsieved sample. This
increase is consistent with enhanced surface area availability for electrochemical
interactions following the sieving step. Based on the Fe surface atomic content
determined by XPS and the ECSA of sieved Fe@C:N, TOFefrsuface calculations were

performed, with the results presented in Figure 6.12.
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Figure 6.12 (a) TOFstsurface normalised for surface atomic concentrations and (b) TOF bk normalised for
bulk atomic concentrations, calculated for all sieved M@C:N samples.
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Interestingly, Fe-based material exhibits a TOFefsurface value comparable to Mo@C:N at
-0.26 V. As the potential becomes more cathodic, Fe@C:N material shows a linear
increase in TOFeftsurface surpassing Mo@C:N but remaining lower than W@C:N. This
positions the Fe-based material as a viable alternative to Mo- and W-based
electrocatalysts, particularly given the cost differences between these metal cores.
However, to account for variations in surface metal content and to better interpret
performance metrics in relation to the bulk metal contribution, bulk-effective turnover
frequency (TOFespuk) calculations were also conducted, with the results presented in
Figure 6.12. However, it is important to note that bulk metal content does not necessarily
dictate electrochemical activity, as reactions occur at the solid/electrolyte interface, and
is presented here purely for comparative purposes. Despite the nearly identical bulk metal
content, Fe@C:N exhibits a lower TOFettpu than Mo@C:N at -0.26 V, likely due to the
intrinsically lower HER activity of Fe-based materials compared to Mo-based ones. As
the potential becomes more cathodic (-0.5 V), Fe@C:N surpass Mo@C:N but remains
less active than W@C:N, aligning with the trends observed in TOFeftsurface calculations.
More cathodic potential has to be carefully interpreted, since as mentioned before

pathways are likely not dominated by hydrogen activation rates at this potential.
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Figure 6.13 LSV measured in 0.1 M H>SO4 supporting electrolyte for all sieved M@C:N materials drop-
casted on polished GC disk at 2 mV s™'.

At -0.5 V vs. RHE, both TOF values normalised for bulk and surface follow the HER
activity trends of the materials, as shown in Figure 6.13, which presents the LSV data

collected for sieved samples in 0.1 M H2SO4 on GC disk. Notably, highly active HER
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catalysts like Mo@C:N demonstrate poor ECH performance due to the strong
competition between HER and ECH. Excessive HER activity leads to increased bubble
production, which can restrict the effective surface area by blocking access to the solution,
which further highlight the importance of the choice of the metal active site into the
M@C:N structure.

A comprehensive comparison of all sieved metal-based electrocatalysts discussed in this
thesis is provided in Table 6.4. Except for FE, all parameters increase as the potential
becomes more cathodic. Both W@C:N and Fe@C:N exhibit similar conversions at the
same potentials, although W@C:N demonstrates superior performance at -0.8 V. A similar
trend is observed for yields, with W@C:N achieving the best performance at -0.8 V. For
both Fe@C:N and W@C:N the highest FE values are observed at intermediate potentials
where the competition between HER and ECH remains controllable. On the other hand,
Mo@C:N displays lower conversions and yields, along with FE higher at anodic
potentials where materials is less HER active. Finally Fe@C:N display comparable
values of Product rate per grams of metals to those of the other two metal-based

electrocatalysts.

Table 6.4 Summary of ECH performance parameters for sieved M@C:N, along with weight% and atomic%
for each material.

Prod. Prod. Prod.
Materials | Potential
Conversion Yieldecn FErcm  Rategeo Ratecsp  Rategm
wt.%) (Vs
(%) (%) (%) (umol/  (pmol/  (pmol/
(at.%) RHE)
em*h) mFh) gm s)
W@C:N -0.26 14.7 1.71 35.2 9.15 0.82 13.4
17.7¢ -0.50 21.5 5.50 50.3 29.9 2.82 459
1.41 -0.80 30.3 17.5 37.9 88.9 8.03 130.8
Fe@C:N -0.26 14.4 0.60 11.4 3.28 0.47 8.45
10.7 -0.50 21.2 4.40 46.0 21.9 3.20 57.9
2.51 -0.80 26.0 8.40 35.6 424 6.17 114.2
Mo@C:N -0.26 7.60 1.88 49.2 9.81 0.82 23.5
10.8° -0.50 12.5 1.03 10.6 5.80 0.48 13.9
1.51 -0.80 21.0 6.83 28.2 52.3 4.39 125.8

a — Data obtained by ED-XRF on the graphitised material.
b — Data obtained by ICP-OES on the graphitised material.

192



CHAPTER 6

The results presented in this chapter highlight the critical role of metal core selection in
determining the ECH performance of M@C:N architectures. This choice is essential not
only for the structural composition but also for the metal's ability to be encapsulated at
equivalent concentrations. Specifically, a high concentration of oxides on the surface
hinders the ECH process, resulting in diminished performance. Furthermore, excessive
HER activity increases bubble production, which can hinder the effective area available
for ECH. Therefore, metal selection should prioritise those that activate hydrogen at the

surface while exhibiting limited HER activity.

6.4 Conclusion

This chapter explores the effect of metal centre identity on regulating ECH performance
by investigating two M@C:N architectures, Mo@C:N and W@C:N. The synthesis and
properties of these materials, with nearly identical atomic metal contents of ca.1.5%, were
examined alongside a metal-free material used as a benchmark for comparison. As
demonstrated by BET analysis, the introduction of W centres resulted in minimal changes
to carbon porosity compared to the metal-free analogue, while Mo centres facilitated pore
opening. The RPM/BP material showed a surface composition similar to that of the metal-
based catalysts, maintaining comparable graphitisation levels during the annealing

process and a similar nitrogen composition, dominated by pyridinic-N sites.

Electrochemical performances were evaluated by preparing ink dispersion using a sieved-
based procedure to minimise surface differences among the materials and to simplify the
preparation. The incorporation of Mo and W centres enhanced HER activity in both
materials relative to the metal-free benchmark RPM/BP, with Mo@C:N exhibiting higher
HER cathodic currents. Electrolysis experiments coupled with gas chromatography
analysis of products demonstrated that this translates into increased ECH activity at low
overpotentials in the hydrogenation of benzaldehyde. Selectivity for the benzyl alcohol
product was observed at all tested potentials; this is a promising result as achieving
selectivity remains a challenge for most studied electrocatalysts, particularly at cathodic
potentials.?®*>*? Mo@C:N shows high FE at anodic potentials, while W@C:N is more
efficient at cathodic potentials due to suppressed competition between HER and ECH
pathways. Product rates and TOFettsurface Values were used as a basis for comparison, with

W@C:N showing higher ECH performances at the investigated atomic loading,
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especially when considering the differences in surface excess between the two metals.
TOFefsurface Was also employed as the primary comparison parameter with sieved
Fe@C:N. Despite its higher metal atomic concentration, Fe@C:N exhibits lower ECH
activity at equivalent potentials compared to W@C:N but outperforms Mo@C:N,
particularly at cathodic potentials. TOF values align with the HER activity trends of the
materials, with bubble production potentially limiting the effective surface area by
obstructing access to the solution. Notably, estimated TOFefrsurface for W-based material

28 and given the four orders of

are comparable to those for Rh/C and Pt/C catalysts;
magnitude difference in material cost, results suggests that W@C:N architectures are
likely to be cost competitive for ECH applications and could reduce pressure on precious

and critical raw materials for ECH implementation at scale.
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CHAPTER 7

7.1 Conclusions

The aim of this thesis was to synthesise and evaluate the performance of M@C:N
architectures as potential alternative catalyst materials for the electrocatalytic
hydrogenation of benzaldehyde. Transition metals Fe, Mo, and W were chosen as active
sites to be encapsulated within the M@C:N structures, due to their high activity toward

HER and competitive cost.

In Chapter 3, Fe was chosen as the first metal core to be tested, due to its previously
reported use in M@C:N-like structures for HER applications. First, catalyst preparation
was optimised by assessing the ideal annealing conditions. The results showed that
incorporating a pre-annealing step enhanced the degree of graphitisation and metal
incorporation, while reducing the presence of oxidised species on the material's surface
and improving catalytic efficiency. Second, a comprehensive characterisation of the
structural composition and electrochemical response was conducted to determine the
most suitable carbon nanoscaffold. The BP-based material was chosen over the VUL-
based electrocatalyst as the final sample for the quantitative analysis of benzaldehyde
hydrogenation, due to its higher response in current density for low concentration of BZH

in 0.1 M NaxSOg, and higher HER activity in 0.1 M H2SO4 supporting electrolyte.

Once identified the optimised Fe-based material, ink stabilisation on different conductive
supports was carefully assessed. Indeed, to enable quantitative analysis of BZH
hydrogenation in detectable amounts, high surface area supports were required. Then in
Chapter 4 carbon cloth was chosen as the conductive support, demonstrating superior
performance over glassy carbon plates in maintaining ink dispersion integrity. A novel
protocol for fabricating stable carbon-porous electrocatalysts was developed using a
hydraulic press to enhance adhesion between the support and the ink dispersion. This
stability persisted even at cathodic potential, despite the high generation of bubbles in this
condition. Quantitative evaluations of electrocatalytic hydrogenation of BZH were
conducted by combining electrolysis experiments with gas chromatography analysis.
Acidic supporting electrolyte was chosen as the optimal solution along with a BZH
concentration of 30 mM. A comprehensive assessment of key performance parameters,
including FE, production rate, and TOF, revealed that intermediate potentials provided
the best conditions by balancing the competition between ECH and HER, favouring BA
at low overpotentials and HBZ at higher overpotentials. Interestingly, the TOF values for
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Fe@C:N were determined to be only one order of magnitude lower than those observed
for carbon-supported noble metal electrocatalysts, opening new possibilities for

advancing M@C:N structures using affordable and widely available metals.

This approach was implemented in Chapter 5, where Mo and W were chosen as
alternative metal cores for synthesising M@C:N structures. The influence of metal
concentration on structural and electrochemical properties was examined to determine the
optimal conditions for a highly efficient ECH electrocatalyst. For Mo-based materials, a
highly oxygenated surface suggested a low level of encapsulation, whereas W-based
materials exhibited evidence of carbide/nitride phase encapsulation. To address the low
solubility of these samples in water, a new ink dispersion recipe was developed for
electrode preparation on CC conductive support. Electrochemical results highlighted that
a high metal concentration in M@C:N leads to excessive HER activity, which appears to
limit their potential application for ECH. Indeed, this affects FEgcn performances since
electrocatalysts with lower metal concentrations demonstrate higher efficiency due to

reduce HER competition at all tested potentials.

To clarify the role of the metal core in M@C:N and its impact on the ECH performance
indicators, a more in depth study was conducted in Chapter 6, where Mo@C:N and
W@C:N materials were evaluated alongside a metal-free benchmark electrocatalyst. The
catalyst preparation procedure was further implemented introducing a sieving step to
minimise surface differences between materials and improve ink dispersion. A structural
comparison of the prepared electrocatalysts revealed a significant influence of metal
incorporation on pore development and oxidation of graphitised carbon. Both Mo and W
centres enhanced HER activity relative to the metal-free material, leading to increased
ECH activity at low overpotentials during BZH hydrogenation. Notably, high selectivity
toward BA was maintained across all tested potentials, an important finding given that
achieving selectivity remains a challenge for most electrocatalysts. Mo@C:N
demonstrated high FE at anodic potentials, whereas W@C:N exhibited greater efficiency
at cathodic potentials due to reduced competition between HER and ECH pathways. For
performance comparison, production rates and TOF values were analysed, showing that
W@C:N achieved superior ECH activity at the investigated atomic loading compared to
Mo@C:N. A broader evaluation, including Fe@C:N, was conducted primarily based on
TOFefrsurface Values. Despite its higher metal atomic concentration, Fe@C:N displayed

lower ECH activity than W@C:N at equivalent potentials but outperformed Mo@C:N
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under high cathodic conditions (> -0.5 V vs RHE). This trend follow the materials HER
activity: Mo@C:N > Fe@C:N > W@C:N, confirming the crucial role of the metal core
in balancing the ECH/HER competition. Indeed, an excessive high HER activity leads to
bubbles formations which can hinder the effective area available for ECH, reducing the
efficiency of the hydrogenation process. Notably, the estimated TOFef surface Values for the
W-based material were comparable to those of Rh/C and Pt/C catalysts. Given the four
orders of magnitude difference in metal costs, these findings suggest that W@C:N
structures offer strong cost competitiveness, while Fe@C:N presents a viable, cost-
effective alternative for ECH applications, potentially reducing reliance on precious and

critical raw materials for large-scale implementation.

The common theme throughout each chapter of this thesis has been the preparation,
optimisation, characterisation, and investigation of novel M@C:N architectures for
applications in the electrocatalytic hydrogenation of benzaldehyde. The feasibility of
using non-critical metals has been explored as a sustainable approach for developing a
new class of electrocatalysts. The findings presented in this thesis, shared to the scientific
community through peer-reviewed articles, have significantly advanced the
understanding and practicality of these structures as efficient electrocatalysts. These
results open the door for the development of improved M@C:N architectures for the
hydrogenation of organic compounds, utilising low-cost and abundant metals that have

yet to be explored in this configuration and tested for a wider range of organic substrates.
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7.2 Future work

This thesis has highlighted several potential areas for future research work in the

preparation and study of M@C:N for electrocatalytic hydrogenation applications.

First, as mentioned earlier, the choice of Fe, Mo, and W transition metals has been driven
by their low cost and good activity for HER. However, other metals could also be
considered viable candidates in this regard. For example, the use of Cu, Co, or Ni as metal
cores for preparing M@C:N architectures has shown improved HER performance
compared to the corresponding metal electrocatalysts, and so these structures could be
tested as well for ECH. Second, the selection of BZH as a diagnostic organic compound
was based on its good solubility in water at moderate concentrations and its low toxicity.
However, several other potential biomass-derived organics could serve as excellent
alternatives for ECH studies using M@C:N electrocatalysts. Examples such as HMF,
furfural and acetophenone have garnered significant attention in the literature as
diagnostic compounds in studies using precious metal electrocatalysts, and could be then

tested as well using M@C:N materials.

In Chapter 3, the use of BP or VUL as carbon nanoscaffolds could be expanded to include
carbon nanotubes (CNTs) or carbon nanofibers (CNFs). In fact, these scaffolds have
demonstrated promising results in the preparation of Fe@C:N structures and their
performance in other cathodic reactions. However, no studies have yet explored their use
in the electrocatalytic hydrogenation of organics. It could also be particularly interesting
to prepare Fe@C:N at different metal concentrations, similar to the approach used in
Chapter 5 for Mo and W, in order to investigate whether the effects on HER performance

are reproducible for Fe as well.

In Chapter 4, other carbon supports could be tested to simplify catalyst preparation by
eliminating the need for a hydraulic press to ensure adhesion. Good examples in this
regard include carbon paper or carbon felt. The latter, with its higher porosity and
interwoven structure, may offer benefits for ink stability. Additionally, the identification
of optimal operating conditions could be further explored. For example, the use of a
buffered pH in electrochemical studies, rather than an acidic one, has been shown to be

an effective condition for the ECH of benzaldehyde on precious metal catalysts.
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In Chapter 5, the synthesis of Mo and W materials with lower metal concentrations could
be explored to determine the minimum required concentration for achieving a
significantly efficient ECH catalyst. This could have important implications for reducing
production costs at a large scale. Additionally, a narrower range of intermediate potentials,
between -0.5 and -0.8 V vs RHE, could be tested to identify the optimal potential for

maximising ECH performance.

In Chapter 6, a comparative study on the impact of sieving on ECH performance could
be conducted for all tested materials. This would provide insights not only into the ink’s
stability due to the sieving process but also into its actual effects on catalytic performance.
Further studies should be conducted to determine the identity of the active sites in
M@C:N. This activity may originate from carbon sites whose reactivity is influenced by
sub-surface metals or from the thinning of the carbon shell due to nitrogen-induced
defects. This topic remains widely debated in the literature, even for simpler reactions
such as HER. A potential approach to address this could involve synthesising identical
M@C structures with and without N-functionalization. However, this presents significant
challenges, as it would require rethinking the resin preparation and annealing procedures.
This could also have a substantial impact on the material's solubility, affecting the
preparation of the ink dispersion and, consequently, the stability of the final porous carbon
electrocatalyst. Moreover, since the experiments presented this thesis were conducted
under natural convection, it would be beneficial to perform tests on prototype electrolyser
devices with well-defined convective conditions to fully validate the observed trends and
account for mass transport effects. Finally, studying electrolysers as a function of

temperature could further optimise their performance.
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Figure A.5 Non-Faraday CV profiles and current density plotted against the scan rate for (a,b) Fe@C:N
and (c, d) Bare CC. Measurements were conducted in 0.1 M NaSOs.

a b

0 0
(, R —2h
—2h ——4h
—4h|
2 2 | [
E £
~— — ——
T 10 A T -10
g g
S S
(& O
20 T T T T T T T -20 T T T T T T T
0 0.5 1 15 2 25 3 35 4 0 0.5 1 15 2 25 3 35 4
Time (h) Time (h)
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Table A.1 Coordinates (z,),z) used to describe each boundary and domain in the finite element simulation
as detailed in Fig. S14, and correspoding mass transport conditions. c; refers to the concentration of i

species.
Boundar . Boundar
dary Coordinates gary
Description condition
2 2 2
TOp cap x“+ y < Tcell
forz = hceu
Cell Bottom x2 4+ y? < reo® J=0
Domain cap forz=20 (No flux)
2 2 _ 2
X°+Y° = Teen
Cell wall ce
for 0 <z < hce”
2 2 2
Cap Z°+ X% = Tchannel N
_ h l
Channel for Y = Teell + hchannel — = a7nne
Domain Z% + %% = Topannel’ J —ﬂO
Channel f Rchannel < < (NO UX)
I Of Tcett — - =Y = Teenn +
walls h _ Rchannel
channel 7
1
- ELelectrode Sx<+ ELelectrode
1 1
Front E heen — ELelectrode <z
Electrode cgzn =0
Surface =3 heeu
+ E Lelectrode
1
y = Edelect‘rode
1
Electro_de - ELelectrode Sx<+ ELelectrode
Domain
1 1
Back E hcell - ELelectrode <z
. J=0
inert < lh |
surface =g el (No flux)
+ E Lelectrode
y = _Edelect‘rode
cher The electrode has a thickness of decerode-
inert There are 4 rectangular surfaces of size J=0
electrode  deiectrode X Letectroae that enclose the Front (NO ﬂUX)
surface and back surface of the electrode.
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Table A.2 Summary of parameters used for finite element analysis.

Variable Value Units Description
Tcell 16.5 mm Radius of the cell domain.
h.enr 33 mm Height of the cell domain.
T channel 8.3 mm Radius of the channel domain.
Renannel 23 mm Height of the channel domain.
Letectrode 10 mm Lateral length of the square electrode domain.
delectrode 0.5 mm Thickness of the electrode domain.
Dgzy 8.6-107¢ cm?s’ Diffusion coefficient of Benzaldehyde?!
Initial concentration of Benzaldehyde in the
electrolyte solution domain. The electrode
cOpzy 30 mM . . . I
solution domain is contained within the cell
and channel domain.
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Figure A.9 Overlay of to and t;, gas chromatograms collected in an open circuit control experiment from
(a) 0 to 10 min and (b) 12 to 60 min. Conversion and carbon balance for the same experiment are displayed

in the inset of (b).
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Figure A.10 FEgcu of Fe@C:N and bare CC obtained at -0.5 V vs RHE for 2 h in 0.1 M H,SO4 with 30

mM BZH.

Table A.3 Summary reaction data for electrocatalytic hydrogenation (ECH) and hydrogen evolution
reaction (HER), considering the single contribution of BA and HBZ.

E(V MOlectrons FEBA FEHBZ Prod Rate Prod Rate, ATOFBA ATOFHBZ
R:E) tmeb o0 mog' ) emtg’ ) wh a)h
-0.26 102+£29 22+2 5+£3 13+£3 5+3 25+£0.7 1.0+0.6
-0.50 214+£35 62+7 9+2 76 £7 21 £4 15+1 42+0.8
-0.80 206+8 25+£5 45+2 29+4 97+13 57+07 20+3
-1.00 490+59 11+2 15+6 30+5 78 £26 6=+1 16+5

A = Effective turn over frequency normalised by bulk metal content for BA and for HBZ
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Summary of equations used to calculate performance indicators

Carbon balance and Conversion

Carbon balance (%)

mol;—,,(BZH) + mol;—,,(BA) + 2mol;—,,(HBZ)

mol; (BZH)

mol; (BZH) —mol.,, (BZH)

Coversion (%) = mol, (BZH) 100
Yield

Yieldg, (%) = % 100
Yieldygy (%) = Zm:llotz’(l;gﬁ)z) -100
Yieldgcy (%) = VYieldgy +Yieldygy

Faradaic efficiency
FEpa(%) = > moi’:;l’; B 0o
FEp 5 (%) = 2 moly_,, (HBZ) 100

mol,

FEgcy(%) = FEpy + FEyp;

Product Rate (normalised by geometric area)

o molgy

Prod RateBA,geo(numOl Cmgez" h 1) - m
P 2molygy

Prod Rateypz yeo(tmol cmgly, h™") = Ageo

Prod Rate ., (umol cmy2, h™*)
= Product Rategy goo + Product Rateypyz geo

Ageo = geometric area =1 cm?,t=2 h
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Product Rate (normalised by capacitance)

Prod Rategy geo
Car

Prod Ratepy cq,(umol mF~1 h™1) =

Prod Rateygz geo
Car

Prod RateHBZ,Cap(l,lmOl mF_l h_l) =

Prod Ratecq,(umol mF~' h™1) = Prod Ratep cqp + Prod Rateypz cap

Product Rate (normalised by bulk metal mass)

mol
-1 -1y _ BA
Prod Rateg, 4, (umol gy s™7) = Mot
ZmOIHBZ
S
Prod Rateygz g4, (umol gy s™) = o

Prod Rate, (umol gt s™Y) = Prod Rategy 4, + Prod Rateygyz 4,

M(g) = Myty Ageom InkLoad

t=2 h

Bulk effective turnover frequency

TOFeff,bulk( h,_l) = Prod RategM X MWy,

Surface effective turnover frequency

Prod Ratege,C
Car

Prod Rategcsy(umol cmiég h™1) =

100 %at%

M 440, xps =
100 +%at% + %at% +%at%

Prod Rategcsy

TOFeff.surface( 1) = Moz xps
0 I"C

100

Cs = 0.02 mF cm™ is the specific double layer capacitance.

I'c = 6.14 X 1073 pmol cm? is the molar density of carbon atoms in graphite.
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Porous N-Doped Carbon-encapsulated Iron as Novel
Catalyst Architecture for the Electrocatalytic Hydrogenation

of Benzaldehyde
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Hugo Nolan,® Aran Rafferty,” Olivier Jeannin,” Franck Camerel,” James A. Behan,

Frédéric Barriére,” and Paula E. Colavita*™

Carbon porous materials containing nitrogen functionalities
and encapsulated iron-based active sites have been suggested
as electrocatalysts for energy conversion, however their
applications to the hydrogenation of organic substrates via
electrocatalytic hydrogenation (ECH) remain unexplored. Here-
in, we report on a Fe@C:N material synthesized with an adapted
annealing procedure and tested as electrocatalyst for the
hydrogenation of benzaldehyde. Using different concentrations
of the organic, and electrolysis coupled to gas chromatography

1. Introduction

Among various explored strategies to address the increasing
demand for sustainable energy, the valorization of biomass and
waste feedstocks emerges as a significant alternative to
produce fuels, chemicals and for reducing carbon dioxide
emissions."? Biomass valorization is highlighted as a valuable
approach to mitigate global warming, and its derivatives are
seen as promising renewable and abundant hydrocarbon
resources with potential for different applications.” The main
strategies to convert biomass feedstocks to high-value products
are based on hydrogenation processes. Thermal catalytic hydro-
genation (TCH) can be an effective method however it requires
high temperature, high pressure and high purity H, conditions,
and usually the use of precious metal catalysts.”? An alternative
approach is electrocatalytic hydrogenation (ECH), an electro-
chemical method that can bypass the problem of activating H,,
thanks to in situ generation of adsorbed hydrogen (H,y) via
electroreduction of protons/water.”’ ECH can be further driven
by renewable electricity, thus making it potentially an attractive
alternative route to conventional TCH.*”

[a] School of Chemistry, Trinity College Dublin, College Green, Dublin 2 Ireland
[b] Univ Rennes, CNRS, Institut des Sciences Chimiques de Rennes — UMR 6226,
Rennes, France

Correspondence: Paula E. Colavita, School of Chemistry, Trinity College
Dublin, College Green, Dublin 2 Ireland.
Email: colavitp@tcd.ie

L Supporting Information for this article is available on the WWW under
https://doi.org/10.1002/cssc.202400546
© © 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

ChemSusChem 2025, 18, €202400546 (1 of 12)

[b]

experiments, we demonstrate that it is possible to use such
architectures for the ECH of unsaturated organics. Potential
control experiments show that ECH faradaic efficiencies >70%
are possible in acid electrolytes, while maintaining selectivity
for the alcohol over the pinacol dimerization product. Estimates
of product formation rates and turnover frequency (TOF) values
suggest that these carbon-encapsulated architectures can
achieve competitive performance in acid electrolytes relative to
both base and precious metal electrodes.

To realize the potential advantages of ECH, electrocatalysts
with good performance in terms of faradaic efficiency (FE), yield
and selectivity are needed. FE is typically limited by competition
with the hydrogen evolution reaction (HER),®? as shown in
Figure 1a. The main difference between the HER and ECH is
how the H,4 is used: Tafel and Heyrovsky steps consume
electrons and H,y species and may drastically suppress the FE
of organic hydrogenations."” Therefore, electrocatalysts must
be materials capable of facilitating the Volmer step but that
also inhibit the H, evolution pathways.

Several electrocatalyst materials have been proposed as
good candidates for the hydrogenation of organic
substrates.""'? Precious metals like Pd, Pt, Au™" and carbon-
supported Pt-group metals (M/C) such as Pt/C, Pd/C, and Ru/
('8 have been reported as good electrocatalysts for the
hydrogenation of aldehydes and phenols. Despite these encour-
aging results, the use of precious and/or critical metals is not
desirable at scale, particularly when using biomass derived
feeds that often vary in composition and purity. For this reason,
there is interest in developing abundant and low-cost electro-
catalysts as a suitable replacement. Ni and Cu have been
reported as base metals that can either operate as the active
phase or that can be alloyed to modulate the activity of
precious metals."**” Iron-based catalysts on the other hand
have received less attention, despite this being a highly
abundant and sustainable metal that has a relatively uniform
geographic distribution and therefore a low criticality index.*'*?
HMF and glucose hydrogenations were studied by Kwon
et al.”>* at Fe electrodes; crotonaldehyde and hydroxyacetone
hydrogenations were reported on Fe catalysts;*®*” while Fe
supported on graphite was used in the hydrogenation of
acetophenone.”® Furfural was hydrogenated on Fe electrodes
with high selectivity in acid electrolyte towards the pinacol

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 1. (a) Schematic representation of mechanisms for HER (highlight in red) and ECH (highlight in green). Y=Z is the target organic molecule. (b) Proposed

mechanism for benzaldehyde hydrogenation."”

dimerization product; however ECH experiments with Fe
cathode reported methylfuran as the preferred product.®” Most
recently, an iron-molybdenum phosphide heterostructured
electrode was demonstrated for the electrocatalytic reduction
of nitro groups.®"

In this work we discuss the synthesis and study of N-doped
Fe-carbon heterostructured materials for electrocatalyst applica-
tions in the ECH, where the Fe serves as a metal core and the N-
doped carbon matrix as a porous conductive phase in which
the Fe sites are embedded (Fe@C:N). Applications of Fe@C:N
heterostructures remain largely unexplored in the ECH, despite
their use for the electrocatalysis of other reactions,*? including
the ORR®¥ and the HER.®¥ Electrocatalytic activity was studied
via voltammetry and electrolysis experiments aqueous electro-
lyte using benzaldehyde (BZH) as a diagnostic substrate.*®
Benzaldehyde, due to its good solubility in water®® and its
moderate reactivity,®” stands out among various potential
organic derivatives of biomass as a relevant candidate for
studying the reactivity of new electrocatalyst materials for ECH.
Importantly, BZH and substituted BZH are commonly found in
the pyrolysis of lignin®*" and are important representatives of
biomass-derived aromatic aldehydes."” This justifies the recent
interest in BZH, which has become the subject of intense
investigation in several studies with encouraging results.">*¥
The ECH of benzaldehyde has been previously investigated
using Pt-group electrocatalysts and is reported to result in
formation of benzyl alcohol and/or in dimerization to hydro-
benzoin, as in Figure 1b."” Both of these products are of
interest: benzyl alcohol is the most important aromatic alcohol
from a commercial perspective and a high value commodity
with applications in e.g. coatings, plastics, cosmetics and
food;***¢" while hydrobenzoin is a high-value compound with
applications in the pharmaceutical industry."**”! Achieving ECH
with high faradaic efficiency and good selectivity towards one
of these two products using Fe@C:N heterostructures is there-
fore of interest both from a mechanistic and an application
perspective. Our results show that this is indeed possible with
such electrocatalyst architectures thanks to potential control. A
comparison of turnover frequency (TOF) estimates obtained
from our results suggest that these materials could be a
competitive alternative for the ECH of bio-derived organics.

ChemSusChem 2025, 18, €202400546 (2 of 12)

2. Experimental Section
2.1. Materials

Iron (Il) acetate (95%), Nafion® 117 solution (5%), resorcinol
(99%), Pluronic F-127, melamine (99%), hydrochloric acid
(37 %), sulfuric acid (95-98 %), nitric acid (> 65 %), formaldehyde
solution (37 wt%), hydrogen peroxide (30%), sodium sulphate
(>99%); benzaldehyde (BZH, >99%); hydrobenzoin (HBZ,
99%); acetophenone (ACP, >99%); ethyl acetate (>99%) were
all purchased from Sigma Aldrich and used as received. Ethanol
(>99%), benzyl alcohol (BA, >99%) were purchased from
Fisher and used as received. Black Pearls 2000® (BP, ca.
1400 m?/g)“®¥ were purchased from Cabot.

2.2. Catalyst Synthesis

BP was first pre-treated via oxidative purification to eliminate
metal impurities and enhance hydrophilicity.***® The material
was subjected to a 4 h reflux in concentrated HNO; at 90°C,
followed by filtration and washing with distilled water until a
neutral pH was achieved. The resulting carbon paste was then
dried for two days at 50°C and subsequently ground in an
agate mortar prior to further use.”**" Porous carbon-based
catalysts were prepared as follows: resorcinol (1.65 g), Pluronic
F-127 (2.5 g), and melamine (0.84 g) were first dissolved in a
40 mL solution of water:ethanol (1:1 by vol.) and stirred for
15 min. Fe(CH;COO), (1.5 g) was added to this mixture as a
metal precursor, then concentrated HCl (0.2 g), followed by
stirring for 1 h. Formaldehyde solution (2.59g) was added
dropwise under stirring, and the mixture was stirred vigorously
for another hour, yielding a homogeneous slurry. Purified BP
(1.5 g) was added to this dispersion and stirred for an additional
15 min. The mixture was heated in an oven at 50°C for 2 days
in a Teflon-lined autoclave. Samples were dried for two days at
50°C, ground in a mortar and further dried in a tube furnace
(250°C) under N, flow. Finally, the product was annealed
(800°C, 2 h) in a N:NH; flow (1:1 vol., 200 sccm) followed by
cooling under N,, as show in Figure S1.
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2.3. Materials Characterization

Brunauer-Emmett-Teller (BET)®? specific surface area was
determined from nitrogen adsorption at 77 K with a Nova
4200e Surface Area Analyzer (Quantachrome, UK), with the
specific surface area calculated from data at relative pressures
between 0.10 and 0.30. Pore size distributions were calculated
using the Barrett-Joyner-Halenda (BJH) method™ from the
desorption branch of the isotherm. Prior to analysis, the sample
was outgassed at 250°C under vacuum for 2 h. Small angle X-
ray scattering (SAXS) was carried out using a custom-built setup
with a Cu microfocused generator (GeniX-3D VHF-L, Xenocs) at
50 W, two slit (JJ X-ray) collimation and an image plate detector
(Mar345, MarResearch). Thermogravimetric analysis (TGA) was
carried out using a Pyris 1 Thermogravimetric Analyzer
(PerkinElmer) with a hold time of 10 min at 150°C, followed by
a 10°C/min ramp in air to 900°C. Fourier transform infrared
spectroscopy (FTIR) was carried out on a FTIR Spectrum 100
spectrometer (PerkinElmer) using an attenuated total internal
reflectance (ATR) diamond crystal; 4 scans between the ranges
of 4000 cm™' and 400 cm ™' were collected for each sample and
ratioed against background spectra obtained in air. Powder X-
ray diffraction (XRD) was carried out to investigate the
crystalline structures before and after annealing using a D2
Phaser diffractometer with LynxEye detector (Bruker) and a Cu
Ka source. Scanning electron microscopy (SEM) was performed
using a Zeiss Ultra microscope at 5 kV accelerating voltage, and
InLens detector. Transmission electron microscopy (TEM) was
performed using a Jeol JEM 2100HR with an acceleration
voltage of 200 kV, EDS SDD Oxford X-Max 80T detector and
Jeol HAADF detector. Inductively coupled plasma-optical emis-
sion spectroscopy was performed in a iCAP 7000 ICP-OES
Analyser (Thermo Fisher); samples were treated in HNO; (>
65%) overnight and diluted in Millipore water to a nominal
concentration of 10 mg/L. Raman spectroscopy was carried out
using a Witec alpha 300R confocal scanning Raman system
using 532 nm excitation; peak areas were analyzed using
commercial software (CasaXPS). X-ray photoelectron spectro-
scopy (XPS) was carried out in a monochromated Omicron
XM1000MK Il X-ray photoemission spectrometer, with an EA
125 analyzer and an Al Ka (1486.7 eV) source; pass energies of
50 and 15 eV were used for survey and high-resolution spectra,
respectively. Spectra were analyzed using CasaXPS; best fits
were carried out on spectra after Shirley background correction
using mixed Gaussian-Lorentzian functions. Elemental composi-
tions were obtained from peak areas of the high-resolution
scans. Product analysis was carried out using an Agilent 8860
Gas Chromatograph coupled to a flame ionization detector (GC-
FID), H, as carrier gas, split injection (1:10, 2 mL/min flow) and
a DB-WAX Ul column (30 mx0.250 mmx0.50 um, Agilent J&W).

2.4, Electrochemical Characterization
Catalyst (0.0100 g+0.0003) was used for the preparation of an

ink dispersion, adding 135 uL of Millipore water, 270 uL of
isopropyl alcohol (IPA) and 50 pL of Nafion solution. The ink
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was sonicated at room temperature prior to drop casting on
carbon working electrodes. Glassy carbon disks (GC, @ 5 mm,
HTW GmbH) were used as working electrodes for cyclic
voltammetry experiments. GC disks were polished with decreas-
ing grades of alumina slurry (Ted Pella) according to published
procedures;***? disks were thoroughly sonicated and rinsed
between polishing steps to remove any residue from the
preceding step. GC disks were mounted in a Teflon disc holder
(Pine instruments) and modified with the ink dispersion (10 pL),
then dried under inert gas, resulting in a loading of
1.10 mgcm™. A Pt disk electrode (@ 3 mm, eDAQ) was used for
comparison; prior to experiments using Pt as electrode, the disk
was polished and then cleaned by cycling into the anodic
region until the characteristic response of polycrystalline Pt was
obtained.”*® Flags of carbon cloth (CC, 1 cm? geometric area,
FuelCellStore) with microporous layer were used as working
electrodes for electrolysis experiments. The CC was used as
received after covering the back side with insulating polyimide
tape. 50 uL of the ink were drop cast in two equal aliquots,
drying the ink after each step in a hot plate (80 °C) followed by
compression of the CC in a hydraulic press (Specac) at room
temperature; this resulted in loadings of 1.09 mgcm™2 for all
experiments.

Cyclic voltammetry experiments (CV) were carried out using
a standard 3-electrode cell controlled by a potentiostat
(Metrohm Autolab), using graphite rods (Morgan Advanced
Materials) as counter electrodes (CE) and Ag/AgCl (1 M KCl) as
reference electrode (RE, 0.235V vs SHE). All potentials are
reported vs the relative hydrogen electrode (RHE) based on the
experimentally determined pH of the electrolyte. The cell was
cleaned with piranha and Millipore water prior to each experi-
ment, then filled with 250 mL volume of supporting electrolyte
(0.100 M H,SO,); the electrolyte was purged with N, for at least
15 min prior to characterization. Estimates of electrochemically
active surface area (ECSA) were obtained from capacitive CV
curves in Na,SO, 0.100 M over a no-Faradaic potential window;
the double layer capacitance was normalized by an average
value of 40 pFcm™ to yield estimates of ECSA.®*** Electrolysis
was performed in an H-cell, with compartments separated by
an ion-conducting membrane (FKE-50 Fumasep) to minimize
cross contamination (Figure S2). WE and RE were inserted in
34 mL of catholyte (BZH in 0.1 M H,SO,), and the CE was
inserted in 34 mL of anolyte (0.1 M H,SO,). Before starting the
electrolysis both compartments were purged with N, for at least
15 min; 2mL of catholyte were aliquoted for quantitative
analysis at t,=0s. CVs at 100 mV/s and 10 mV/s were first
collected to condition the electrode surface, followed by
measurement of the iR drop via the i-interrupt method (NOVA).
Potentiostatic electrolysis was carried out for 2 h, followed by
analysis via GC-FID of a 2mL aliquot of the catholyte; the
catholyte was extracted in ethyl acetate (2mL, 99.1% and
89.9% efficiency for BZH and BA, respectively) adding ACP as
internal standard.
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3. Results and Discussion

Electrode materials for HER and ECH studies were synthesized
using a protocol reported by our group,”® but adapted via
modification of the annealing process to include a pre-
annealing step at high temperature under N, flow. Briefly, the
synthesis was based on hydrothermal reactions of a resorcinol
resin®®” in the presence of metal precursors, a soft template and
a conductive carbon black, as schematically shown in Figure 2a.
Resorcinol resins are synthesized via polycondensation of
resorcinol and formaldehyde in a mixture of alcohol and water
containing BP as conductive carbon support. The presence of
melamine and Pluronic F-127 leads to nitrogen incorporation in
the carbon network and increases the surface area of the
material,®*? yielding a BP-supported resin here onwards
referred to as FeRPM. The FeRPM resin was then pyrolyzed at
high temperature under N,/NH; flow using a new thermal
annealing protocol in Figure S1, to graphitize the carbon matrix
surrounding the N-functionalities and Fe-rich clusters, thus
yielding the material under investigation referred to as Fe@C:N.

The Fe@CN materials were found to have a porous
structure with specific surface area of 430 m%*/g determined
from N, adsorption isotherms (Figure S3). The BJH pore
distribution shows that the material is mesoporous, as expected

e®® and in

[33]

when using Pluronic-F127 as a soft templat
agreement with our previous results on similar materials.
SAXS characterization, however, did not show evidence of an
ordered mesostructure (Figure S4) as reported using other
resorcinol-pluronic resin protocols;®” this is likely due to the
incorporation of iron precursors and/or the conductive BP
scaffold during the first hydrothermal pyrolysis step.

Bulk composition of Fe@C:N material was investigated via
ICP-OES yielding an Fe-content of 10.7 % by wt. Figure 2b shows
TGA curves in air for FERPM and Fe@C:N samples, i.e. before
and after the annealing process; data for the BP scaffold
materials is also shown for comparison. Pure BP particles
undergo a single combustion process at high temperature
yielding a negligible residual mass of 3.7%. The FeRPM solid
obtained from the hydrothermal reaction yielded two broad
weight loss processes, a first one at ca. 230°C and a second one
at ca. 430°C, with a final residual mass of 9.47%. After
graphitization, Fe@C:N materials show a single well defined
mass loss at ca. 360°C with a final residue of 20.6%. This
observation is consistent with the sample undergoing graphiti-
zation, yielding a more crystalline and stable carbon structure
that is oxidized at higher temperatures than the partially
graphitized FeRPM. Assuming that the inorganic residue from
Fe@CN consists of Fe,O; exclusively, the observed 20.6%

OH
a RPM resin
OH O OH
o
Hy & Fe(CH;C0O0), |10
e Of N~SN  Black Pearls (BP) wio o OH
X e
HoNT N7 "NH, — )i
Resorcinol Melamine \\%/
RPM resin Annealing 800 °C
formati
ormation FeRPM Fe@C:N
o Autoclave N,/ NH,
J 50 °C
H” "H
b & Graphitic Carbon  %(221)
100 0 FesN c
[ ] Fe2N
* Fe3C
80 (1219
*
= b ¥
& 60+ 1‘;
B i
5o}
40 € *
g
—BP
204 | ——FeRPM (002)
Fe@C:N \ . (1 31)
] /\__/\
O T T T T T T T T T T T
200 400 600 800 20 30 40 50 60 70 8 90

T (°C)

26 (°)

Figure 2. (a) Scheme showing the main steps in the materials synthesis protocol used in this work. (b) TGA curves obtained in air at 10 °C/min for materials
FeRPM, Fe@C:N and the carbon black support BP. (c) XRD patterns of the same carbon-based materials; characteristic peaks are indicated with assignments.
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corresponds to an estimated Fe-content of 14.4% by wt. which
is in excellent agreement with values determined using ICP-
OES, after accounting for the BP solid residue. Notably, a lower
decomposition temperature was observed for Fe@C:N com-
pared to BP; this is likely due to the presence of iron oxides
which are known to catalyze the oxidation of carbons.*® FTIR
transmittance spectra for FeRPM and Fe@C:N further supported
TGA results indicating that the material undergoes significant
graphitization (see Figure S5). The FeRPM spectrum shows
broad peaks consistent with the presence of an RPM resin,***”
while the absence of peaks in the spectrum of Fe@CN is
supportive of decomposition of the organic precursors and
concomitant graphitization. Finally, Raman spectra also support
graphitization as evidenced by an increase after annealing of
the D-band contribution that is associated with the breathing
mode of six-membered rings in graphitic carbons (Figure S6),
and in agreement with graphitization trends in amorphous
carbon materials.””

Figure 2c shows XRD data for BP, FeRPM and Fe@CN
materials. The only prominent peaks in the patterns of BP and
FeRPM can be indexed as (002) (at 23.7°, d=3.75 A) and (101)
(at 42.9°, d=2.10 A) reflections of the graphite structure, in
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agreement with literature values.*’" The large fwhm observed
is indicative of structural disorder in the carbon phase. In the
case of Fe@C:N the pattern is instead dominated by relatively
narrow and intense peaks; reflections at 20=37.8°, 43.3° and
44.5° are in good agreement with (121), (211) and (031)
reflections, respectively, of Fe,C;®® peaks at 20=41.0°, 57.1°,
68.5°, 83.0° and 84.7° are assigned to contributions from
nitrides and carbides in agreement with reference patterns for
Fe,N (PDF#73-2102), Fe;N (PDF#01-1236) and Fe,C (PDF#89-
2005). The formation of nitrides and carbides is consistent with
a process involving carbonization of the organic resin under the
ammonia-rich atmosphere while in the presence of iron salts.
XRD does not show evidence of crystalline Fe’ given the
absence of any of the characteristic peaks at 65.2° and 85.2°, or
at 63.4° and 80.1° of metallic iron patterns PDF#87-0722 and
PDF#89-4186, respectively (Figure S7). Therefore, the XRD
pattern indicates that the annealing process results in the
decomposition of the iron salt and its reduction to carbide-
nitride solids.

Surface composition of annealed Fe@C:N samples was
characterized using XPS. Figure 3a shows the survey spectrum
displaying characteristic Fe 2p;, (710eV), N 1s (398 eV), C 1s
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Figure 3. XPS (a) survey, (b) Fe 2p,,, (c) N 1s and (d) C 1s spectra of Fe@C:N; best-fit components and simulated spectral envelope are also shown where

relevant.
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(284 eV) and O 1s (531 eV) peaks; additional peaks are due to
contributions from the In foil used as support.”? The elemental
composition is reported in Table 1; values were obtained from
the area ratios of the high-resolution scans of the core level
excitations, shown in Figures 3b-3d, after correction by relative
sensitivity factors. The oxygen content of Fe@C:N was estimated
by subtracting the oxide contribution arising from the indium
foil (In,0;), from the total area of the O 1s peak (see Figure S8).
Figure 3b shows the best-fit of the Fe 2p,, spectrum, which
displays two maxima at 704 and 710 eV. The peak at 704 eV
was best-fit using a single component that can be assigned to
Fe, Fe,C or Fe,N species based on its binding energy.”>”* Iron
carbides, its nitrides and metallic iron all have similar binding
energies and cannot be fully resolved via XPS,”>7*' however,
based on the XRD results the contribution at 704 eV likely arises
from carbides and/or nitrides. The envelope with maximum at
710 eV is consistent with the presence of Fe(lll) oxides/oxy-
hydroxides, which typically give rise to multiple peaks and an
overall asymmetric lineshape;”® accordingly, the best-fit was
obtained using multiple peaks (709.8, 710.8, 711.6, 711.9 and
713.0 eV) all assigned to Fe(lll) oxide species. The 704 eV peak
has significantly higher intensity than the oxide components,
thus indicating that most of the iron present at the surface/sub-
surface is in a low oxidation state. Importantly, metallic iron and
its carbides/nitrides are known to be easily oxidized in air;"”"®
therefore, the absence of significant FeO, contributions in the
Fe 2p spectrum strongly suggests that iron-rich phases are
encapsulated and thus protected from oxidation by a carbon
shell.

Figure 3c shows the best-fit of the N 1s spectrum which was
obtained using three components attributed to graphitic-N
(400.9 eV), pyrrolic-N (400.0 eV) and pyridinic-N (398.0 eV)."?5”
The relative contributions of these three functionalities are
reported in Table 1 and indicate that the majority of the
nitrogen is present in the form of pyrrolic/pyridinic groups. It
was not possible to resolve any contributions at 397 eV
expected for Fe-N species;” this is likely due to their relative
contributions being much smaller than those arising from N-
functionalities in the carbon scaffold. Figure 3 d shows the best-
fit of the C 1s spectrum obtained using five components,
attributed to sp? (284.4 eV) and sp® (285.3 eV) carbon, C-O/C-N
(286.0 eV), C=0/COOH (287.5 eV) groups, and m-n* transitions
(289.5 eV).727°8182 The absence of a carbide peak indicates that
most of the C 1s intensity arises from the graphitized scaffold;
this is consistent with a surface Fe content of ca. 1.8% (Table 1),
that indicates that the contribution arising from carbide should
account for <0.7% of the total C 1s peak, based on the Fe;C
stoichiometry. The sp?~C component is larger than the sp’-C
one, also supporting that the majority of carbon observed is

part of a graphitized network as the result of the annealing
process. As shown in Figure S9, the C,./C,content increases
from 23.7% to 60.9% when the FeRPM material is annealed to
Fe@C:N, thus supporting the conclusion that the annealing
process increases the degree of graphitization in agreement
with FTIR and Raman results.

The morphology of the material was investigated via
electron microscopies. Figure S10 shows SEM images of the
Fe@C:N solid, which indicate that the sample consists of a
complex matrix containing dispersed/embedded nanoparticles
characterized by a rough and irregular surface. Further inves-
tigation via TEM reveals that the solid consists of nanoparticles
with size similar to those of the primary BP particles, as shown
in Figures 4a-4c, and additional larger and denser particles with
diameter of 150+ 57 nm. Figures 4d, 4e and 4f show TEM-EDX
images of the Fe, C and O signals, respectively, that show that
the larger particles are rich in Fe and are dispersed over a
graphitized carbon scaffold support.

To evaluate the electrochemical response in both HER and
ECH reactions, voltammetry experiments were carried out in
aqueous electrolytes using BZH as a diagnostic organic
compound. Figure 5 shows linear sweep voltammograms (LSV)
in the cathodic region obtained for polished GC and Fe@C:N
disk electrodes in 0.1 M H,SO, at 5 mVs ', in the absence and
presence of 10 mM BZH. In background electrolyte, GC displays
poor HER activity (n 22—0.99 V at 1 mAcm™) in agreement with
previous findings.®”® Fe@C:N yields a lower overpotential
M=—-030V at 1 mAcm™), which indicates improved HER
currents relative to GC albeit below values observed at a Pt disk
under the same conditions (see Figure S11).% HER activity in
the —0.3 to —0.5 V region is attributable to the incorporation of
iron carbide/nitride nanoparticles at the surface/subsurface of
the electrode material. Indeed, the overpotential at 10 mAcm™,
Tafel slope and exchange current density values estimated at
Fe@C:N disk electrodes (see Figure S12, Table S1) are in good
agreement with those reported in literature for mild steel and
cast iron in acid®® suggesting that HER currents are
dominated by Fe/Fe,C sites.

In the presence of 10 mM of BZH, bare GC and Fe@C:N
show a change in cathodic current densities, with n of —0.89
and —0.57 V (at 1 mAcm™), respectively, observed in the HER
region. This indicates that benzaldehyde adsorbs and blocks
surface sites involved in proton reduction, quenching the HER
activity at Fe@C:N as previously observed in the case of
precious metal electrocatalysts**®” and of base metal electrodes
in acid aldehyde solutions.” Interestingly, cathodic peaks are
observed at ca. —0.92 and —0.64V for GC and Fe@C:N,
respectively, associated with BZH reduction."® The Pt disk
electrode tested under the same conditions does not display an

Material C (%) O (%) N (%) Fe (%)

Table 1. Elemental composition in atomic-%, obtained from XPS high-resolution spectra of Fe@C:N.

NGraphitic (%) NPyridin'\c (%) NPyrroIic (%) CspZ /Ctot[b]

Fe@CN 88.5 7.39 2.25 1.82

14.9 425 426 60.9

at 284.4 eV over the total C 1s peak.

[a] atomic-% content calculated from the contribution to the O 1s area that does not arise from I,0,. [b] Calculated as area ratio of the best-fit component
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Figure 4. TEM images of (a) Fe@C:N and (b,c) expanded images with details of metal-rich nanoparticles (indicated with arrows in (a)) resulting from the
annealing process. TEM-EDX chemical mapping of the image in (a) in the (d) Fe, (e) C and (f) O spectral regions.
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Figure 5. CVs collected for bare CC (black) and Fe@C:N (red) in 0.1 M H,SO,
(dash line) and H,SO, with 10 mM BZH (solid line), at 5 mV/s scan rate in 3
cycles. Only the cathodic region of the last cycle is plotted.

evident reduction peak (Figure S11), however the high HER
current background dominates the cathodic response at these
surfaces below —0.4 V.

The same catalyst ink was then used to investigate BZH
reductions via electrolysis experiments. Figure 6a shows an SEM
image of a 1 cm? CC electrode decorated with a uniform drop-
cast layer of the electrocatalyst ink. SEM-EDX mapping of the
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Fe@C:N/CC electrode in Figures 6b-6d indicates a uniform
distribution of the ink content over the CC area, with a low Fe
intensity arising from metal centers and F signal arising from
the Nafion binder. Figure 7a shows uncompensated linear
sweep voltammograms (LSV) of bare CC and of Fe@C:N/CC
(1 cm?) obtained in an H-cell (Figure S2) at 10 mVs™ in 0.1 M
H,SO,. In the presence of 30 mM of BZH a clear cathodic peak
at ca. —0.7V is observed in good agreement with results
obtained at drop-cast disk electrodes. An additional cathodic
peak is observed at —0.26 V for Fe@C:N/CC that is absent in the
case of bare CC. Figure 7b shows LSV collected for Fe@C:N/CC
at varying BZH concentrations of 1.0, 10.0 and 30.0 mM, at
10 mVs™'; results show that the cathodic peak at —0.26 V does
not change current density as a function of concentration thus
suggesting that this peak is likely dominated by surface redox
processes. On the other hand, the peak at —0.8 V increases with
BZH concentration and can be clearly ascribed to an organic
reduction.

The LSV in Figure 7a show an increased background current
density for Fe@C:N/CC electrodes relative to bare CC. This was
further investigated by measuring CV at varying scan rates in a
non-faradaic potential window, as shown in Figure S13. The
double-layer capacitance (Cy) was estimated from a linear fit of
the capacitive currents and found to be 1.32 and 5.57 mFcm ™2
for bare CC and Fe@C:N/CC, respectively. Therefore, drop-
casting of the catalyst ink increases the electrochemical specific
surface area (ECSA); assuming the specific double-layer capaci-
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Figure 6. (a) SEM image of a CC electrode decorated with the Fe@C:N
electrocatalyst ink, showing the structure of woven fibers in the CC
underlying support. SEM-EDX mapping for C (b), Fe (c) and F (d) atomic
species of the electrode surface in (a) indicating uniform distribution of the
ink material.
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Figure 7. (a) CVs collected for bare CC (black) and Fe@C:N (red) in 0.1 M
H,SO, (dashed line) and H,SO,+ 30 mM BZH (solid line), at 10 mV/s scan rate
in 3 cycles. (b) CVs collected for Fe@C:N in 0.1 M H,SO,+ 1, 10, 30 mM BZH,
at 10 mV/s scan rate in 3 cycles. Only cathodic region of last cycle is plotted.
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tance to remain constant,***® the microscopic area can be
estimated to increase approximately four-fold after deposition
of Fe@C:N/C on the CC support. This higher value is consistent
with high porosity developing during the synthesis of the
catalyst material.

To further evaluate reactions taking place at cathodic
potentials, electrolysis experiments with product analysis were
carried out using the H-cell setup described above. In a first set
of experiments, chronoamperometry experiments were carried
out at the peak potential of —0.8V in 0.1 M H,SO, solutions
containing three concentrations of BZH for 2 h under static
conditions. The current density remained stable over the entire
duration of the experiment, thus confirming that the electrodes
prepared as in Figure 6 display high stability even when subject
to the mechanical stresses associated with evolution of hydro-
gen bubbles in the HER region (see Figure S14). Two products
were identified from the chromatogram at t,,: benzyl alcohol
(BA) and hydrobenzoin (HBZ), thus confirming that hydro-
genation of the organic substrate takes place at the peak
potential (Figure S15). For all the experiments the carbon
balance was ca. 90% (Figure S16), which supports that the
majority of the products are being detected in the liquid phase
of the catholyte compartment. Figure 8a shows the total
faradaic efficiency (FE) associated with BZH reductions obtained
as a function of BZH concentration. FE values were found to
increase up to 70.1% at 30.0 mM concentrations; higher
concentrations were not tested to remain well below the
solubility limit of the reactant (65 mM).®¥ It is important to note
that although a cathodic peak can be observed at bare CC
electrodes, the hydrogenation performance summarized in
Figure 8 can be largely attributed to the presence of Fe@C:N; in
fact, a control experiment (Figure S17) shows that the bare
support yields less than half of the FE at Fe@C:N. Yield,
selectivity and conversion values were also calculated and are
shown in Supporting Information (Figure S18). The total yield
for the reduction (Yieldg %) decreases from 16.3% to 7.2%
when the BZH concentration is increased from 1 to 30 mM.
Similarly, BZH conversion decreases from 33.6% to 24.3% as
the concentration of the benzaldehyde increases. These values
are higher than estimates for a diffusion-controlled reaction at a
smooth 1cm? electrode with a similar cell and electrode
geometry as in our experiments (Figure S19), thus suggesting
that the reduction rates are facilitated by convection due to the
generation of H, bubbles, as previously reported.®® Further,
under these electrolysis conditions the selectivity towards BA is
highest at the lowest BZH concentrations, whereas the dimer
becomes the preferred product at the highest concentration
investigated. This suggests that when the BZH concentration
increases from 1 to 30 mM the cathodic process results in
increased ketyl radical concentrations leading to higher proba-
bility of dimerization via pinacolic coupling.®® On the other
hand, at 1 mM the ketyl radicals should have a higher
probability of reacting with protons or H,y species at the
electrode surface thus enhancing the selectivity towards BA.

To better understand the interplay among product selectiv-
ity, FE and potential, we then carried out a more detailed
investigation of hydrogenation performance indicators using
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100 ments in hydrogenation efficiency at —0.50 and —0.80V, and
a the drop at —1.00V being attributable to competition from
increased rates of HER"® Therefore, for potentials below
e —0.80V, any further increases in cathodic current are almost
[ exclusively due to increased rates of HER rather than to
—~ 604 enhanced rates of organic hydrogenation. Finally, a control
2\,1 experiment using a bare CC in 30 mM BZH/0.1 M H,SO,
LUE (Figure S21) further confirms that the faradaic efficiency at
L 40 —0.50 V results from an improvement of more than a factor of
two in the intrinsic efficiency of Fe@C:N surfaces towards ECH

relative to that of a graphitic carbon support.
209 —~ The trends in FE vs potential for the two products, BA and
HBZ, are particularly interesting and are shown in Figure 9e. It is
0 — : : clear that under the conditions of our experiments, BA is the
1 mM BZH 10 mM BZH 30 mM BZH preferred product at more anodic potentials whereas HBZ is
100 instead favored at the more cathodic potentials. This is also
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Figure 8. (a) Total faradaic efficiency (FE) for organic reductions at —0.8 V. (b)
Contributions of benzyl alcohol (BA) and hydrobenzoin (HBZ) to the total
faradaic efficiency of BZH reductions.

the electrolyte composition that yielded the highest FE
performance in Figure7, i.e. 30mM BZH in 0.1 M H,SO,.
Figure 9a shows the uncompensated CV of a Fe@C:N/CC
electrode in the above electrolyte, obtained in the H-cell, with
potentials marked at —0.26, —0.50, —0.80 and —1.00V to
indicate values chosen for further chronoamperometry experi-
ments. The corresponding chronoamperograms are shown in
Figure 9b; all plots display nearly constant currents, which is
diagnostic of a highly stable electrode performance over the
entire duration of the experiments. Figure 9c shows the change
in total FE of the organic hydrogenations as a function of
potential. First, it is interesting to note that there is detectable
organic hydrogenation activity at potentials as high as —0.26 V
vs RHE. A control experiment run under identical conditions but
at open circuit confirmed that the products observed are
indeed the result of an electrochemical hydrogenation process
(see Figure S20). As the potential is lowered, the FE first
increases and then decreases significantly at —1.00V; in
contrast, the average rate and TOF values for the production of
hydrogenated organics remain approximately constant, as
shown in Figure 9 d. These results are consistent with improve-
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evident by examining the rates of production for the two
compounds, shown in Figure 9f; the corresponding TOF values
are reported in Supporting Information (Table S2). Notably, at
—0.56 V the selectivity towards BA is very high, while also
achieving a close to maximum average rate of production of
hydrogenated organics and high total FE. This suggests that it
is possible to tailor the electrolysis conditions to achieve
electrochemical hydrogenations with high selectivity and high
efficiency. Optimal conditions are likely to be found at
intermediate potentials that are sufficiently cathodic to result in
H,4 coverage,®" but also sufficiently anodic to inhibit uncon-
trolled/too fast reduction rates of BZH to a-hydroxybenzyl
radicals and, consequently, fast dimerization. In fact, greater
selectivity for BA in Figure 9 is achieved at the lowest over-
potentials relative to the thermodynamic value for the con-
version of BZH to BA (E°=0.14-0.19 V).**? A similar mechanism
for increased selectivity towards dimerization at base metals
was proposed by Andrews et al."® based on product trends in
continuous flow cell experiments. Our data therefore suggests
that using metal-encapsulated Fe@C:N heterostructured materi-
als it is possible to achieve hydrogenation via an electrocatalytic
mechanism, as opposed to a direct electronation-protonation
pathway. This can take place over a selected potential range
that enables fast rates of hydrogenation via surface-activated
proton transfer. It is important to note that the specific
influence of nitrides and carbides on the ECH performances
cannot be easily discriminated/resolved and fundamental
studies on pure carbides and nitrides would be desirable in
order to clarify this aspect.

Prior work on the reduction of BZH indicates that achieving
high FE values while controlling selectivity for BA and/or HBZ
remains a challenge in the literature, particularly when balanced
against the choice of metal in terms of their cost and
abundance.l'""12151920871 Elactrode materials with high HER
activity, such as Pt/C, catalyze hydrogenation selectively to BA
at low overpotentials; however, as the potential is shifted to
more cathodic values, competition from the HER lowers the FE
of hydrogenations.” This is similar to our observed trends in
Figure 9e, further supporting the idea that BA production at
Fe@C:N surfaces and low overpotentials takes place via H,q
transfers. It is interesting to note that FE values for Fe@C:N in
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Figure 9. (a) CV collected for Fe@C:N on CC-MPL in 0.1 M H,SO,/30 mM BZH at 10 mV/s. (b) Chronoamperometries collected for each potential for 2 h. Total
ECH FE % (c) and total product rate with TOF values (d) for —0.26, 0.5, —0.8, —1 V vs RHE. Contribution of BA and HBZ to ECH FE% (e) and to product rate (f)

for each potential.

this work at —0.26 V are only slightly inferior to those for Rh/C
and Pt/C in pH5 batch cells at similar potentials (vs. RHE)
reported by Song etal, while the performance appears
comparable or better at —0.50 V.”” TOF values at Fe@C:N are
approximately two orders of magnitude lower than those
reported for Rh/C and Pt/C in the same work, as expected from
the much higher HER activity at these Pt-group metals
compared to Fe® However, using a continuous flow cell
configuration with carbon felt electrodes, Lopez-Ruiz et al.*
reported TOF, values at pH 2 and 5 mAcm™ using Pd/C, one
of the best metal electrodes for ECH of BZH, that are only ~12
times larger than those observed with Fe@C:N/CC at similar
current density. Anibal et al.™ also investigated BZH reduction
studies on metal foils in pH 4.6 electrolyte at —0.5V vs RHE;
interestingly, rates of production at —0.56 V with Fe@C:N in this
work are intermediate between those reported in the study for
Pd and Pt, and are similar to those measured at Au foils. Given
the well-known difference in cost and criticality between Fe and
Pt-group metals, the performances observed at Fe@C:N appear
promising to further develop novel Fe-based composite electro-
catalysts with selectivity towards the alcohol.

ECH of BZH using base metal electrodes has been previously
investigated and the performance of Fe@C:N compares very
well to those of e.g. Ni® and Cu™ in terms of TOF values and
production rates in aqueous electrolytes. To the best of our
knowledge there are no reports of ECH of BZH at Fe or Fe@C
electrodes, however there have been several studies using iron
electrodes for the reduction of other aldehydes. In such
previous work, high selectivity towards the simple alcohol
product is not usually observed.”>*?**% For instance, in acid
electrolyte the ECH of furfural using iron electrodes has been
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shown to lead almost exclusively to the pinacolic dimer® or to
the highly hydrogenated methylfuran product.®® Hydrogena-
tion of glucose to sorbitol is somewhat of an exception, as it
was observed to take place with high selectivity using Fe at
neutral pH, but no hydrogenated products were detected in
sulfuric acid solutions, as the hydrogenation was proposed to
require a local alkaline pH to proceed.” Mixed product streams
with different degree of hydrogenation were detected at Fe
electrodes using HMF as a substrate in acid electrolyte.”® Under
our experimental conditions, we observed BA with good
selectivity at intermediate potentials and neither hydrogenation
of the aromatic ring or hydrogenolysis to toluene were
detected. The BA-selectivity is likely due to a combination of
higher stability of phenyl vs. furanyl rings and differences in the
organic-surface adsorption strengths. Although this argument is
consistent with descriptors and reactivity trends observed in
the literature,”®*" further studies aimed at modulating the
partitioning of BZH onto the surface are needed to support this
hypothesis. An interesting aspect of the Fe@C:N electrocatalyst
architecture is that the rich library of surface functionalization
strategies applicable to carbon nanomaterials is available to
fine tune the binding strengths of substrate and intermediates,
as previously demonstrated in our group for other organic and
inorganic redox processes.*>0%

4. Conclusions
In this work we prepared and studied a porous Fe@C:N

heterostructured material via hydrothermal synthesis. We
introduced a new annealing protocol that includes a pre-
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annealing step and that yields predominantly Fe/Fe,C metal
sites at the carbon surface with only small FeO, content, in
contrast with previously reported methods.*™ To evaluate the
performance of the material as electrocatalyst in organic
hydrogenations we used benzaldehyde as a diagnostic sub-
strate. Chronoamperometry coupled with product analysis
using gas chromatography demonstrate that it is possible to
achieve hydrogenation of benzaldehyde to the alcohol and the
pinacolic coupling products.

Interestingly, results show that the applied potential can
influence the contribution to the total faradaic efficiency for
hydrogenations of the two products, thus indicating that
electrolysis conditions can be tailored to achieve both high
product selectivity and high efficiency. Optimal conditions were
identified at intermediate potentials that enable control over
the competition between ECH and HER, with BA and HBZ being
the preferred products at low and high overpotentials,
respectively. Estimates of TOF and production rates compare
extremely well to those reported using base metal electrodes
such Ni and Cu for the ECH of BZH in aqueous electrolytes."**”
Notably, TOF values for Fe@C:N are only an order of magnitude
smaller than those observed for a carbon supported precious
metal electrocatalysts such as Pd/C (pH 2) in previous reports.””
Given that our experiments are not carried out under conditions
that necessarily maximize mass transport, the calculated TOF
values for Fe@C:N are likely to represent a lower boundary
value.

To the best of our knowledge, there are no reports of
comparable or better performances in the ECH of benzaldehyde
using iron-carbon composites. Considering the wide possibility
of implementing these architectures with different functionali-
zations, we believe that our results could open the door to
improved M@C:N architectures for hydrogenation of organics
using low-cost and abundant metals not yet explored in this
configuration and tested as catalysts for different organic
substrates.
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Electrocatalytic hydrogenation (ECH) of organics of biomass origin represents a promising strategy to
enable integration of renewables and circular economy practices. However, most electrocatalysts
investigated for ECH remain largely based on precious metals. Nanostructured materials based on
transition metals encapsulated in a nitrogenated carbon matrix (M@C:N) offer a promising alternative.
Herein, we report on the synthesis of Mo@C:N and W@C:N composites that display the same metal
atomic concentrations and thus allow for a comparative study of the effect of the metal centre identity
on the properties of such heterostructured materials and their performance in the ECH of benzaldehyde,
a diagnostic organic substrate. A combination of structural characterisation methods indicates that the
type of metal impacts carbon porosity and metal surface concentration in the synthesised structures. W
displays a higher tendency to yield encapsulated nanoparticles compared to Mo, which is instead present
with surface excess but at predominantly high oxidation states. Electrolysis studies at varying potentials

demonstrate high product rates of benzaldehyde hydrogenation, with good selectivity for the production
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Accepted 21st March 2025 of the corresponding alcohol vs. the dimerization side product. Turnover frequency (TOF) estimates

under the operational conditions tested suggest that replacing Mo-centres with W-centres in M@C:N
architectures improves overall performance. A comparison of performance indicators with those for Pt-
group metals suggests that W@C:N could be a competitive material for practical implementations of ECH.
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1. Introduction

The development of efficient and high-performing catalysts for
electrochemical processes is essential for the advancement of
energy technologies and biomass-valorisation strategies."?
Electrocatalytic hydrogenation (ECH) is a sustainable and
versatile approach for the reduction of various organic
compounds, including those of biomass origin, using renew-
ables as an energy source.>® ECH is appealing due to its
potential for fine-tuning reaction conditions, reducing carbon
emissions, and enabling reactions under mild conditions
compared to conventional hydrogenation processes that often
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require high pressures and temperatures. Moreover, ECH
offers opportunities for carrying out selective hydrogenations,
which are highly desirable for the production of pharmaceuti-
cals, agrochemicals, and fine chemicals.

Electrocatalysts for ECH processes are generally still based
on precious metals such as Pd, Pt, Au*” and their alloys, or on
carbon-supported precious metals (M/C) such as Pt/C, Pd/C,
and Ru/C.*™ Since the above elements can command market
prices ranging from 15 to 90 USD per g,"> there is an ongoing
research effort to develop abundant and low-cost electro-
catalysts as viable alternatives. Recently, the use of metal
nanostructures encapsulated within N-doped carbon architec-
tures (M@C:N) has emerged as a promising strategy for the
preparation of materials with ECH activity.” M@C:N materials
have received significant attention as electrocatalysts for a range
of cathodic processes of high importance in energy technolo-
gies, including the hydrogen evolution reaction (HER), and the
reduction of O, and CO,."*?* M®@C:N heterostructures can
display unique properties such as high surface area and tune-
able surface electronic structure and chemical reactivity.'®
Moreover, the presence of a carbon shell that protects the metal

J. Mater. Chem. A
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from oxidation due to air exposure or from corrosion in
aqueous solutions can expand the range of metals used for
electrocatalysis to encompass low-cost and earth abundant
transition metals, enhancing the versatility and stability
advantages of M@C:N architectures.'®** However, development
of M@C:N architectures for ECH still presents significant
challenges and little is known about how to optimize both the
metal core and the graphitised scaffold to improve ECH
performances. Organic hydrogenations must progress with
efficiency under electrochemical conditions at which the HER is
typically a competing reaction. The Volmer reaction step
leading to H,qs activation at the electrocatalyst surface is
a requirement for both the HER and the ECH to take place.”
However, these two reactions compete for this intermediate to
yield final products: indeed the Tafel and Heyrovsky steps in the
HER consume H,q4s species and may drastically suppress the
faradaic efficiency (FE) of organic hydrogenations.

Previous work from our group demonstrated for the first
time that M@C:N electrocatalyst materials synthesised using
a low cost transition metal such as iron are active in the ECH of
carbonyl compounds. In this work, we show that this material
design strategy can be expanded to incorporate alternative
transition metals into the electrocatalyst, namely W and Mo,
enabling the optimisation of ECH performance indicators in
M@C:N architectures. Mo and W are highly desirable as metal
cores due to their significantly lower costs compared to precious
metals, with market prices of ca. 0.07 USD per g and 0.05 USD
per g, respectively.’” Further, these metals and several of their
compounds also possess the ability to activate chemisorbed
hydrogen through the Volmer step while displaying differences
in their activity towards hydrogen evolution,'®**** thus offering
a potential route to regulating the degree of competition
between the HER and the ECH. Benzaldehyde (BZH) was used
as a model organic compound due to its solubility in water>>>®
and because it enables quantitative benchmarking of perfor-
mance indicators relative to other results in the ECH
literature.>*® Our results demonstrate that the identity of the
metal core can have a profound influence on the properties of
the graphitised carbon matrix and on the surface chemical
composition in M@C:N materials with identical atomic metal
loadings. This translates into important changes in product
rates, faradaic efficiencies and turnover frequencies thus
providing new insights on how to optimise transition metal-
based heterostructured electrocatalysts for the ECH of organics.

2. Material and methods
2.1 Materials

Nafion® 117 solution (5%), resorcinol (99%), Pluronic F-127,
melamine (99%), hydrochloric acid (37%), sulfuric acid (95-
98%), nitric acid (=65%), formaldehyde solution (37 wt%),
hydrogen peroxide (30%), sodium sulfate (>99%); benzaldehyde
(BZH, >99%); hydrobenzoin (HBZ, 99%); acetophenone (>99%);
ethyl acetate (>99%); ammonium heptamolybdate tetrahydrate
((NH4)sM0,0,,-4H,0, 99%) were all purchased from Sigma
Aldrich and used as received. Methanol (>99%), benzyl alcohol
(BA, >99%) and ammonium metatungstate hydrate
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((NH4)6W1,039-Hy0, 99%) were purchased from Fisher and
used as received. Black Pearls 2000® (BP, >1400 m”> g~ ")***' were
purchased from Cabot.

2.2 Methods

BP were purified under reflux in concentrated HNO; at 90 °C for
4 h, then filtered and washed until reaching a neutral pH."
Porous carbon-based catalysts were synthesised by first dis-
solving resorcinol (0.83 g), Pluronic F-127 (1.25 g), and mela-
mine (0.42 g) in 20 mL of a 1: 1 water : methanol solution and
stirring for 15 min. Ammonium heptamolybdate tetrahydrate
(NH4)6M0,0,4-4H,0, or ammonium metatungstate hydrate
(NH,4)6W;,039-H,0, were then added as metal precursors in
amounts summarised in Table 1, followed by the addition of
concentrated HCI (0.2 g) and stirring for 1 h. Formaldehyde
(1.25 g) was introduced dropwise, resulting in a homogeneous
slurry after vigorous stirring for another hour. Purified BP (0.75
g) was added to the mixture and stirred for an additional
15 min. The mixture was heated in a Teflon-lined autoclave at
50 °C for 2 days, then the vessel was opened and the solid was
thoroughly dried at the same temperature. The sample was
ground in a mortar, inserted in a tube furnace at 250 °C under
N, flow and, finally, annealed at 800 °C for 2 h in a N, : NH; flow
(1:1 vol., 200 sccm total) following the procedure reported
previously.™

2.3 Materials characterisation

Brunauer-Emmett-Teller (BET)** specific surface area was
determined from N, adsorption at 77 K with a Nova 2200e
surface area analyzer (Quantachrome, UK). The specific surface
area was calculated from data in an optimal relative pressure
range according to the method proposed by Rouquerol et al.,**
by way of the micropore BET assistant feature of the NovaWin
software. Pore size distributions were determined using the
density functional theory (DFT) method*** based on the
calculation model: N, at 77 K on carbon (slit pore, NLDFT
equilibrium model). Prior to analysis, the samples were out-
gassed at 250 °C under vacuum for 2 h. Thermogravimetric
analysis (TGA) was carried out using a Pyris 1 thermogravi-
metric analyser (PerkinElmer) with a hold time of 10 min at
150 °C, followed by a 10 °C min~ ' ramp in air to 900 °C. Powder
X-ray diffraction (XRD) was carried out using a D2 Phaser
diffractometer with LynxEye detector (Bruker) and a Cu Ka
source. Scanning electron microscopy (SEM) was performed
using a Zeiss Ultra microscope at 5 kV accelerating voltage with
an SE2 detector. High resolution transmission electron
microscopy (HR-TEM) was performed using a Jeol JEM 2100HR
at 200 kv using EDS SDD Oxford X-Max 80T detector. Induc-
tively coupled plasma-optical emission spectroscopy was per-
formed in a iCAP 7000 ICP-OES analyser (Thermo Fisher);
samples were treated in HNO; (=65%) overnight and diluted in
deionised water to a nominal concentration of 10 mg L .
Energy-dispersive X-ray fluorescence analysis (XRF) was per-
formed using a Rigaku ED-XRF in He atmosphere on bulk solid
samples. X-ray photoelectron spectroscopy (XPS) was carried
out in a monochromated Omicron XM1000MK II X-ray

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of samples, details of the metal precursors used, metal content after the final graphitisation step by weight-% and by

atomic-%, and BET specific surface area

Material Metal precursor Initial metal precursor (g) wt. (%) at. (%) BET (m® g™ )
Mo@C:N (NH,)sM0,0,4-4H,0 1.78 10.8° 1.51 229
W@C:N (NH,)sW 1,034+ H,0 0.61 17.7 1.41 450
RPM/BP N/A N/A N/A N/A 600

“ Data obtained by ICP-OES on the graphitised material. ” Data obtained by ED-XRF on the graphitised material.

photoemission spectrometer, with an EA 125 analyser and an Al
Ko (1486.7 €V) source; pass energies of 50 and 15 eV were used
for survey and high-resolution spectra, respectively. Spectra
were analysed using CasaXPS; best fits were carried out on
spectra after Shirley background correction using mixed
Gaussian-Lorentzian functions. Elemental compositions were
obtained from peak areas of the high-resolution scans after
correction for relative sensitivity factors. Product analysis was
carried out using an Agilent 8860 gas chromatograph coupled to
a flame ionisation detector (GC-FID), H, as carrier gas, split
injection (1: 10, 2 mL min~" flow) and a DB-WAX UI column (30
m X 0.250 mm x 0.50 pm, Agilent J&W).

2.4 Electrochemical characterisation

Synthesised materials were mortared and sieved (20 pm) prior
to the preparation of catalyst inks. Ink dispersions contained
catalyst (0.0100 g + 0.0003), 270 pL of deionised water, 160 pL of
methanol (MeOH) and 53 pL of Nafion solution. Each addition
was followed by 10 min of sonication in a cooling bath; the
resulting dispersion was drop-cast on carbon working elec-
trodes for further analysis. Glassy carbon disks (GC, @ 5 mm,
HTW GmbH) were used as working electrodes for cyclic vol-
tammetry experiments. GC disks were polished with decreasing
grades of alumina slurry (Ted Pella) according to published
procedures;** disks were thoroughly sonicated and rinsed
between polishing steps to remove any residue from the
preceding step. GC disks were mounted in a Teflon disc holder
(Pine instruments) and modified with the ink dispersion (10
uL), then dried under inert gas, resulting in a loading of 1.06 mg
cm 2. Flags of carbon cloth (CC, 1 cm® geometric area, Fuel-
CellStore) with microporous layer were used as current collec-
tors for electrolysis experiments. The CC was used as received
after covering the back side with insulating polyimide tape. 52
uL of the ink were drop-cast in two equal aliquots, drying the
ink after each step in a hot plate (80 °C), followed by
compression of the CC in a hydraulic press (Specac) at room
temperature; this resulted in loadings of 1.07 mg cm ™2 for all
samples. Voltammetry experiments were carried out using
a standard 3-electrode cell controlled by a potentiostat (Met-
rohm Autolab), using graphite rods (Morgan advanced mate-
rials) as counter electrodes and Ag/AgCl (1 M KCl) as reference
electrode (0.235 V vs. SHE). All potentials are reported vs. the
relative hydrogen electrode (RHE) based on the experimentally
determined pH of the electrolyte. The cell was cleaned with
piranha and deionised water prior to each experiment, then

This journal is © The Royal Society of Chemistry 2025

filled with 250 mL volume of supporting electrolyte (0.100 M
H,S0,); the electrolyte was purged with N, for at least 15 min
prior to characterisation. Electrolysis was performed in a cus-
tomised H-cell thermostated at 25 °C as previously reported.*
Quantitative analysis was conducted via GC-FID after extraction
with ethyl acetate, using acetophenone as internal standard.

3. Results and discussion

Carbon-based materials were synthesised using a procedure
described in our previous study' and schematically illustrated
in Fig. 1a. Briefly, materials were synthesised via poly-
condensation of resorcinol and formaldehyde with the addition
of BP carbon black as a conductive scaffold, Pluronic F-127 as
a soft template and melamine as a nitrogen source. Annealing
at 800 °C under N,/NH, atmosphere resulted in graphitisation,
yielding a material from here onwards referred to as RPM/BP.
Metal precursors can also be added to this procedure to ach-
ieve metal encapsulation in a M@C:N architecture.”*” In this
work, we integrated Mo and W metal precursors into the
established protocol; Table 1 shows the precursor quantities
used for the synthesis of each sample, as well as the metal
content obtained after the final graphitisation step in the
synthesis, by weight and by atomic percent. The bulk compo-
sition of Mo-based materials was investigated via ICP-OES,
while for W-based electrodes ED-XRF analysis was performed.
The atomic-% content in the bulk was calculated assuming
carbon and metal to be the main components. The two M@C:N
materials exhibit similar metal atomic content of ca. 1.5% and
can therefore be used to compare the effects of a change of
metal on the nanocomposite structure and its electrochemical
performance.

The bulk structure of the materials was first investigated via
XRD; Fig. 1b reports patterns collected for metal-free RPM/BP,
Mo@C:N and W@C:N. RPM/BP materials yielded two peaks at
24.3° and 43.2°, indexed as (002) and (101) reflections of the
graphitic carbon,*® respectively. The Mo@C:N pattern indicates
the presence of crystalline phases consisting of mostly Mo,C,
with contributions from MoO, oxide. Peaks at 34.4°, 37.8°,
39.3°, 51.9°, 61.5°, 69.3°, 74.4°, 75.6°, match well those Mo,C
reference (PDF#35-0787) and are assigned to reflections (100),
(002), (101), (102), (110), (103), (112) and (201), respectively. The
broad peak at 25.3° is assigned to (002) reflection of graphitic
carbon and matches the main reflection in the pattern of metal-
free RPM/BP. The small broad peak at 36.9° indicates the
presence of MoO, (PDF#65-5787) as well. The XRD pattern for

J. Mater. Chem. A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08953g

Open Access Article. Published on 21 March 2025. Downloaded on 4/27/2025 12:16:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

d

Pluronic F-127 Metal RPM resin
Resorcinol Melamine Black Pearls precursor ('H_ ‘.Hv o
fo) 7 NOH Y “OH
o O OH
HJ\H - 4 {.
NTON oM
H ‘ e i H
50 °C
M@C:N 5 days Autoclave
Metal Core .
h Annealing 800 °C
Carbon Matr « Zh Metal / RPM
arbon \a\nx N,/ NH,

400
w0l  —*— RPM/BP
—=— W@C:N
D300 A —o— Mo@C:N
™
£
L
P 250
5
S 200 - @
> P
3 |
a 150
?
T 100
= £ 3
88—
50 ,’;“"'
0 T T T T M
0 0.2 04 0.6 0.8 1

Relative Pressure (p/p°)

Fig. 1

View Article Online

Paper
(111)
W@C:N @ = WN
(200)
u =
(220) T s
u = 8
P ¢ ™
S 101 Mo, C
> | Mo@c:N P oWy
= & " A MoO,
2 =1 g“ es ?-
#g . < ol S ) (112)
= /'\ ﬁ“/w . 5 fe(201)
RPM/BP + Graphitic
4 (002) (101) Carbon
L
T‘a T ] T T
20 30 40 50 60 70 80
d 20 (")

0.8 4

o
o
1

dV(logd) (cm®/g)
o
Y

0.2+

Diameter (nm)

(a) Scheme illustrating main steps of the materials synthesis protocol. (b) XRD patterns for metal-free RPM/BP, Mo@C:N and W@C:N. (c)

Nitrogen adsorption—desorption isotherms and (d) pore size distributions for RPM/BP, W@C:N and Mo@C:N materials.

W@C:N shows peaks at 37.4°, 43.6°, 63.3°, 76.1° and 80.1°, that
match those of the WN reference pattern (PDF#65-2898) and are
assigned to reflections (111), (200), (220), (311), and (222),
respectively.***° The (002) reflection of graphitic carbon is also
detectable at 24.6°.

Synthesised materials were found to be porous; Fig. 1¢ shows
the N, adsorption/desorption isotherms collected for Mo@C:N,
W@C:N and the metal-free RPM/BP. Samples display similar
hysteresis loops characteristic of type IV isotherms, associated
with capillary condensation, and type H4 loops reported for
narrow slit-like micro-/mesopores.*-*> The BET specific surface
area values calculated from the isotherms are summarised in
Table 1. The incorporation of Mo or W into the structure results
in a decrease in BET surface areas by 15% to 67% compared to
metal-free RPM/BP. Assuming that contributions to the surface
area from metal-containing phases are negligible relative to
those from the carbon phases, and accounting for the

J. Mater. Chem. A

metal wt% in Table 1, it is possible to note that for W@C:N the
BET area is only slightly lower than expected from a replace-
ment of 1.4% of C atoms in RPM/BP with W (494 m* g~ '). This
suggests that the development of the carbon microscopic area
during graphitisation is not significantly affected by the pres-
ence of the W centres at these concentrations. On the other
hand, for Mo@C:N the BET area is less than half the value ex-
pected based on replacement of 1.5% of C atoms alone (535 m?>
g~ 1). This suggests that Mo centres impact the development of
pores in the carbon phase to a much greater extent than W.
Metal centres can have a catalytic effect on carbon gasification
and graphitisation,****” and such processes can enhance pore
opening and lead to reductions in BET areas.

To better understand the impact on pore size, the DFT
method was used to generate pore size distributions (PSD),
shown in Fig. 1d. The three materials are similar insofar as they
exhibit distinct occurrences of porosity in the micro (<2 nm)

This journal is © The Royal Society of Chemistry 2025
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and meso (2-50 nm) ranges, with broadly similar distributions,
i.e. peaks at 1.5, 3.5 and 5 nm, characteristic of the parent
carbon phase. W@C:N and RPM/BP share the most obvious
similarities, with a significant volume of micro-pores, which are
key contributors to the surface area. A closer inspection of the
micropore region shows differences, in that the second peak
(ca. 1.5 nm) grows according to Mo@C:N > W@C:N > RPM/BP,
while the peak at 1.1 nm decreases accordingly. In other words,
larger micropores are generated at the expense of smaller ones.
Notably, Mo@C:N displays limited contributions from micro-
pores relative to both RPM/BP and W@C:N. This likely explains
the lower surface area observed for this sample, as well as its low
pore volume (Table S1%). Further, it highlights a key difference
between Mo@C:N and W@C:N: for Mo@C:N the smallest
tranche of micropores have either been rendered inaccessible or
have undergone enlargement. DFT pore width values (mode), in
Table S1,7 show that pore size increases with a decrease in
surface area, as expected. Of note is the fact that the values for
RPM/BP and W@C:N occur in the micropore range, where that
of Mo@C:N falls in the mesopore range thus confirming that

View Article Online
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pore evolution in the N-doped carbon matrix is significantly
affected by the incorporation of Mo centres.

TGA analysis in air was carried out and results are reported
in Fig. S1.7 Briefly, in the case of the metal-free RPM/BP a single
combustion process with zero residual mass is observed over
650-750 °C, associated with oxidation of graphitised carbon. In
the presence of metals, carbon oxidation occurs at significantly
lower temperatures, with the effect on onset temperature being
more pronounced in the case of Mo-containing materials. This
is consistent with oxidation being catalysed by metal centres, in
agreement with prior literature;**** while the enhanced effect of
Mo vs. W in these reactions is also consistent with observations
from BET and DFT analysis that suggest a greater effect of Mo
centres on pore opening processes.

Morphology was investigated via electron microscopy. Fig. 2a
shows an SEM image of Mo@C:N, revealing particles with rough
and irregular surfaces. SEM-EDX analysis confirms that Mo is
uniformly distributed over the carbon matrix (see also Fig. S27).
HR-TEM, in Fig. 2b, indicates that the sample consists of opa-
que nanoparticles (~5 nm diameter), embedded within

Fig.2 SEM and EDX mapping (a) and HR-TEM (b) of Mo@C:N; (c) HR-TEM for Mo@C:N with measured d-spacings (white arrow). SEM and EDX
mapping (d) and HR-TEM (e) of W@C:N; (f) SAED pattern of WN nanorods with estimated d-spacing.

This journal is © The Royal Society of Chemistry 2025
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a graphitised carbon matrix: nanoparticles exhibit lattice d-
spacing of 0.138 nm, in Fig. 2c, closely matching (103) reflec-
tions of Mo,C at 0.135 nm (PDF#35-0787). SEM of W@C:N, in
Fig. 2d, displays a porous solid matrix with well-defined rod-like
nanostructures with diameters in the 50-200 nm range. SEM-
EDX indicates that these nanorods are rich in W (see also
Fig. S21). HR-TEM of such features, in Fig. 2e, reveals that they
display well defined crystal facets and are encapsulated within
a graphitised shell 10-20 nm in thickness. The selected area
electron diffraction (SAED) pattern of nanorods, in Fig. 2f,
confirms d-spacings of 0.238 nm and 0.205 nm, consistent with
the (111) and (200) reflections of WN at 0.238 nm and 0.206 nm,
respectively (PDF#65-2898).

Surface composition was studied using XPS and Table 2
summarises results obtained from best fits of high-resolution
spectra for all materials. Survey spectra, Fig. S3,f display
peaks associated with C 1s, N 1s and O 1s ionisations, as well as
those associated with characteristic Mo and W ionisations for
the respective M@C:N materials. Both the nitrogen and metal
%-contents are much lower for W@C:N than for Mo@C:N,
despite the two metals being present at similar atomic bulk
concentrations. Indeed, a comparison between metal/carbon
atomic %-ratios obtained by XPS and those from bulk deter-
minations (Table 1) indicates that while W remains preferen-
tially in the bulk, or below sub-surface, Mo is found
predominantly at the air interface.

C 1s spectra of Mo@C:N and W@C:N are shown in Fig. 3a.
The C 1s peak was deconvoluted using five components attrib-
uted to sp” (ca. 284.4 eV) and sp> (ca. 285.4 V) carbon, C-O/C-N
(ca. 287 eV) and C=0/COOH (ca. 289 eV) groups, and 1-m*
excitations (ca. 292 eV).*** For all materials, the sp> peak
constitutes the largest contribution to the total intensity, as
shown in Table 2 suggesting that materials undergo graphiti-
sation to a similar extent during the annealing step. N 1s spectra
are shown in Fig. S3;1 the low N-content in W@C:N results in
low overall intensity, nonetheless, peak binding energies at ca.
498 eV for both spectra suggest that pyridinic-N accounts for the
majority of contributions, as was also observed for metal-free
RPM/BP (Fig. S471). Best-fits obtained using three components
assigned to graphitic-N, pyrrolic-N and pyridinic-N,**** with
details summarised in Table S2,T support this conclusion. An
additional peak at 394.6 eV is also observed for Mo@C:N and is
characteristic of Mo 3ps,, ionisations.** Finally, we note that
differences in N/C surface content observed via XPS spectra are
consistent with results from XRD characterization. XRD showed
that annealing yields MoC,/MoO, and WN phases in Mo@C:N
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and W@C:N, respectively. This indicates that N-precursors react
readily with W and are sequestered to the subsurface, as is the
case for the W atoms, whereas for Mo@C:N they remain avail-
able to react with the carbon matrix.

The Mo 3d spectrum of Mo@C:N, Fig. 3b, was fitted using
three doublets with an energy splitting of 3.1 eV, assigned to
Mo** (228.5 eV), Mo*" (229.8 €V), and Mo®" (232.2 eV) species.
Mo** components indicate the presence of molybdenum
carbides in the form of Mo,C and/or MoC, whereas Mo*" and
Mo°" arise from oxide species due to surface oxidation in air, in
agreement with previous reports for Mo carbides.”>**> Peak
area ratios indicate that the majority of surface Mo (>80%) is
indeed oxidised after air exposure, in contrast with the
predominance of carbide phases in the bulk, evidenced by XRD
studies.

The W 4f spectrum of W@C:N, Fig. 3c, was fitted using two
doublets with energy splitting of ca. 3 eV.>***%* The 4f,, peak at
low binding energy (32.2 eV) is characteristic of either W,C or
WN,%% and therefore consistent with XRD results. The 4f;,,
peak at high binding energy (35.2 eV) is assigned to oxidised
tungsten in the form of WO,.*"** Notably, the oxide component
accounts for a minority of surface W species, while carbides/
nitrides constitute 64-68% of the contributions from metal
centres. These compounds have been reported to oxidise in air
as demonstrated by multiple studies,”®®**® therefore the
absence of significant contributions from oxide species
suggests that the majority of the carbide/nitride phases are
encapsulated within a protective carbon shell that prevents/
minimises oxidation.”® This further supports findings from
HR-TEM, while being consistent with the surface W-content
being lower than the bulk value.

The electrochemical response was investigated via voltam-
metry experiments in 0.1 M H,SO, using glassy carbon disks
modified with the M@C:N materials via drop casting. Fig. 4
shows linear sweep voltammograms (LSV) for Mo@C:N and
W@C:N at 2 mV s~ in the presence and absence of 30.0 mM
benzaldehyde in the electrolyte. In the absence of benzalde-
hyde, Mo@C:N displays HER activity (p = —0.16 V at 1.5 mA
cm~?) comparable to that observed at a range of Mo,C elec-
trodes under similar conditions.**”*”> The presence of
a cathodic peak at —0.078 V, characteristic of proton-coupled
reductions of MoO; at low pH,”>™ is consistent with a signifi-
cant concentration of Mo®" at the electroactive surface of
Mo@C:N and with evidence from XPS characterisation. Mo,C is
reported to be activated under cathodic polarisation,” while
Mo00,/MoO; are sluggish in the HER;”? therefore the observed

Table 2 Summary of atomic elemental compositions and selected best-fit results obtained from high resolution XPS spectra of synthesised

materials

Material Cspz/tha (%) N/C (at%) M/C (at%) MC, or MN, /Mo (%) M—0/M. (at%)
Mo@C:N 63.4 19.5 5.7 16.3 83.7

W@C:N 57.4 1.7 0.45 64.3 35.7

RPM/BP 51.6 4.69 NA NA NA

“ Calculated as area ratio of the best-fit component at 284.4 eV over the total C 1s peak.
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fits in the (b) Mo 3d and (c) W 4f regions of Mo@C:N and W@C:N,
respectively.

activity of Mo@C:N in acid electrolytes is likely to be dominated
by Mo>* centres at the electrolyte interface.

W@®@C:N also shows activity in the HER (n = —0.50 V at 1.5
mA cm ) but with lower current densities relative to Mo@C:N.
Similar overpotentials have been reported for either WN” or
carbon-encapsuled WC electrodes.” Interestingly, the LSV is
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devoid of peaks characteristic of proton-coupled reductions of
WO; species,” thus supporting the conclusion from XPS that
the majority of W surface sites are in a low oxidation state.
Given that drop-cast films are porous, a comparison of the LSV
curves was also carried out after normalisation by capacitive
contributions to account for differences in microscopic area
(Fig. S57).7%% Mo®@C:N was found to still display higher HER
currents than W@C:N in agreement with prior reports of better
HER performance in general for MoC, vs. WC, electrodes in
acid electrolytes.®* Finally, control LSV experiments with pol-
ished glassy carbon and metal-free RPM/BP electrodes, Fig. S5,
yielded higher HER overpotentials than either Mo@C:N or
W@C:N after correction for microscopic area. Results, there-
fore, strongly suggest that M@C:N materials have improved
intrinsic HER activity relative to metal-free graphitic carbons
and that this can be attributed to the incorporation of Mo/W
centres in the form of carbides/nitrides.

LSV in 0.1 M H,SO, with 30 mM benzaldehyde at 2 mV s, in
Fig. 4, show a cathodic peak associated with the reduction of the
organic at W@C:N (ca. —0.7 V), while the overall cathodic
current density is decreased relative to the LSV in supporting
electrolyte. This indicates a general quenching of HER faradaic
currents due to adsorption of the organic species."**>** On the
other hand, Mo@C:N displays only slight changes in current
density while only a broad, ill-defined peak is discernible over
the cathodic background current (ca. —0.3 V). This suggests that
there is minimal competition by organic species for the HER-
active sites at the Mo@C:N surface. Nonetheless, the peak at
—0.078 V, visible in supporting electrolyte, is suppressed thus
suggesting that benzaldehyde interacts with Mo®" surface sites.

Benzaldehyde reactions were then studied using electrolysis
experiments coupled to product detection. Carbon cloth (CC)
current collectors were drop-coated using the same ink disper-
sions as for disk voltammetry studies. Fig. 5a and b show SEM
and SEM-EDX images of CC coated with Mo@C:N and W@C:N,
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respectively, indicating uniform metal distribution over the CC
surface. The LSV in supporting electrolyte (Fig. S61) shows that
the presence of the carbon materials increases the capacitance
of CC significantly, as expected after coating with a porous
particle film. Capacitance values were found to be comparable
for Mo@C:N and W@C:N (Fig. S7 and Table S37), suggesting
that the two materials do not differ significantly in ECSA despite
their differences in BET area. Fig. 5¢ shows LSVs recorded for
Mo®@C:N and W@C:N on CC in 30 mM BZH in 0.1 M H,SO,.
W@C:N displays multiple broad cathodic peaks between —0.8
and —0.26 V whereas Mo@C:N yields a featureless response,
likely due to HER being the dominant contribution to the LSV,
as observed for disk electrodes. The presence of multiple peaks
associated with benzaldehyde in the LSV could arise from either
mixed mass transport regimes in the porous CC electrode,*** or
from reduction at different functional sites, as observed by
some even at carbon disk electrodes of well-defined geometry.*®
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An H-cell was used for electrolysis studies, as previously
described.*® Chronoamperometry experiments were carried out
in a 30 mM BZH in 0.1 M H,SO, solution at three selected
potentials: —0.26, —0.5 and —0.8 V vs. RHE, as shown in Fig. 6a.
Catalyst layers displayed high mechanical stability over the
duration of the experiments thus yielding stable chro-
noamperogram curves (Fig. S9t). Repeat potential step experi-
ments also yielded comparable chronoamperograms (Fig. S97),
thus confirming the robustness and stability of the fabricated
electrodes. Log-log plots of current vs. time (Fig. S91) show that
after ca. 100-150 s, the slope of these plots transitions from
a value of ca. —0.5 to a value close to zero, indicative of
convective control. Evidence of convection is in agreement with
prior work on similar electrode materials and is attributed to
gas evolution during HER."

Both benzyl alcohol (BA) and hydrobenzoin (HBZ) were
identified as reduction products via gas chromatography, con-
firming the hydrogenation of benzaldehyde. Carbon balance
was found to be ca. 90% (Fig. S107) for all materials, indicating
negligible mass losses due to diffusion through the membrane,
loss to the headspace and/or to surface adsorption. Yields and
conversion values were calculated for all materials and are
shown in Fig. S11.1 As the potential is shifted to more cathodic
values, both conversion and yield show an increase, while the
preferred product remains BA (Fig. S127). At any given potential,
better yields and conversions were observed for W@C:N vs.
Mo@C:N over 2 h, thus suggesting that given, the same metal
atomic concentrations, W-containing catalyst layers result in
better operational performances in organic hydrogenations.

The faradaic efficiency, FEgcy were calculated and are sum-
marised in Fig. 6b. Mo@C:N shows good FEgcy at the lowest
overpotential, but the efficiency of reductions decreases signif-
icantly at —0.5 V before increasing slightly at —0.8 V again. The
greater HER activity of Mo@C:N vs. W@C:N and RPM/BP,
enables facile H,q activation even at —0.26 V which increases
rates of ECH via H,q, addition or concerted e-H" additions;>*
however, as the potential is shifted to more cathodic values, the
HER becomes the dominant faradaic process decreasing the
overall efficiency of ECH. At higher cathodic overpotentials
proton coupled reductions of BZH can become an additional
and energetically favourable pathway for the production of BA/
HBZ particularly at carbon surfaces, as discussed in detail in
computational studies by Cantu et al.> We believe this is likely to
explain the increase in FEgcy at —0.8 V for Mo@C:N. In the case
of both W@C:N and RPM/BP, the efficiencies are low at —0.26 V
but superior to that of Mo@C:N at —0.5 V, which is consistent
with these materials being less effective at evolving hydrogen
and with the HER being suppressed as a competing reaction at
—-0.5V.

Product rates normalised by geometric area and by capaci-
tance are shown in Fig. 6¢ and d, respectively. Normalisation by
capacitance puts in clear evidence the significant differences in
specific electroactive area between the metal-free material and
M@C:N catalysts, as well as the superior performance in
organic hydrogenations obtained with the latter. W@C:N
materials offer significant advantages at —0.5 and —0.8 V.
Interestingly, while the Volmer step is facile and H, desorption

This journal is © The Royal Society of Chemistry 2025
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(@)and —0.8V (M) vs. RHE. (b) Total ECH FE %. Product rate normalised by geometric area (c), by capacitance (d), and by amount of metal in the
bulk for both M@C:N (e). TOF calculated values for both M@C:N samples normalised for surface atomic concentrations (f).

limiting at WC/WN,***" it is H,qs activation that is rate deter-
mining at carbons. Therefore, H,qs coverages should remain
low at RPM/BP but increase readily with cathodic overpotential
at WN, which likely explains why the product rate normalised by
specific area is markedly superior for W@C:N at both —0.5 V
and —0.8 V.

Fig. 6e shows product rates for Mo@C:N and W@C:N after
normalisation by bulk metal contents. These results align with
trends in FEgcy, showing higher performance for Mo@C:N at
—0.26 V and for W@C:N at —0.5 V; while at —0.8 V the two
material shows similar product rates. However, their perfor-
mances diverge when considering differences in surface

This journal is © The Royal Society of Chemistry 2025

segregation between Mo and W centres observed for the two
M@C:N. This can be taken into account by estimating an
effective turnover frequency (TOF.y) for W and Mo metal
centres at the electrolyte interface. Assuming that the double-
layer capacitance arises from the carbon matrix alone (20 pF
cm 2)®® and accounting for the areal carbon density of
graphite of 3.82 x 10'®> atoms per cm?* TOF.g values can be
calculated using the atomic %-contents of 0.43% and 4.3%
for W and Mo, respectively, obtained from XPS. TOF.¢ values
thus calculated are shown in Fig. 6f and suggest that
encapsulated W centers yield significant advantages in terms of
intrinsic activity.
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The above results indicate that both Mo@C:N and W@C:N
show activity in the hydrogenation of benzaldehyde and that
W@C:N appears to be particularly promising, achieving satis-
factory FEgcy and good product rates at moderate potentials. At
low overpotentials, FEgcy values for Mo@C:N samples are
comparable to those reported for Pt/C (~60%) and exceed those
of similar M@C:N architectures synthesised using Fe as a metal
core.”® Further, W@C:N shows good FEgcy at —0.5 V
compared to Pt/C, as determined by Song et al. at pH 5 and
similar potentials.®” Interestingly, TOF.¢ values estimated for
W@C:N under our operational conditions are comparable to
those reported for Pt/C and Rh/C catalysts at —0.5 V vs. RHE in
the same work. Additionally, both M@C:N materials show high
TOF values relative to our previous report using Fe@C:N.** Our
findings therefore suggest that compositional changes can be
successfully leveraged to modulate and improve ECH perfor-
mance at M@C architectures based on transition metals.

It is important however to highlight that, when interpreting
differences in performance between Mo and W-containing
electrodes it remains challenging to disentangle the effects of
a change in metal identity (W vs. Mo), from those arising from
morphological and compositional differences that result from
metal-catalysed graphitisation. In the case of W@C:N materials,
metal centres are encapsulated and protected from oxidation;
the majority of them are present in the form of WN nanorods
that can improve, simultaneously, H.qs stabilisation***” and
metallic character/conductivity of the porous carbon matrix. For
Mo®@C:N it is also possible to argue that H,qs coverages are
stabilised relative to RPM/BP; however, the presence of surface
MoO, indicates that only a fraction of metal sites should facil-
itate H,qs activation, while charge transfer impedances are
likely to be negatively affected by surface oxidised phases.”

Finally, the calculation of TOF.¢ values assumes implicitly
that the metal sites are responsible for BZH reduction rates.
This is likely an oversimplification that neglects possible acti-
vation of multiple N-/C-sites due to e.g. proximity effects of
metal in the sub-surface,'®*® as well as the fact that hydroge-
nation pathways are potential-dependent.” First, several
proposed hypotheses have been put forward to explain the
nature of the active site at M@C:N electrodes in the HER. Both
M-sites in contact with the electrolyte but with their reactivity
modulated by the surrounding carbon matrix, or C/N-sites with
their reactivity modulated by metals in the subsurface are
considered as possible and experimentally consistent explana-
tions for H,qs activation at carbon-encapsulated architectures.
However, unequivocal identification of these active sites
remains a topic of ongoing debate, as highlighted recently by
Yoo et al,” despite the HER being a considerably simpler
reaction than the ECH of benzaldehyde. Nonetheless, and
regardless of whether the active sites are C- or M-centers, the
activity remains dependent on the degree to which the metal is
in proximity to, or at, the surface. Therefore, XPS atomic
coverages, which reflect metal content within the first 1-3 nm
from the surface, are a relevant quantity when attempting to
account for metal effects on surface reactivity. A more in-depth
analysis of the active site in the ECH is likely to require further
experimental work, including e.g. use of poisoning/capping
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agents.” Second, potential-dependence of the active site must
also be contemplated; at increasing cathodic overpotentials it is
reasonable to assume that the total product rate stems at least
in part from proton coupled reductions, as noted when dis-
cussing FEgcy values at —0.8 V. Indeed, contributions from M-
site mediated H-addition and from proton coupled reduction of
BZH,qs must both be considered, particularly at high over-
potentials and based on the current mechanistic understanding
of ECH.>*** Therefore, the validity of assumptions underpin-
ning TOF.g calculations might be limited at the most negative
potentials tested and comparisons between metal TOF values
are best restricted to the low overpotential range where metal
catalysed pathways are expected to dominate hydrogenation
rates. Finally, although electrolysis experiments are performed
in this work under natural convection and in an H-cell, well-
defined convective conditions e.g. flow through electrolyser
devices, would be desirable to fully account for mass transport
effects, support comparative performance studies and investi-
gate stability under conditions closer to those encountered in
electrolyser applications.*

4. Conclusions

In this work we have investigated M@C:N architectures as
a promising approach for developing materials that are active in
the electrocatalytic hydrogenation of benzaldehyde. Building on
encouraging results that demonstrated activity with low-cost
metals such as Fe,” we show that the type of metal centre in
M@C:N structures can be leveraged to regulate ECH perfor-
mances, as observed by the significant enhancements in effec-
tive TOF resulting from a replacement of Mo with W centres.

The synthesis and properties of materials Mo@C:N and
W@QC:N, with nearly identical atomic metal contents of ca.
1.5%, were investigated. Structural characterisation revealed
that Mo@C:N has a bulk composition primarily consisting of
Mo,C, but its surface is rich in oxides. In contrast, W@C:N has
a bulk structure consisting of WN with minimal oxide present at
its surface; W is localised in rod-like nanostructures protected
from oxidation and likely corrosion by a graphitised shell. Both
materials were found to be porous: the presence of W centres
introduces only small changes in carbon porosity relative to the
metal-free analogue material, whereas Mo centres catalyse pore
opening.

Incorporation of Mo and W centres improves the HER
activity for both materials compared to the metal free analogue
RPM/BP, with Mo@C:N displaying higher HER cathodic
currents. Electrolysis experiments coupled with gas chroma-
tography analysis of products demonstrated that this translates
into increased ECH activity at low overpotentials in the hydro-
genation of benzaldehyde, the unsaturated compound used as
a diagnostic substrate. Selectivity for the benzyl alcohol product
was observed at all tested potentials; this is a promising result
as achieving selectivity remains a challenge for most studied
electrocatalysts, particularly at cathodic potentials.'>#*%
Mo®@C:N shows high FE at anodic potentials, while W@C:N is
more efficient at cathodic potentials due to suppressed
competition between HER and ECH pathways. Product rates
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and TOF values were used as a basis for comparison, with
W@C:N showing higher ECH performances at the investigated
atomic loading, especially when considering the differences in
surface excess between the two metals. Estimated TOF. are
comparable to those for Rh/C and Pt/C catalysts;* given the four
orders of magnitude difference in material cost, results suggests
that W@C:N architectures are likely to be cost-competitive for
ECH applications and could reduce pressure on precious and
critical raw materials for ECH implementation at scale.

Data availability

Data for this article, including X-ray diffraction (XRD),
isotherms and pore size distributions, X-ray photoelectron
spectroscopy (XPS), Scanning electron microscopy (SEM), cyclic
and linear sweep voltammetry (CV and LSV), electrolysis raw
data at different conditions of organic concentration and
potential, Faradic efficiency (FE), product rates, turn over
frequency (TOF), and transmission electron microscopy (TEM),
are available at Trinity’s Access to Research Archive (TARA) at
https://hdl.handle.net/2262/110448.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This publication has emanated from research conducted with
the financial support of Taighde Eireann - Research Ireland
under Grant number 19/FFP/6761 and GOIPD/2021/530. PEC,
FB and JAB thank the France-Ireland PHC ULYSSES 2021 pro-
gramme for supporting part of the work. SEM imaging was
carried out at the Advanced Microscopy Laboratory (AML) at the
AMBER Research Centre, Trinity College Dublin, Ireland. We
acknowledge kind support from the Earth Surface Research
Laboratory for access to ED-XRF. We are grateful to the THEMIS
platform (ScanMAT) at the Université de Rennes for support
with HR-TEM. Use of the XPS of I. V. Shvets and C. McGuinness
provided under SFI Equipment Infrastructure funds.

References

1 G. Zhao, K. Rui, S. X. Dou and W. Sun, Heterostructures for
Electrochemical Hydrogen Evolution Reaction: A Review,
Adv. Funct. Mater., 2018, 28, 1803291.

2 S. A. Akhade, N. Singh, O. Y. Gutiérrez, J. Lopez-Ruiz,
H. Wang, J. D. Holladay, Y. Liu, A. Karkamkar, R. S. Weber,
A. B. Padmaperuma, M.-S. Lee, G. A. Whyatt, M. Elliott,
J. E. Holladay, J. L. Male, J. A. Lercher, R. Rousseau and
V.-A. Glezakou, Electrocatalytic hydrogenation of biomass-
derived organics: a review, Chem. Rev., 2020, 120, 11370-
114109.

3 Y. Zeng, M. Zhao, H. Zeng, Q. Jiang, F. Ming, K. Xi, Z. Wang
and H. Liang, Recent progress in advanced catalysts for
electrocatalytic hydrogenation of organics in aqueous
conditions, eScience, 2023, 3, 100156.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

4 L. Zhang, T. U. Rao, J. Wang, D. Ren, S. Sirisommboonchai,
C. Choi, H. Machida, Z. Huo and K. Norinaga, A review of
thermal catalytic and electrochemical hydrogenation
approaches for converting biomass-derived compounds to
high-value chemicals and fuels, Fuel Process. Technol.,
2022, 226, 107097

5D. C. Cantu, A. B. Padmaperuma, M.-T. Nguyen,
S. A. Akhade, Y. Yoon, Y.-G. Wang, M.-S. Lee,
V.-A. Glezakou, R. Rousseau and M. A. Lilga, A combined
experimental and theoretical study on the activity and
selectivity of the electrocatalytic hydrogenation of
aldehydes, ACS Catal., 2018, 8, 7645-7658.

6 ]J. Anibal, A. Malkani and B. Xu, Stability of the ketyl radical
as a descriptor in the electrochemical coupling of
benzaldehyde, Catal. Sci. Technol., 2020, 10, 3181-3194.

7 E. Andrews, J. A. Lopez-Ruiz, ]J. D. Egbert, K. Koh, U. Sanyal,
M. Song, D. Li, A. J. Karkamkar, M. A. Derewinski,
J. Holladay, O. Y. Gutiérrez and J. D. Holladay,
Performance of base and noble metals for electrocatalytic
hydrogenation of bio-oil-derived oxygenated compounds,
ACS Sustainable Chem. Eng., 2020, 8, 4407-4418.

8 K. Amouzegar and O. Savadogo, Electrocatalytic
hydrogenation of phenol on dispersed Pt: reaction
mechanism and support effect, Electrochim. Acta, 1998, 43,
503-508.

9S. J. C. Cleghorn and D. Pletcher, The mechanism of
electrocatalytic hydrogenation of organic molecules at
palladium black cathodes, Electrochim. Acta, 1993, 38, 425-
430.

10 Z. Li, S. Kelkar, L. Raycraft, M. Garedew, J. E. Jackson,
D. J. Miller and C. M. Saffron, A mild approach for bio-oil
stabilization and upgrading: electrocatalytic hydrogenation
using ruthenium supported on activated carbon cloth,
Green Chem., 2014, 16, 844-852.

11 B. zhao, M. Chen, Q. Guo and Y. Fu, Electrocatalytic

hydrogenation of furfural to furfuryl alcohol using
platinum supported on activated carbon fibers,
Electrochim. Acta, 2014, 135, 139-146.

12 https://www.dailymetalprice.comand https://

www.metal.com/, accessed 10, December, 2024.

13 F. Pota, M. Costa de Oliveira, C. Schréder, M. Brunet Cabré,
H. Nolan, A. Rafferty, O. Jeannin, F. Camerel, ]J. Behan,
F. Barriere and P. E. Colavita, Porous N-doped carbon-
encapsulated iron as a novel catalyst architecture for the
electrocatalytic hydrogenation of benzaldehyde,
ChemSusChem, 2025, 18, €202400546.

14 M. Tavakkoli, T. Kallio, O. Reynaud, A. G. Nasibulin,
C. Johans, J. Sainio, H. Jiang, E. I. Kauppinen and
K. Laasonen, Single-shell carbon-encapsulated iron
nanoparticles: synthesis and high electrocatalytic activity
for hydrogen evolution reaction, Angew. Chem., Int. Ed.,
2015, 54, 4535-4538.

15 J. Deng, P. Ren, D. Deng and X. Bao, Enhanced electron
penetration through an ultrathin graphene layer for highly
efficient catalysis of the hydrogen evolution reaction,
Angew. Chem., Int. Ed., 2015, 54, 2100-2104.

J. Mater. Chem. A


https://hdl.handle.net/2262/110448
https://www.dailymetalprice.com
https://www.metal.com/
https://www.metal.com/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08953g

Open Access Article. Published on 21 March 2025. Downloaded on 4/27/2025 12:16:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

H. Wei, J. Wang, Q. Lin, Y. Zou, X. a. Chen, H. Zhao, J. Li,
H. Jin, Y. Lei and S. Wang, Incorporating ultra-small N-
doped Mo2C nanoparticles onto 3D N-doped flower-like
carbon nanospheres for robust electrocatalytic hydrogen
evolution, Nano Energy, 2021, 86, 106047.

N. Han, K. R. Yang, Z. Lu, Y. Li, W. Xu, T. Gao, Z. Cali,
Y. Zhang, V. S. Batista, W. Liu and X. Sun, Nitrogen-doped
tungsten carbide nanoarray as an efficient bifunctional
electrocatalyst for water splitting in acid, Nat. Commun.,
2018, 9, 924.

Y. Peng and S. Chen, Electrocatalysts based on
metal@carbon core@shell nanocomposites: an overview,
Green Energy Environ., 2018, 3, 335-351.

C. Gao, F. Lyu and Y. Yin, Encapsulated metal nanoparticles
for catalysis, Chem. Rev., 2021, 121, 834-881.

L. Zhang, J. Xiao, H. Wang and M. Shao, Carbon-based
electrocatalysts for hydrogen and oxygen
reactions, ACS Catal., 2017, 7, 7855-7865.

W. Wan, S. Wei, J. Li, C. A. Triana, Y. Zhou and G. R. Patzke,
Transition metal electrocatalysts encapsulated into N-doped
carbon nanotubes on reduced graphene oxide nanosheets:
efficient water splitting through synergistic effects, J.
Mater. Chem. A, 2019, 7, 15145-15155.

J. Lessard, Electrocatalytic hydrogenation, in Encyclopedia of
Applied Electrochemistry, 2014, pp. 443-448.

S. Trasatti, Work function, electronegativity, and
electrochemical behaviour of metals: III. Electrolytic
hydrogen evolution in acid solutions, J. Electroanal. Chem.
Interfacial Electrochem., 1972, 39, 163-184.

R. Michalsky, Y.-J. Zhang and A. A. Peterson, Trends in the
hydrogen evolution activity of metal carbide catalysts, ACS
Catal., 2014, 4, 1274-1278.

evolution

A. G. Mitchell and L. S. C. Wan, Oxidation of aldehydes
solubilized in nonionic surfactants I: solubility of
benzaldehyde and methylbenzaldehyde in aqueous

solutions of polyoxyethylene glycol ethers, J. Pharm. Sci.,
1964, 53, 1467-1470.

O. Hammerich and B. Speiser, Organic Electrochemistry, CRC
press, Boca Raton, 2016.

Y. Ran, J. Li, J. Sun, B. Yu, F. Tan, G. Cheng and Z. Zhang,
Impact of alloying on electrocatalytic hydrogenation of
benzaldehyde over sputtered NiCu film catalysts, Appl
Catal., A, 2024, 678, 119725.

G. Cheng, J. Sun, Y. Ran, F. Tan, W. Ma and Z. Zhang,
Effective free-standing electrodes with refined structure via
sputtering Ti sublayer and altering working pressure for
electrocatalytic benzaldehyde hydrogenation, Chem. Eng. J.,
2024, 481, 148735.

L. Gong, C. Y. Zhang, J. Li, G. Montafia-Mora, M. Botifoll,
T. Guo, J. Arbiol, J. Y. Zhou, T. Kallio, P. R. Martinez-Alanis
and A. Cabot, Enhanced electrochemical hydrogenation of
benzaldehyde to benzyl alcohol on Pd@Ni-MOF by
modifying the adsorption configuration, ACS Appl. Mater.
Interfaces, 2024, 16, 6948-6957.

C.-C. Liu, A. B. Walters and M. A. Vannice, Measurement of
electrical properties of a carbon black, Carbon, 1995, 33,
1699-1708.

J. Mater. Chem. A

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Paper

M. Carmo, A. R. dos Santos, J. G. R. Poco and M. Linardi,
Physical and electrochemical evaluation of commercial
carbon black as electrocatalysts supports for DMFC
applications, J. Power Sources, 2007, 173, 860-866.

S. Brunauer, P. H. Emmett and E. Teller, Adsorption of gases
in multimolecular layers, J. Am. Chem. Soc., 1938, 60, 309-
319.

J. Rouquerol, P. Llewellyn and F. Rouquerol, Is the BET
equation applicable to microporous adsorbents?, in Studies
in Surface Science and Catalysis, Elsevier, 2007, vol. 160, pp.
49-56.

V. Fierro, G. Bosch and F. R. Siperstein, Pore size
distribution in microporous carbons obtained from
molecular modeling and density functional theory, in
Studies in Surface Science and Catalysis, ed. P. L. Llewellyn,
F. Rodriquez-Reinoso, J. Rougerol and N. Seaton, Elsevier,
2007, vol. 160, pp. 519-526.

G. Kupgan, T. P. Liyana-Arachchi and C. M. Colina, NLDFT
pore size distribution in amorphous microporous
materials, Langmuir, 2017, 33, 11138-11145.

J. A. Behan, A. Iannaci, C. Dominguez, S. N. Stamatin,
M. K. Hoque, J. M. Vasconcelos, T. S. Perova and
P. E. Colavita, Electrocatalysis of N-doped carbons in the
oxygen reduction reaction as a function of pH: N-sites and
scaffold effects, Carbon, 2019, 148, 224-230.

A. TIannaci, S. Ingle, C. Dominguez, M. Longhi,
O. Merdrignac-Conanec, S. Ababou-Girard, F. Barriére and
P. E. Colavita, Nanoscaffold effects on the performance of
air-cathodes for microbial fuel cells: sustainable Fe/N-
carbon electrocatalysts for the oxygen reduction reaction
under neutral pH conditions, Bioelectrochemistry, 2021,
142, 107937.

M. Karthik, A. Faik, S. Doppiu, V. Roddatis and
B. D'Aguanno, A simple approach for fabrication of
interconnected graphitized macroporous carbon foam with
uniform mesopore walls by using hydrothermal method,
Carbon, 2015, 87, 434-443.

M. Zhang, Y. Qiu, Y. Han, Y. Guo and F. Cheng, Three-
dimensional tungsten nitride as  high
performance anode material for lithium ion batteries, J.
Power Sources, 2016, 322, 163-168.

L. Shen and N. Wang, Effect of nitrogen pressure on the
structure of Cr-N, Ta-N, Mo-N, and W-N nanocrystals
synthesized by Arc discharge, /. Nanomater., 2011, 2011,
781935.

K. S. W. Sing, Reporting physisorption data for gas/solid
systems with special reference to the determination of
surface area and porosity (Recommendations 1984), Pure
Appl. Chem., 1985, 57, 603-619.

M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier,
F. Rodriguez-Reinoso, J. Rouquerol and K. S. W. Sing,
Physisorption of gases, with special reference to the
evaluation of surface area and pore size distribution
(TUPAC Technical Report), Pure Appl. Chem., 2015, 87,
1051-1069.

R. T. K. Baker, J. J. Chludzinski, N. C. Dispenziere and
L. L. Murrell, Catalytic gasification of graphite by:

nanowires

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08953g

Open Access Article. Published on 21 March 2025. Downloaded on 4/27/2025 12:16:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

tungsten, rhenium, and tungsten-rhenium, Carbon, 1983,
21, 579-588.

44 T. Wang, J. Tang, X. Fan, J. Zhou, H. Xue, H. Guo and ]J. He,
The oriented growth of tungsten oxide in ordered
mesoporous  carbon and  their  electrochemical
performance, Nanoscale, 2014, 6, 5359-5371.

45 J. Li, Z. Zhang, Z. Wang, Q. Cao, F. Guo and Q. Cao, Low
temperature graphitization and electrochemical properties
of porous carbon catalyzed with bimetal Ni-Mo, Diamond
Relat. Mater., 2022, 123, 108862.

46 H. Guo, Y. Song, P. Chen, H. Lou and X. Zheng, Effects of
graphitization of carbon nanospheres on
hydrodeoxygenation activity of molybdenum carbide,
Catal. Sci. Technol., 2018, 8, 4199-4208.

47 A. Oya and S. Otani, Catalytic graphitization of carbons by
various metals, Carbon, 1979, 17, 131-137.

48 S. Braun, L. G. Appel and M. Schmal, Molybdenum species
on alumina and silica supports for soot combustion, Catal.
Commun., 2005, 6, 7-12.

49 J. P. A. Neeft, M. Makkee and J. A. Moulijn, Catalysts for the
oxidation of soot from diesel exhaust gases. I. An exploratory
study, Appl. Catal., B, 1996, 8, 57-78.

50 J. Chastain and R. C. King ]Jr, Handbook of X-Ray
Photoelectron Spectroscopy, Perkin-Elmer Corporation, 1992,
40, p. 221.

51 N. Hellgren, R. T. Haasch, S. Schmidt, L. Hultman and
I. Petrov, Interpretation of X-ray photoelectron spectra of
carbon-nitride thin films: new insights from in situ XPS,
Carbon, 2016, 108, 242-252.

52 L. Qu, Y. Liu, J.-B. Baek and L. Dai, Nitrogen-doped graphene
as efficient metal-free electrocatalyst for oxygen reduction in
fuel cells, ACS Nano, 2010, 4, 1321-1326.

53 J. T. Titantah and D. Lamoen, Carbon and nitrogen 1s energy
levels in amorphous carbon nitride systems: XPS
interpretation using first-principles, Diamond Relat. Mater.,
2007, 16, 581-588.

54 M. A. Costa de Oliveira, C. Schroder, M. Brunet Cabré,
H. Nolan, A. Forner-Cuenca, T. S. Perova, K. McKelvey and
P. E. Colavita, Effects of N-functional groups on the
electron transfer kinetics of VO*'/VO," at carbon:
decoupling morphology from chemical effects using model
systems, Electrochim. Acta, 2024, 475, 143640.

55 Y.-Y. Chen, Y. Zhang, W.-]. Jiang, X. Zhang, Z. Dai, L.-J. Wan
and J.-S. Hu, Pomegranate-like N,P-doped Mo,C@C
nanospheres as highly active electrocatalysts for alkaline
hydrogen evolution, ACS Nano, 2016, 10, 8851-8860.

56 H. Wei, Q. Xi, X. a. Chen, D. Guo, F. Ding, Z. Yang, S. Wang,
J. Li and S. Huang, Molybdenum carbide nanoparticles
coated into the graphene wrapping N-doped porous carbon
microspheres for highly efficient electrocatalytic hydrogen
evolution both in acidic and alkaline media, Adv. Sci.,
2018, 5, 1700733.

57 X. Yang, X. Feng, H. Tan, H. Zang, X. Wang, Y. Wang,
E. Wang and Y. Li, N-doped graphene-coated molybdenum
carbide nanoparticles as highly efficient electrocatalysts for
the hydrogen evolution reaction, J. Mater. Chem. A, 2016, 4,
3947-3954.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

58 H. Preiss, B. Meyer and C. Olschewski, Preparation of
molybdenum and tungsten carbides from solution derived
precursors, J. Mater. Sci., 1998, 33, 713-722.

59 N. Malone, H. Fiedler, D. R. G. Mitchell, J. V. Kennedy,
G. L. N. Waterhouse and P. Gupta, High turnover frequency
for the hydrogen evolution reaction on molybdenum
carbide thin films synthesized by ion implantation, ACS
Appl. Eng. Mater., 2023, 1, 2377-2385.

60 C. C. Baker and S. I. Shah, Reactive sputter deposition of
tungsten nitride thin films, J. Vac. Sci. Technol. A, 2002, 20,
1699-1703.

61 Z. Wang, Z. Liu, Z. Yang and S. Shingubara, Characterization
of sputtered tungsten nitride film and its application to Cu
electroless plating, Microelectron. Eng., 2008, 85, 395-400.

62 Y. G. Shen, Y. W. Mai, D. R. McKenzie, Q. C. Zhang,
W. D. McFall and W. E. McBride, Composition, residual
stress, and structural properties of thin tungsten nitride
films deposited by reactive magnetron sputtering, J. Appl.
Phys., 2000, 88, 1380-1388

63 S. Ouendi, K. Robert, D. Stievenard, T. Brousse, P. Roussel
and C. Lethien, Sputtered tungsten nitride films as
pseudocapacitive  electrode for on chip micro-
supercapacitors, Energy Storage Mater., 2019, 20, 243-252.

64 P. V. Krasovskii, O. S. Malinovskaya, A. V. Samokhin,
Y. V. Blagoveshchenskiy, V. A. Kazakov and A. A. Ashmarin,
XPS study of surface chemistry of tungsten carbides
nanopowders produced through DC thermal plasma/
hydrogen annealing process, Appl. Surf. Sci., 2015, 339, 46—
54.

65 C. B. Rodella, D. H. Barrett, S. F. Moya, S. J. A. Figueroa,
M. T. B. Pimenta, A. A. S. Curvelo and V. Teixeira da Silva,
Physical and chemical studies of tungsten carbide
catalysts: effects of Ni promotion and sulphonated carbon,
RSC Adv., 2015, 5, 23874-23885.

66 A. S. Kurlov and A. I. Gusev, Oxidation of tungsten carbide
powders in air, Int. J. Refract. Met. Hard Mater., 2013, 41,
300-307.

67 R. F. Voitovich and E. A. Pugach, High-temperature
oxidation characteristics of the carbides of the Group VI
transition metals, Powder Metall. Met. Ceram., 1973, 12,
314-318.

68 X. Huang, J. Wang, H. Bing Tao, H. Tian, Z. Zhang and H. Xu,
Unraveling the oxide layer on Mo2C as the active center for
hydrogen evolution reaction, J. Catal., 2020, 389, 461-467.

69 D. V. Esposito and ]. G. Chen, Monolayer platinum
supported on  tungsten carbides as  low-cost
electrocatalysts: opportunities and limitations, Energy
Environ. Sci., 2011, 4, 3900-3912.

70 B. Deng, Z. Wang, W. Chen, J. T. Li, D. X. Luong, R. A. Carter,
G. Gao, B. 1. Yakobson, Y. Zhao and ]J. M. Tour, Phase
controlled synthesis of transition metal carbide
nanocrystals by ultrafast flash Joule heating, Nat.
Commun., 2022, 13, 262.

71 C. Wan, Y. N. Regmi and B. M. Leonard, Multiple phases of
molybdenum carbide as electrocatalysts for the hydrogen
evolution reaction, Angew. Chem., Int. Ed., 2014, 53, 6407-
6410.

J. Mater. Chem. A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08953g

Open Access Article. Published on 21 March 2025. Downloaded on 4/27/2025 12:16:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

72 H. Vrubel and X. Hu, Molybdenum boride and carbide
catalyze hydrogen evolution in both acidic and basic
solutions, Angew. Chem., Int. Ed., 2012, 51, 12703-12706.

73 V. S. Saji and C.-W. Lee, Molybdenum, molybdenum oxides,
and their electrochemistry, ChemSusChem, 2012, 5, 1146-
1161.

74 X. Wang, Y. Xie, K. Tang, C. Wang and C. Yan, Redox
chemistry of molybdenum trioxide for ultrafast hydrogen-
ion storage, Angew. Chem., Int. Ed., 2018, 57, 11569-11573.

75 S. R. Denny, B. M. Tackett, D. Tian, K. Sasaki and J. G. Chen,
Exploring electrocatalytic stability and activity of
unmodified and platinum-modified tungsten and niobium
nitrides, Int. J. Hydrogen Energy, 2020, 45, 22883-22892.

76 Y. C. Kimmel, D. V. Esposito, R. W. Birkmire and J. G. Chen,
Effect of surface carbon on the hydrogen evolution reactivity
of tungsten carbide (WC) and Pt-modified WC
electrocatalysts, Int. J. Hydrogen Energy, 2012, 37, 3019-3024.

77 M. A. Spencer, N. P. Holzapfel, K.-E. You, G. Mpourmpakis
and V. Augustyn, Participation of electrochemically
inserted protons in the hydrogen evolution reaction on
tungsten oxides, Chem. Sci., 2024, 15, 5385-5402.

78 H. Nolan, C. Schrider, M. Brunet-Cabré, F. Pota, N. McEvoy,
K. McKelvey, T. S. Perova and P. E. Colavita, MoS,/carbon
heterostructured catalysts for the hydrogen evolution
reaction: N-doping modulation of substrate effects in acid
and alkaline electrolytes, Carbon, 2023, 202, 70-80.

79 S. 1. Perez Bakovic, P. Acharya, M. Watkins, H. Thornton,
S. Hou and L. F. Greenlee, Electrochemically active surface
area controls HER activity for Fe,Ni;qo_, films in alkaline
electrolyte, J. Catal., 2021, 394, 104-112.

80 J. Kibsgaard, Z. Chen, B. N. Reinecke and T. F. Jaramillo,
Engineering the surface structure of MoS, to preferentially
expose active edge sites for electrocatalysis, Nat. Mater.,
2012, 11, 963-969

81 S. Hussain, D. Vikraman, A. Feroze, W. Song, K.-S. An,
H.-S. Kim, S.-H. Chun and ]. Jung, Synthesis of Mo,C and
W,C nanoparticle electrocatalysts for the efficient
hydrogen evolution reaction in alkali and acid electrolytes,
Front. Chem., 2019, 7, 716.

82 Y. Song, U. Sanyal, D. Pangotra, J. D. Holladay,
D. M. Camaioni, O. Y. Gutiérrez and J. A. Lercher,
Hydrogenation of benzaldehyde via electrocatalysis and
thermal catalysis on carbon-supported metals, J. Catal.,
2018, 359, 68-75.

83 U. Sanyal, S. F. Yuk, K. Koh, M. S. Lee, K. Stoerzinger,
D. Zhang, L. C. Meyer, ]J. A. Lopez-Ruiz, A. Karkamkar and
J. D. Holladay, Hydrogen bonding enhances the
electrochemical hydrogenation of benzaldehyde in the
aqueous phase, Angew. Chem., Int. Ed., 2021, 133, 294-300.

84 M.]J. Sims, N. V. Rees, E. ]. F. Dickinson and R. G. Compton,
Effects of thin-layer diffusion in the electrochemical

J. Mater. Chem. A

View Article Online

Paper

detection of nicotine on basal plane pyrolytic graphite
(BPPG) electrodes modified with layers of multi-walled
carbon nanotubes (MWCNT-BPPG), Sens. Actuators, B,
2010, 144, 153-158

85 G. P. Keeley and M. E. G. Lyons, The effects of thin layer
diffusion at glassy carbon electrodes modified with porous
films of single-walled carbon nanotubes, Int. J. Electrochem.
Sci., 2009, 4, 794-809.

86 M. Chandrasekaran, M. Noel and V. Krishnan, Glassy carbon
surface effects on the electroreduction of aromatic carbonyl
compounds: part 1. Benzaldehyde, J. Electroanal. Chem.
Interfacial Electrochem., 1991, 303, 185-197.

87 H. Jin, H. Zhang, J. Chen, S. Mao, Z. Jiang and Y. Wang, A
general synthetic approach for hexagonal phase tungsten
nitride composites and their application in the hydrogen
evolution reaction, J. Mater. Chem. A, 2018, 6, 10967-10975.

88 D.T. Fagan, L. F. Hu and T. Kuwana, Vacuum heat-treatment
for activation of glassy carbon electrodes, Anal. Chem., 1985,
57, 2759-2763.

89 M. K. Hoque, J. A. Behan, S. N. Stamatin, F. Zen, T. S. Perova
and P. E. Colavita, Capacitive storage at nitrogen doped
amorphous carbon electrodes: structural and chemical
effects of nitrogen incorporation, RSC Adv., 2019, 9, 4063-
4071.

90 E. Pop, V. Varshney and A. K. Roy, Thermal properties of
graphene: fundamentals and applications, MRS Bull., 2012,
37,1273-1281.

91 W. Zheng, iR compensation for electrocatalysis studies:
considerations and recommendations, ACS Energy Lett.,
2023, 8, 1952-1958.

92 J. M. Yoo, H. Shin, D. Y. Chung and Y.-E. Sung, Carbon shell
on active nanocatalyst for stable electrocatalysis, Acc. Chem.
Res., 2022, 55, 1278-1289.

93 E. S. Chan-Shing, D. Boucher and J. Lessard, The
electrochemical reduction of a-nitrocumene in a protic
and basic medium on large surface area (porous)
electrodes: electronation-protonation or electrocatalytic
hydrogenation?, Can. J. Chem., 1999, 77, 687-694.

94 H. Chen, J. Iyer, Y. Liu, S. Krebs, F. Deng, A. Jentys,
D. ]J. Searles, M. A. Haider, R. Khare and ]. A. Lercher,
Mechanism of electrocatalytic H, evolution, carbonyl
hydrogenation, and carbon-carbon coupling on Cu, J. Am.
Chem. Soc., 2024, 146, 13949-13961.

95 J. A. Lopez-Ruiz, E. Andrews, S. A. Akhade, M.-S. Lee, K. Koh,
U. Sanyal, S. F. Yuk, A. J. Karkamkar, M. A. Derewinski,
J. Holladay, V.-A. Glezakou, R. Rousseau, O. Y. Gutiérrez
and J. D. Holladay, Understanding the role of metal and
molecular structure on the electrocatalytic hydrogenation
of oxygenated organic compounds, ACS Catal., 2019, 9,
9964-9972.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08953g




	
	Porous N-Doped Carbon-encapsulated Iron as Novel Catalyst Architecture for the Electrocatalytic Hydrogenation of Benzaldehyde
	1. Introduction
	2. Experimental Section
	2.1. Materials
	2.2. Catalyst Synthesis
	2.3. Materials Characterization
	2.4. Electrochemical Characterization

	3. Results and Discussion
	4. Conclusions
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


	Journal of Material Chemistry A_ Filippo Pota.pdf
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...

	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...
	Electrocatalytic hydrogenation of unsaturated organics using Mo andnbspW porous carbon-encapsulated nanostructures: impact of metal type on...


	Pagina vuota



