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“Nothing in life is to be feared, it is only to be
understood. Now is the time to understand
more, so that we may fear less.”

Marie Curie



ABSTRACT

One solution to reduce the concentration of greenhouse gases (GHG) in the atmosphere is to
replace fossil fuels with clean and renewable energy sources, such as green hydrogen.
However, the method used, water electrolysis, is not yet widely used in the market due to its
high cost, since this process uses electrocatalysts based on noble metals, scarce in nature, such
as iridium and platinum. The present study uses a computational approach to investigate the
water adsorption stage in iron, iron-cobalt and iron-nickel alloys; geometric optimization,
molecular dynamics and electronic properties calculations were performed based on Density
Functional Theory (DFT). The computational results show that the Gibbs energy of water
adsorption is more spontaneous in the following order of symmetry cuts: (110) > (100) >
(111). The addition of a nickel atom to the metal surface increased the partial density of states
of the adjacent iron atoms, facilitating the adsorption of the water molecule, since it was in the
position between the iron atom and the nickel atom that a greater availability of electronic
states for the interaction was observed. In addition, the adsorption of the water molecule on
the metal surface decreased the partial density of states of the iron atom. This behavior was
observed for pure iron and metal alloys, when water interacts with the most favorable active
site on the surface, indicating that the iron atom donates the density of states to the water

molecule for adsorption.

Keywords: green hydrogen; iron alloys; adsorption; DFT.



RESUMO

Uma das alternativas para reduzir a concentracdo de gases de efeito estufa (GEE) na
atmosfera consiste na substituicdo dos combustiveis fosseis por fontes de energia limpas e
renovaveis, como o hidrogénio verde. Entretanto, o método empregado para sua produgdo, a
eletrolise da agua, ainda ndo ¢ amplamente utilizado no mercado devido ao seu elevado custo,
uma vez que esse processo requer eletrocatalisadores baseados em metais nobres, escassos na
natureza, como iridio e platina. O presente estudo adota uma abordagem computacional para
investigar a etapa de adsor¢do da dgua em ligas de ferro, ferro-cobalto e ferro-niquel. Foram
realizadas otimizagdo geométrica, dinamica molecular e calculos de propriedades eletronicas
com base na Teoria do Funcional da Densidade (DFT). Os resultados computacionais indicam
que a energia de Gibbs de adsor¢ao da dgua ¢ mais espontanea na seguinte ordem dos planos
cristalograficos: (110) > (100) > (111). A adi¢ao de um atomo de niquel a superficie metélica
aumentou a densidade parcial de estados dos atomos de ferro adjacentes, favorecendo a
adsor¢do da molécula de dgua, uma vez que foi na posi¢ao entre o a&tomo de ferro e o atomo
de niquel que se observou maior disponibilidade de estados eletronicos para a interagao.
Adicionalmente, a adsorcdo da molécula de agua na superficie metalica promoveu a
diminuicdo da densidade parcial de estados do atomo de ferro. Esse comportamento foi
observado tanto para o ferro puro quanto para as ligas metalicas, quando a 4gua interage com
o sitio ativo mais favoravel na superficie, indicando que o 4&tomo de ferro doa densidade de

estados a molécula de agua durante o processo de adsorcao.

Palavras-chave: hidrogénio verde; ligas de ferro; adsor¢ao; DFT.
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1 INTRODUCTION

Global warming represents one of today's environmental threats, driven mainly by
the unbridled emission of greenhouse gases (GHG), mainly carbon dioxide (CO:), resulting
from the burning of fossil fuels (Singh; Banerjee; Hawkins, 2023). This imbalance has caused
significant climate changes, severely impacting ecosystems, hydrological cycles and
socioeconomic systems (Palermo et al., 2023). Given this scenario, developing and adopting
sustainable and low-carbon energy technologies becomes urgent (Tang et al., 2023).

Green hydrogen emerges as a promising alternative to the traditional energy
matrix in this context. Unlike gray or blue hydrogen, which is obtained from fossil sources,
green hydrogen is produced via water electrolysis, an electrochemical process in which the
H:0 molecule is dissociated into oxygen (O:) and molecular hydrogen (H-), using electrical
energy from renewable sources, such as solar or wind (Saha et al., 2024). One of the products
of water electrolysis is hydrogen gas, which can be used as a clean and renewable fuel due to
its low greenhouse gas emissions into the atmosphere (Anwar et al., 2021). Considering that
the product of burning hydrogen gas is water vapor, this becomes one of the main alternatives
for replacing fossil fuels (Khan et al., 2018).

Electrolysis breaks down the water molecule, producing gaseous hydrogen and

oxygen through reactions (Sebbahi et al., 2022).

Cathode: 2H,0(1) + 2e” — H,(g) + 20H (aq) (D)
Anode: 20H (aq) — %2 O,(g) + H,O(1) + 2~ 2)
Global equation: H,O(l) — Hy(g) + 2 O,(g) 3)

Electrolysis consists of an electrocatalytic decomposition, requiring a cathode and
an anode responsible for the electrochemical semi-reactions. These electrodes are connected
to an external energy source, thus forming a conductive circuit where electrons can be
transferred (Zeng; Zhang, 2010). To break the water molecule and develop hydrogen gas, the
water molecule first approaches the electrode at specific surface locations called active sites.
The water molecule will be adsorbed at the site with the lowest energy barrier, which can
favor the reaction; after the water molecule breaks, the hydrogens adsorbed on the surface can
interact with each other or with the free water molecules within the solution to produce
hydrogen (Alobaid; Wang; Adomaitis, 2018; Chang et al., 2023; Zeng et al., 2023).

Most of the electrocatalysts used for water electrolysis are based on noble metals,

such as platinum, ruthenium, and iridium alloys (Wang, Lu; Zhong, 2021). However, these



10

metals are not abundant in the Earth's crust and become scarce and expensive (Wu et al.,
2021). Large-scale implementation of this method of obtaining green hydrogen is unlikely due
to the high cost and limited quantity of these elements available on the planet (Tiiysiiz, 2023).
Therefore, studies on other materials, especially common transition metals, have grown due to
their abundance and low cost. Ensuring the most economically competitive water electrolysis
in the commercial use market (Huang et al., 2017).

Iron is an external transition metal with atomic number 26 and is the fourth most
abundant element by mass in the Earth's crust (Cundy; Hopkinson; Whitby, 2008). This metal
has always been present in the lives of living beings, whether in the manufacture of weapons
and utensils or as part of their metabolism, making this element non-toxic to living beings and
the environment. Therefore, iron is a good catalyst option (Casnati, Lanzi, Cera, 2020). Iron is
a crystal whose main characteristic is the periodic repetition of atoms organized in space, that
is, in three dimensions, giving the metal its shape (Hoffmann, 1987). This infinite and discrete
arrangement, where the arrangement and orientation of the atoms are the same at any point in
the lattice, is called the Bravais lattice. The continuation of the network is given by a unit cell,
the smallest unit that allows the complete structure to be described through its repetition in
space (Ashcroft; Mermin, 2005; Silva-Ramirez et al., 2023).

The unit cell for this metal is of the body-centered cubic (BCC) type; if the
orientation of a plane of atoms in this unit cell is defined, we obtain the Miller indices (hkl),
which are nothing more than an intersection of this plane with the axes of the cell's coordinate
system, these indices are always defined in integers. This way, a symmetric plane can be
passed through this cell and obtain different properties for a BCC unit cell. The plane that
intersects the three axes at the vertices of the cell will have the indices (1 1 1), for example
(Ladd, 2022). The other common indices for the iron unit cell are (1 1 0) and (1 0 0),
considering the intercept at the cell vertex in each direction (Kwawu et al., 2017), as can be
seen in Figure 1. Since it is a cubic cell, variations such as (1 0 0), (0 1 0) and (0 0 1) of the
Miller index are equivalent to each other; it is not necessary to study all of them, with only
one being chosen to represent the others (Btonski; Kiejna, 2007).

The study of surfaces with different Miller indices is important because it
determines the stability of the material (Blakely; Somorjai, 1977; Huang, Luo, Yao, 2010). In
other words, for the analyzed metal to be considered an efficient catalyst, in addition to
reducing the activation energy and increasing the speed of a reaction, it also needs to resist the
conditions in which the reaction is occurring since one of the characteristics of a catalyst is to

be inert, that is, it is not reactive and is not consumed in the process, making it possible to
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obtain it practically unchanged at the end of the reaction (Griinert; Kleist; Muhler, 2023). It is
known, however, that iron is quite reactive and quickly oxidizes in contact with water, losing
its metallic characteristics. However, when combined with other metals, it can produce

corrosion-resistant alloys, especially those that contain nickel and cobalt in their composition.

a) b) c)

Figure 1: Representation of the Miller index of the iron unit cell in a) (1 0 0), b) (1 1 0) and ¢)
(111).

Testing new materials can become arduous, considering the costs and time
involved in synthesizing the material and conducting several experiments to test the
properties. Therefore, theoretical calculations to analyze these materials with computational
simulations become extremely necessary and viable (Skogh et al., 2023). Therefore, the work
aims to present the water adsorption stage on iron surfaces and their subsequent metal alloys
with cobalt and nickel. The work was carried out theoretically using the Cambridge Serial
Total Package (CASTEP) software, which is based on Density Functional Theory (DFT) and
is responsible for computational simulations of metal supercells. Geometric optimization
calculations were performed to determine these materials' adsorption energy and electronic

properties to decide the best alternative to replace noble metals in electrocatalysts.
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2 COMPUTATIONAL STUDY OF WATER ADSORPTION ON IRON SURFACES
AND METALLIC ALLOYS
Abstract

One solution to reduce the concentration of greenhouse gases (GHG) in the atmosphere is to
replace fossil fuels with clean and renewable energy sources, such as green hydrogen.
However, the method used, water electrolysis, is not yet widely used in the market due to its
high cost, since this process uses electrocatalysts based on noble metals, scarce in nature, such
as iridium and platinum. The present study uses a computational approach to investigate the
water adsorption stage in iron, iron-cobalt and iron-nickel alloys; geometric optimization,
molecular dynamics and electronic properties calculations were performed based on Density
Functional Theory (DFT). The computational results show that the Gibbs energy of water
adsorption is more spontaneous in the following order of symmetry cuts: (110) > (100) >
(111). The addition of a nickel atom to the metal surface increased the partial density of states
of the adjacent iron atoms, facilitating the adsorption of the water molecule, since it was in the
position between the iron atom and the nickel atom that a greater availability of electronic
states for the interaction was observed. In addition, the adsorption of the water molecule on
the metal surface decreased the partial density of states of the iron atom. This behavior was
observed for pure iron and metal alloys, when water interacts with the most favorable active
site on the surface, indicating that the iron atom donates the density of states to the water

molecule for adsorption.

Keywords: green hydrogen; iron alloys; adsorption; DFT.

1. Introduction

It is estimated that 2030 energy demand will increase by up to 50%, according to
the International Energy Agency (IEA)[1], because the world's population is growing rapidly,
and the search for energy is becoming increasingly necessary[2]. However, it is known that
since the Industrial Revolution, the most used energy source worldwide has been fossil fuels,
such as oil and natural gas[3]. Although it is responsible for 95% of energy supply, fossil fuel
specifically has, among others, an increased concentration of gases such as carbon dioxide
(CO,) and methane (CH,) in the atmosphere, which contributes to global warming. The
increase in the planet's temperature causes climate change accompanied by environmental
disasters.

Therefore, in 1997, the Kyoto Protocol was adopted to considerably reduce the
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emission of greenhouse gases (GHG)[4] into the atmosphere. Furthermore, the amount of this
raw material on the planet is limited and is rapidly depleting, which makes fossil fuels
non-renewable energy sources. Therefore, searching for renewable energy sources with low or
no GHG emissions is essential, and Green hydrogen stands out among the alternatives[5].

To be considered green, hydrogen gas must be produced using methods
considered green, and for this, the process must be free of GHG emissions. However, around
95% of this gas produced worldwide comes from non-renewable sources, such as natural
gas[6]. Under these circumstances, a clean and effective way to produce hydrogen gas is
through the electrolysis of water[7] with electrical energy responsible for initiating the
electrochemical reactions of the process, coming from renewable and clean sources such as
wind and solar energy [8,9].

Electrolysis consists of an electrocatalytic decomposition, requiring a cathode and
an anode responsible for the electrochemical half-reactions. These electrodes are connected to
an external energy source, thus forming a conductive circuit where electrons can be
transferred[10]. To break the water molecule and develop hydrogen gas, the water molecule
first approaches the electrode in specific locations on the surface. The water molecule will be
adsorbed in the site with the lowest energy barrier, which can favor the reaction. Some
mechanisms, widely studied and available in the literature, occur on the catalyst surface, such
as the Volmer, Heyrovsky and Tafel steps, until the final product of interest, H,, is produced to
be desorbed[11-13].

However, the production of green hydrogen using water electrolysis is not the
smallest percentage of global production by chance, being only approximately 5%][ 14]. This is
mainly due to economic reasons, which are quite expensive and unfeasible due to using
renewable energy in these processes, which involves some challenges, such as the location for
installation and maintenance[15,16] as well as the materials used during the process[17,18].
For this reason, research has been carried out in search of new materials and technologies to
optimize and make this method economically viable, one of which is the replacement of noble
metals, such as platinum, in electrocatalysts with materials that are more abundant in the
Earth's crust[19].

A good catalyst speeds up electrochemical reactions; that is, it will reduce the
activation energy required to initiate the half-reactions that begin with the adsorption of the
water molecule onto the catalyst[20]. One of the indispensable characteristics of a good
electrocatalyst is that it is resistant and stable to electrochemical degradation in high currents

4 densities. Furthermore, the material must be low-cost and abundant to be widely used
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implemented in the market[21]. Most electrocatalysts used for water electrolysis are based on
noble metals, such as platinum, ruthenium and iridium alloys[22]. However, these metals have
low abundance in the Earth's crust and consequently become scarce and expensive[23].
Large-scale implementation of this method of obtaining green hydrogen is unlikely due to the
high cost and limited quantity of these elements available on the planet[24].

Therefore, studies with other materials, especially common transition metals, have
grown due to their abundance and low cost. This is essential to ensure the most economically
competitive water electrolysis in the commercial use market [25]. Iron is an external transition
metal with atomic number 26 and is the fourth most abundant element by mass in the Earth's
crust [26]. This metal has always been present in the lives of living beings, whether for the
manufacture of weapons and utensils or as part of their metabolism, making this element
non-toxic to living beings and the environment. Therefore, iron stands out as a good option
for a catalyst [27]. Thus, it is interesting to analyze iron and some of its metal alloys, such as
cobalt and nickel, as an alternative to replace noble metals in electrocatalysts. Fe-Co and
Fe-Ni alloys are widely studied and mentioned in the literature [28-30], so analyzing these
materials in water electrolysis is also necessary.

To test new materials, arduous research and experiments are necessary to
synthesize and determine properties and characteristics, which requires much time and
financial investment. However, an effective way is to use theoretical calculations to analyze
interactions and predict some information about these[31]. In adsorption, one of the
advantages of using computational calculations is to reduce the time and cost of research to
analyze new catalysts, with the freedom of being able to work with any material without
necessarily having it physically[32]. In this way, through computational calculations, it is
possible to predict some properties and the ability to simulate specific temperature and
pressure conditions. Verifying adsorption energy, spontaneity and kinetics, in addition to the
behavior of the adsorbate on the surface through simulations, thus being an indispensable tool
for advancing scientific knowledge and saving resources[33].

Therefore, the work aims to present the first stage of water adsorption on iron
surfaces and their subsequent metal alloys with cobalt and nickel. The work was carried out
based on the Density Functional Theory (DFT) and is responsible for computational
simulations of metallic supercells. Geometric optimization calculations were carried out to
determine the Gibbs energy of adsorption and electronic properties of these materials to
decide the best alternative to replace noble metals in electrocatalysts, make water electrolysis

cheaper and expand as the main method of producing green hydrogen.
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2. Computational details

The calculations were performed using the Cambridge Serial Total Energy
Package (CASTEP)[34,35]. This software, based on Density Functional Theory
(DFT)[36-38], is a widely accepted quantum mechanics code for simulating surfaces of
crystalline and amorphous solids. The functional used was the Generalized Gradient
Approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE)[39] with a cutoff
energy of 581 eV was employed. A 3 x 3 x 1 Monkhorst-Pack grid was defined for k-point
sampling of the Brillouin Zone (BZ)[40] For the geometric optimization calculations, the
Broyden-Fletcher-Goldfarb-Shanno (BFGS)[41-43] algorithm was used, with convergence
tolerances defined as a maximum force of 0.03eV/A, maximum energy change
of 107° eV/atom, maximum displacement of 0.001 A, and maximum stress of 0.5 GPa[44] for
all analyzed systems.

The first step was to perform the geometric optimization of a pure iron unit cell;
from this, three supercells were constructed with three different symmetry cuts corresponding
to the Miller indices (1 00), (110), and (11 1), Each supercell represents, at the microscopic
level, the events occurring throughout the catalyst. Due to periodic boundary conditions, it
can be assumed that this system represents the entire length of the electrocatalyst[45].
Furthermore, the supercells were constructed with a 12 A vacuum, primarily to prevent
interactions between the top layer and the underlying layer, and to accommodate the water
molecule.

Subsequently, the supercells were geometrically optimized to allow proper
relaxation of the surface iron atoms. Since adsorption is a surface phenomenon [46], the
Cartesian coordinates of the iron atoms the innermost layerx of the surface were fixed to
minimize computational cost. After the supercells were completed, a water molecule was
constructed and geometrically optimized. The water molecule was then randomly added
approximately 1.5 A above the pure iron surface, forming an Fe-water system.

The next step involved the construction of three new supercells with the same
Miller indices, (1 0 0), (1 1 0) and (1 1 1), but one iron atom in each of the three supercells
was replaced by a cobalt atom to simulate a Fe-Co metallic alloy. This same methodology was
used to construct the three surfaces of the Fe-Ni alloy. In total, nine systems were constructed:
three for pure iron, three for the Fe-Co metal alloy and three for the Fe-Ni metal alloy, and
three different Miller indices (1 0 0), (1 1 0) and (1 1 1) were analyzed for each material, In
Fig. 1, it is possible to verify the three systems assembled for the Miller index (1 0 0). Once

the surfaces were finished, molecular dynamics were performed on each of the systems, using



16

the NVT ensemble, with the temperature set at 298 K, using the Nose-Hoover thermostat[47].

(a) (b) (©)

12 A

OHydrogen Olron ONickeI OOxygen QCobaIt

Fig. 1. Systems formed by the water molecule on a a) Fe(1 0 0) surface, b) Fe (1 0 0)-Ni
alloy and c) Fe(1 0 0)-Co alloy.

At the end of the dynamics, the frame with the lowest energy adsorbent-adsorbate
position for each system was isolated and geometrically optimized to determine the most
favorable active site. Subsequently, optimizations were performed for the surface without the
adsorbate and for the adsorbate without the surface to determine the system's adsorption
energy. The values obtained were added to a table 1, and the Gibbs adsorption energy
(AG ,gsorption) Tor each system was determined using equation (1), which relates the G values for
the adsorbate-adsorbent system and the individual energies of each one.

The Gibbs energy of adsorption can be calculated by equation (1), where
(AG,gsorption) 18 the change in Gibbs energy for adsorption, (Ggyem) 15 the energy of the
water-metal system, (Gg,ne.) 1S the energy of the metal surface only, and (G,gmae) 1S the
energy for the water molecule only. After determining the AG,4sorpion Values, calculations were
performed to determine electronic properties such as Partial Density of States (PDOS) and

Total Density of States (TDOS) before and after adsorption for comparison.

AC}adsorption = Gsystem - (Gsurface + Gadsorbate) (1)
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Furthermore, weak forces involved in the system, such a Independent Gradient

Model (IGM), were analyzed, the results were treated using the Multiwfn[48] software 3.8,

and images were rendered using Visual Molecular Dynamics (VMD)[49] software.

3. Results and discussion

3.1 Determining the Gibbs Energy for the Systems

Molecular dynamics was used to locate the lowest-energy site on the

electrocatalyst surface. During the simulation, the water molecule was free to interact with the

surface and adsorb at the most favorable position. The values of AG gsorprion fOr €ach system are

presented in Table 1.

Table 1. Values of Energy Gibbs of all systems analyzed in kcal mol™

Miller index Surface AGiyem/ AGyyace/ AG,4sorbato/ AG gsorption/
kcal mol’! kcal mol’! kcal mol™! kcal mol™!
(100) Fe -368534.73 -357658.86 -10867.22 -8.63
Fe-Co -373990.47 -363121.70 -10867.17 -1.59
Fe-Ni -380068.87 -369191.60 -10867.61 -9.65
(110)
Fe -249319.51 -238442.29 -10868.05 -9.15
Fe-Co -254780.90 -243910.93 -10868.17 -1.79
Fe-Ni -260853.81 -249976.63 -10867.36 -9.82
a1
Fe -368258.19 -357388.61 -10867.62 -1.96
Fe-Co -373723.71 -362855.09 -10867.65 -0.95
Fe-Ni -379793.99 -368924.23 -10867.26 -2.49
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The table 1 shows that all systems adsorption process occurred spontaneously due
to the negative values for AG,gsomion [50]. However, it is observed that the systems with pure
iron and Fe-Ni alloys are more spontaneous, especially with the Fe-Ni alloy, as they present
the lowest AG,gsompiion Values, compared to the Fe-Co alloy. This does not necessarily imply a
more pronounced catalytic characteristic. The theoretical values obtained align with
experimental studies that demonstrated the good performance of binary metal alloys based on
iron, cobalt[51] and nickel[52], specifically, as electrocatalysts for water electrolysis in
hydrogen production.

The position in which the water molecule approaches the surface of the
electrocatalyst is always with the oxygen atom facing the surface starting the Volmer stage;
upon receiving an electron, a hydrogen atom is adsorbed on the electrocatalyst, releasing a
hydroxyl into the medium. Analyzing only pure iron, it is clear that the water molecule
approaches the surface between two iron atoms for all Miller indices.

In the Miller indices (1 0 0) and (1 1 1), in both Fe-Co and Fe-Ni, the water
molecule approaches between an iron atom and a cobalt atom in the Fe-Co alloy and between
an iron atom and a nickel atom in the Fe-Ni alloy. In the Miller index (1 1 0), the water
molecule approached the surface of the metallic alloys just above the iron atom close to the

cobalt atom in the Fe-Co alloy and the iron atom close to the nickel in the Fe-Ni alloy.

3.2 Analyzing Adsorption Energies and Stability of Symmetry Cuts

Based on the results in Table 1, information about the stability of the studied
symmetry cuts can be inferred. For the Miller index (1 0 0), it was observed that adding a
cobalt atom to the iron surface significantly disfavored the adsorption of the water molecule,
changing AG,mpiion from —8.63 kcal mol™ to —1.59 kcal mol™. Conversely, the addition of a
nickel atom favored the adsorption process, decreasing the energy from —8.63 kcal mol” to
—9.65 kcal mol™.

The (110) index followed a similar trend: energy increased with cobalt
addition, from —9.15 kcal mol™ to —1.79 kcal mol!, and decreased with nickel addition, from
—9.15 kecal mol’ to —9.82 kcal mol'. For surfaces with index (111), the most
positive AG,gsomiion Values were obtained, but nickel addition still favored water adsorption,
changing the energy from —1.96 kcal mol' to —2.49 kcal mol’, while cobalt addition
disfavored it compared to pure iron, increasing the adsorption energy from —1.9617 kcal/mol
to —0.95 kcal mol™.

Thus, for all symmetry cuts, cobalt addition increases the adsorption energy
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and consequently disfavors adsorption, whereas nickel addition decreases the energy, favoring
water molecule adsorption in these systems compared to pure iron. This is a satisfactory result
considering that nickel is cheaper and less toxic than cobalt[53]. Therefore, using nickel
metallic alloys as stable and energetically favorable electrocatalysts for water adsorption
becomes viable both thermodynamically and economically. Experimental studies have shown
the effectiveness of nickel-based electrocatalysts, whether alloyed with iron or even oxides,
surpassing elements like iridium, a noble metal also used for water electrolysis[54].

A greater stability in systems with symmetry cuts (1 00) and (1 1 0) can also
be observed, especially for the (1 1 0) symmetry cut. When comparing AG,gorpiion Values for
pure iron, the indices rank from most to least stable as (1 10) <(100) < (11 1), and the same
sequence applies to the metallic alloys. Among the three Miller indices, (1 10) yielded the
most favorable values, making it the most stable of the three. This stability trend can be
explained by the greater atomic packing in the supercells. As shown in Fig. 2, the Miller
index (110) has tighter atomic packing due to the proximity of the atoms, reducing the

surface energy and consequently making it more stable compared to the other indices[55].

(a) (b)

0000 ©0690

2
00060 ©000

(100) (110)

(©)

Fig. 2. The iron surfaces and their respective distance between atoms with Miller indices
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3.3 Density of States

The Density of States (DOS) was calculated for all analyzed systems. This
electronic property quantitatively indicates the number of electronic states available per unit
of energy for electrons to occupy[56]. Partial Density of States (PDOS) allows examination of
the electronic states available per orbital of a specific atom. At the same time, the Total
Density of States shows all electronic states without differentiating orbitals. The TDOS of the
systems can be verified in Fig.S3, S4 and S5 in the supplementary material.

This work calculated the PDOS for a single iron atom that directly interacted
with the water molecule. This analysis was carried out to understand the behavior of the
electronic states of the iron atom in each system before and after the addition of cobalt and
nickel atoms to the surface, as well as before and after the adsorption of the water molecule.
Fig. 3a, 3b and 3c showed the PDOS for the Fe surface, Fe-Co alloy and Fe-Ni alloy,

respectively.

A~
o
p—

(b)

5 5
= 4 7 44
- g > s
(%} S O] — B
@ (3.10) —d z (3.04) —d
(@] 2] o 34
= &
(o] (o]
2 2
[} 24 L5} 24
Fos ~
n 72)
o Qo
Q 14 D 1
& ~
0 T T T T Y T T 0 T T T T T T T
-10 -5 0 5 10 -10 -5 0 5 10
Energy / eV Energy / eV
() |
‘T> 4 g
b1 (3.22) :
g ]
)
k=
Q
=
o 24
i
w
)
=
=
0 v T T T ¥ T >
-10 -5 0 5 10
Energy / eV

Fig. 3. PDOS for a) Fe surface, b) Fe-Co alloy and c) Fe-Ni alloy.
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It is immediately apparent that, on all surfaces, the d orbital of the iron atom
shows the largest peaks in the Fig.3, representing the level with the greatest number of
electronic states available for interaction with water molecule. According to Fig. 3a, the
highest number of available states for pure iron in the d orbital is in the largest peaks, the first
3.10 electrons eV, which is in the conduction band. In Fig. 3b, the addition of cobalt
descreased the density of the state of iron to 3.04 electrons eV, and nickel increased it to
3.22 electrons eV, as shown in Fig. 3c. It explains why a water molecule approaches the
surface near the iron atoms and not the nickel or cobalt atoms, since the nickel atoms increase
the availability of the iron atom's orbitals to interact with the water molecule. Even though
adding cobalt to the surface decreased the density of states of the nearby iron atom, it was not
significant enough that there was no interaction with the water molecule. However, it can be
seen that in comparison, the addition of the nickel atom favors adsorption because it increases
the number of available states.

The PDOS for cobalt and nickel atoms on surfaces with Miller index (1 1 0)
can be seen in Fig. 4. It is noted that the electronic states available for interaction in the cobalt
atom are smaller than that of iron, being 2.91 electrons eV'. However, the nickel atom has a
higher state density than iron, 3.73 electrons eV"'. Moreover, this explains why the water
molecule does not adsorb between the iron atom and the cobalt or nickel atom. It can also be
observed that the addition of nickel increased the electron density of the d orbital of the iron
atom more than the addition of cobalt, which explains the more favorable values for the Fe-Ni

metallic alloy
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The Fig. 5 show the PDOS for the systems after the adsorption of the water
molecule. In all systems, before and after adsorption, the d orbital of the iron atom has the
greatest interaction availability, represented by the largest peaks. However, it is clear that the
addition of the water molecule to the surface of Fe and the Fe-Ni alloy decreased the density
of iron states much more, while in the Fe-Co alloy, the density of iron states increased.
Furthermore, it can be seen that the d orbital peak is close to the Fermi level, in the

conduction band, enabling electron transfer [57].
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Fig. 5. PDOS for a) Fe-Co, b) Fe-Ni alloy and c) Fe, surfaces with water.

The water molecule is preferentially adsorbed with the oxygen atom pointing
towards the surface in all systems. The diagram based on the Molecular Orbital Theory shows
that the water molecule has empty antibonding orbitals[58]. Therefore, this tendency can be
explained by iron donating electronic density to water, which occupies the antibonding
orbitals, making the molecule unstable and facilitating the breaking of the O — H bond.

However, the iron atom has electronic states available in the valence and conduction bands,
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mainly in the d orbital. Thus, in addition to donating the density of states, iron also receives it,
facilitating interaction and adsorption.

The following results show the isosurfaces for the interaction between the
water molecule and the surfaces for the Miller index (1 1 0). In Fig. 6, it is possible to verify
the isosurfaces of the IGM isosurface of the systems, the colors in the figures indicate how
strong this interaction is occurring. Red indicates repulsive forces, while green indicates weak
interactions, such as Van der Waals forces, and blue indicates stronger interactions, such as
hydrogen bonds, for example. Analyzing the interactions in these systems, it is clear that the
interactions between the isosurfaces of pure iron and the Fe-Ni alloy with the water molecule
are much greater, indicated by the intense blue in systems 6a and 6b, while on the Fe-Co
surface, 6¢, there is a reddish coloration between the water molecule and the surface
indicating a repulsion[59], which indicates a disfavoring of adsorption, implying more

positive values of Gibbs energy that were verified in Table 1.

(a) Fe (b) Fe-Ni

Fig. 6. The IGM isosurface of the systems a) Pure iron, b) iron alloy with nickel and c) iron

alloy with cobalt, all analyzed for the Miller index (1 1 0).

In Fig. 7 below, it is possible to observe the IGM for pure Iron 7a and the Fe-Ni

alloy 7b; which also serves to verify the interaction between the metal surface and the water
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molecule during adsorption. The positive sign values in Fig. 7 show interactions of a repulsive
nature, while the negative values represent attractive interactions, so it can be concluded that
the more shifted to the left, the greater the attractive interactions for the system[60]. Fig. 7
shows that the adsorption in the Fe-Ni alloy shifted the peak in pure Iron to more negative
values, indicating stronger interactions, which can explain the more negative values of the
Gibbs Energy for the Fe-Ni system, thus explaining the more negative values and,

consequently, more favorable for the Fe-Ni alloy compared to pure iron in Table 1.

(a) Fe (b) Fe-Ni

0.05

0.050
0040
0.030
0020
15 0010
I 0.000
0010
0020
0030
0040
0,050

0.050
0.040
0.030
0.020
4 0010
I 0.000
0010
0020
0,030
0040
0,050

0.04

0.03

g (a.u)

0.02

g {a.u}

0.01 [

0.00

~0.05
~0.04
-0.03
_0.02
0.01
000 |
001
002
0.03
0.04
0.05

sign{ig)o (a.ih

plan)

sign{iy,

Fig. 7. The 6g vs sign(A,)p for the interactions during the absorption of the water molecule in

a) pure iron and b) iron and nickel alloy.



25

4 Conclusion

Simulations performed using DFT determined the Gibbs energy of adsorption and density of
states for all analyzed systems. This analysis revealed that the most stable symmetry cut for
working with iron and its metallic alloys is (1 1 0), followed by (1 00). The stability of the
symmetry cuts is directly related to the surface size, i.e., the spatial arrangement of atoms in
the crystal lattice, which reduces lateral repulsions and favors adsorbate adsorption at active
sites. During the adsorption study, it was observed that the water molecule approaches the
surface preferentially with the oxygen atom pointing toward it, due to the donation and
acceptance of electronic states between iron and the adsorbate's oxygen. It was also
determined that the lowest-energy site for water adsorption can vary with the Miller index.
From the PDOS for the (1 1 0) symmetry cut, the addition of cobalt and nickel increased the
density of states of the iron atom on the surface. This demonstrates that interaction with the
adsorbate occurs preferentially at iron atoms because they have a higher density of states
available for interaction. A consistent trend was observed wherein the partial density of states
of iron always decreases with water adsorption across all Miller indices. This occurs due to
the antibonding orbitals in the water molecule, causing iron to donate density of states during
adsorption. Based on all the data obtained in this work, it can be concluded that the first
adsorption step, for the water molecule on pure iron surfaces and their Fe-Co and Fe-Ni alloys
occurs spontaneously, given the negative values of Gibbs energy of adsorption. However, the
focus of this study was to analyze the adsorption of water in the materials investigated, and it
can be concluded that the methodology employed successfully enabled the verification of the

adsorption stage in the iron alloys.
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3 CONCLUSION

Simulations performed using DFT determined the Gibbs energy of adsorption and
density of states for all analyzed systems. This analysis revealed that the most stable
symmetry cut for working with iron and its metallic alloys is (1 1 0), followed by (1 0 0). The
stability of the symmetry cuts is directly related to the surface size, i.e., the spatial
arrangement of atoms in the crystal lattice, which reduces lateral repulsions and favors
adsorbate adsorption at active sites. During the adsorption study, it was observed that the
water molecule approaches the surface preferentially with the oxygen atom pointing toward it,
due to the donation and acceptance of electronic states between iron and the adsorbate's
oxygen. It was also determined that the lowest-energy site for water adsorption can vary with
the Miller index. From the PDOS for the (1 10) symmetry cut, the addition of cobalt and
nickel increased the density of states of the iron atom on the surface. This demonstrates that
interaction with the adsorbate occurs preferentially at iron atoms because they have a higher
density of states available for interaction.

A consistent trend was observed wherein the partial density of states of iron
always decreases with water adsorption across all Miller indices. This occurs due to the
antibonding orbitals in the water molecule, causing iron to donate density of states during
adsorption. Based on all the data obtained in this work, it can be concluded that the first
adsorption step, for the water molecule on pure iron surfaces and their Fe-Co and Fe-Ni alloys
occurs spontaneously, given the negative values of Gibbs energy of adsorption. However, the
focus of this study was to analyze the adsorption of water in the materials investigated, and it
can be concluded that the methodology employed successfully enabled the verification of the
adsorption stage in the iron alloys.

From a future work perspective, it is also possible to verify the chemical kinetics
of this reaction for each of the systems to determine which alloy has the best catalytic activity
for the production of green hydrogen. Furthermore, it is also possible to analyze which stage

is decisive for the reaction.
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ARTICLE INFO ABSTRACT

Keywords: One solution to reduce the concentration of greenhouse gases (GHG) in the atmosphere is to replace fossil fuels
Green hydrogen with clean and renewable energy sources, such as green hydrogen, However, the method used, water electrolysis,
Iron alloys is not yet widely used in the market due to its high cost since this process uses electrocatalysts based on noble
3:";"'?"“" metals, scarce in nature, such as iridium and platinum, The present study wses a computational approach to

i

the water stage in iron, iron-cobalt and iron-nickel alloys; geometric optimization, mo-
lecular dynamics and electronic properties calculations were performed based on Density Functional Theory
(DFT), The computational results show that the Gibbs energy of water adsory is more sp In the
following order of symmetry cuts: (11 0) > (1 00) > (1 1 1), The addition of a nickel atom to the metal surface
increased the partial density of states of the adjacent iron atoms, facilitating the adsorption of the water molecule
since it was in the position between the iron atom and the nickel atom that a greater availability of electronic
states for the interaction was observed. In addition, the adsorption of the water molecule on the metal surface
decreased the partial density of states of the iron atom. This behavior was observed for pure iron and metal alloys
when water interacts with the most favorable active site on the surface, indicating that the iron atom donates the

density of states to the water molecule for adsorption.

1. Introduction

It is estimated that 2030 energy demand will increase by up to 50 %,
according to the International Energy Agency (IEA) [1], because the
world's population is growing rapidly, and the search for energy is
becoming increasingly necessary [2]. However, it is known that since
the Industrial Revolution, the most used energy source worldwide has
been fossil fuels, such as oil and natural gas [3]. Although it is respon-
sible for 95 % of energy supply, fossil fuel specifically has, among others,
an increased concentration of gases such as carbon dioxide (COy) and
methane (CH4) in the atmosphere, which contributes to global warming.
The increase in the planet's temperature causes climate change
accompanied by environmental disasters,

Therefore, in 1997, the Kyoto Protocol was adopted to considerably
reduce the emission of greenhouse gases (GHG) [4] into the atmosphere,
Furthermore, the amount of this raw material on the planet is limited
and rapidly depleting, which makes fossil fuels non-renewable energy
sources. Therefore, searching for renewable energy sources with low or
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no GHG emissions is essential, and Green hydrogen stands out among
the alternatives [5].

To be considered green, hydrogen gas must be produced using
methods considered green, and for this, the process must be free of GHG
emissions, However, around 95 % of this gas produced worldwide comes
from non-renewable sources, such as natural gas [6]. Under these cir-
cumstances, a clean and effective way to produce hydrogen gas is
through water electrolysis [7] with electrical energy responsible for
initiating the electrochemical reactions of the process coming from
renewable and clean sources such as wind and solar energy [5,9].

Electrolysis consists of an electrocatalytic decomposition, requiring a
cathode and an anode responsible for the electrochemical half-reactions,
These electrodes are connected to an external energy source, thus
forming a conductive circuit where electrons can be transferred [10]. To
break the water molecule and develop hydrogen gas, the water molecule
first approaches the electrode in specific locations on the surface, The
water molecule will be adsorbed in the site with the lowest energy
barrier, which can favor the reaction. Some mechanisms, widely studied
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