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Abstract

The synthesis of graphene opened a new era in the search for new materials
for nanotechnology applications. In this sense, 2D materials with a large
surface-to-volume ratio, stability, and excellent electronic, thermal, trans-

port, and mechanical properties are potentially suitable for gas sensing, chemical
adsorption, and catalytic applications.
Belonging to the same family of two-dimensional mono-elemental materials, Xenes
(where X represents the constitutive element), borophene, composed exclusively of
boron atoms, was first theorized in the 1990s and subsequently synthesized in 2015.
Since then, its outstanding physical and electronic properties have been recognized,
although this promising material is still in an early stage of development. In this
regard, a theoretical analysis of its properties and applications can become a start-
ing point for further experimental research.
Boron, the metalloid element with an electronic configuration 1s22s22p1 is electron
deficient. This electronic condition causes the formation of exotic bonding states,
which lead to several polymorphisms, in contrast to its immediate neighbors in the
periodic table, carbon and silicon. Interestingly, the corresponding two-dimensional
one-atom-thick crystal can be obtained through the growth on a metal substrate
such as Ag. Moreover, some studies have revealed that including transition metal
atoms can stabilize borophene by electron transfer from the metal to the boron.
In this context, MBenes are two-dimensional materials that derive from their parental
MAB bulk phases (where M is a transition metal, A is frequently a group IIIA-IVA
element, and B is boron) and are, for this reason, regarded as relatives to MXenes
which have drawn tremendous attention in recent years. MBenes exist in several
stoichiometries, and the presence of transition metal atoms confers them a special
robustness and magnetic properties that open new windows to the boron-based com-
pounds.

This thesis focuses on two different classes of boron-based materials as potential
candidates for gas sensing or absorption:

(i) Specific borophene polymorphs (α-sheet, buckled hexagonal, and
honeycomb-like) with diverse structural and physicochemical be-
havior: First-principles calculations have been performed in the framework of
the Density Functional Theory (DFT), to calculate the influence on the struc-
tural, electronic and magnetic properties after the adsorption of hazardous gas
molecules (CO, CO2, NO, NO2 and NH3) on the α-sheet, buckled hexagonal,
and honeycomb-like borophenes. We have observed that the charge transfer
between the molecules and the 2D structure destabilizes the bonds, produc-
ing wrinkles, which causes boron to form sp3 hybridization instead of the sp2

one present in the flat (or quasi-flat) borophene, a circumstance that leads to
a strong bonding with the adsorbate and make this material optimal as gas
adsorbent.
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(ii) MBenes with M2B2 stoichiometry (M = Cr, Fe, and Zr): As a first
step in our research, we investigated the properties of pristine MBenes, which
revealed their outstanding structural strength and thermal stability as well
as good conductivity. Additionally, and due to the presence of transition
metal atoms in their composition, we have observed that introducing the Hub-
bard correction has a non-negligible influence on their electronic and magnetic
ground states. Moreover, the results arising from their magnetic properties
point to their use as robust magnets with high critical temperatures. From
the perspective of the adsorption of both harmful molecules (CO, CO2, NO2,
SO2, and NH3) and other typical molecules present in the atmosphere (H2O,
N2 and O2), we have found the potential use of MBenes not only as gas sensors
but also as gas capturers with the consequent possibility of gas removal.

The four publications included in this dissertation form a coherent set of stud-
ies on two-dimensional boron-based materials and their interactions with small
molecules, highlighting the impact of adsorption on the physicochemical properties
of these systems.
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Streszczenie

Synteza grafenu otworzyła nową erę w poszukiwaniu materiałów do zastoso-
wań nanotechnologicznych. W tym kontekscie materiały 2D o dużym stosunku po-
wierzchni do objętości, stabilności i doskonałych właściwościach elektronowych, ter-
micznych, transportowych i mechanicznych są potencjalnie odpowiednie do wykry-
wania gazów, adsorpcji chemicznej i zastosowań katalitycznych.
Należący do rodziny Xenes (gdzie X reprezentuje element z układu okresowego pier-
wiastków) dwuwymiarowych materiałów jednoelementowych, borofen, składający
się wyłącznie z atomów boru, został po raz pierwszy zaproponowany i zbadany teo-
ratycznie w latach 90-tych, a następnie zsyntetyzowany w 2015 roku. Od tego czasu
doceniono jego wyjątkowe właściwości fizyczne i elektronowe, choć ten obiecujący
materiał wciąż znajduje się na wczesnym etapie poznania. W związku z tym teo-
retyczna analiza jego właściwości i zastosowań może stać się punktem wyjścia do
dalszych badań eksperymentalnych.
Bor, pierwiastek metaloidalny o konfiguracji elektronowej 1s22s22p1 ma niedobór
elektronów. Ten stan elektronowy powoduje powstawanie egzotycznych wiązań, które
prowadzą do istnienia licznych odmian alotropowych boru, w przeciwieństwie do jego
bezpośrednich sąsiadów w układzie okresowym, węgla i krzemu. Co ciekawe, odpo-
wiedni dwuwymiarowy kryształ o grubości jednego atomu można uzyskać poprzez
wzrost na metalowym podłożu, takim jak Ag. Co więcej, niektóre badania wyka-
zały, że włączenie atomów metali przejściowych może stabilizować borofen poprzez
transfer elektronów z metalu do boru.
W tym kontekście MBenes są dwuwymiarowymi materiałami, które wywodzą się z
ich macierzystych faz objętościowych MAB (gdzie M jest metalem przejściowym, A
jest często pierwiastkiem z grupy IIIA-IVA, a B jest borem) i z tego powodu są uwa-
żane za krewnych MXenów, które przyciągnęły ogromną uwagę w ostatnich latach.
MBeny występują w kilku stechiometriach, a obecność atomów metali przejściowych
nadaje im szczególną wytrzymałość i właściwości magnetyczne, które otwierają nowe
możliwości dla związków na bazie boru.

Rozprawa doktorska koncentruje się na dwóch różnych klasach materiałów na
bazie boru jako potencjalnych kandydatów do wykrywania lub absorpcji gazów:

(i) Wybrane polimorfy borofenu (struktura α-sheet, struktura pofałdowana heksa-
gonalna i struktura typu plastra miodu) o zróżnicowanej strukturze i właściwo-
ściach fizykochemicznych. Przeprowadzono obliczenia z wykorzystaniem teorii
funkcjonału gęstości (DFT), aby zbadać wpływ na właściwości strukturalne,
elektronowe i magnetyczne po adsorpcji potencjalnie szkodliwych cząsteczek
gazu (CO, CO2, NO, NO2 i NH3) na borofenach o strukturze α-sheet, heksa-
gonalnej pofałdowanej i typu plastra miodu. Wynikiem obliczeń było między
innymi to, że transfer ładunku między cząsteczkami a strukturą 2D destabi-
lizuje wiązania, tworząc dystorsje strukturalne, co powoduje, że bor tworzy z
sąsiadami hybrydyzację sp3 zamiast sp2 obecnej w płaskim (lub quasi-płaskim)
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borofenie, co prowadzi zarazem do silnego wiązania z adsorbatem i czyni ten
materiał optymalnym jako adsorbent gazu.

(ii) MBenes ze stechiometrią M2B2 (M = Cr, Fe i Zr). Jako pierwszy krok w
obliczeniach komputerowych, zbadane zostały właściwości czystych MBenes,
które ujawniły ich wyjątkową wytrzymałość strukturalną a także dobre prze-
wodnictwo elektryczne. Dodatkowo, ze względu na obecność atomów metali
przejściowych w ich składzie, zaobserwowane zostało, że wprowadzenie po-
prawki Hubbarda ma istotny wpływ na ich elektronowe i magnetyczne stany
podstawowe. Co więcej, wartości momentów magnetycznych wskazują na ich
możliwe zastosowanie w spintronice jako układów o wysokich temperaturach
krytycznych. Z perspektywy adsorpcji zarówno szkodliwych cząsteczek (CO,
CO2, NO2, SO2 i NH3), jak i innych typowych cząsteczek obecnych w atmos-
ferze (H2O, N2 i O2), znalezione zostało potencjalne zastosowanie MBenes nie
tylko jako czujników gazu, ale także jako wychwytywaczy cząsteczek gazu z
możliwością ich usuwania.

Zawarte w rozprawie cztery publikacje stanowią spójny zbiór wyników badań
nad dwuwymiarowymi materiałami na bazie boru oraz ich interakcjami z małymi
cząsteczkami, ukazując wpływ adsorpcji na właściwości fizykochemiczne tych ukła-
dów.
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CHAPTER I

INTRODUCTION

KNOWN for thousands of years, boron compounds (from Arabic bu-
raq and Persian burah) have played an important role in history,
from their use in mummification, in ancient Egypt, to the glass-

making process in ancient Rome. This particular element, always in combi-
nation with other elements in nature, was recognized as a substance in 1824
by Jöns Jacob Berzelius. Still, it was not until 1909 when it was first synthe-
sized by the American chemist E. Weintraub due, to a large extent, to the fact
that isolation of this element, not found uncombined on Earth and obtained
predominantly from borax, is difficult to achieve in its pure form. Located
between the metal beryllium and the non-metal carbon, boron possesses an
electronic configuration [He]2s22p1, with three valence electrons in its out-
ermost orbital and four accessible valence orbitals, resulting in an electron
deficiency that leads to exotic configurations, differently from its immediate
neighbors, carbon and silicon. For instance, boron can exhibit multiple bulk
phases [1, 2] with diverse small clusters, two-dimensional layers, and nan-
otubes, many of them still unexplored.

1.1 Borophene as a member of the Xenes family

The Xene family comprises monoelemental two-dimensional compounds whose
synthesis and exploitation, because of their artificial nature and stabilization
issues, aspire to challenge in the coming years. Some of the potential ele-
ments are Si, Ge, Te, Sn, B, P, Se, Sb, Bi, Ga, As, Pb and Tl.



2 Chapter I. Introduction

Borophene is the monoatomic layer of boron, that is, the Xene com-
posed exclusively by boron atoms; because there are no crystals formed by
borophene, it cannot be peeled of a bulk material and requires further synthe-
sis methods. Borophene, an allotrope of boron, has been shown to be stable
in several polymorphisms [3, 4, 5], showing a wide versatility due to their
diversity of structural and physicochemical properties. Although Boustani
reported the first news about 2D boron in 1997 [6], these structures were in-
spired by his early work on boron clusters. In this study, the boron atoms
were arranged on a hexagonal lattice, which was later demonstrated to be
buckled instead of planar: it was the buckled triangular structure.

Tang et al. found in 2007 [7], using first-principles calculations, that the
boron sheet is a polymorphic material because it exhibits similar energies for
structures with a different distribution of hexagonal vacancies.

FIGURE 1.1: Three examples of different 2D boron polymor-
phisms: (a) buckled triangular, (b) α-sheet and (c) honeycomb-

like borophene.

The same authors defined the density of vacancies [7], η, very useful in
classifying the wide number of structures:

η =
number of missing atoms

number of sites in the hexagonal lattice

Compared to graphene, with its filled bonding states and empty an-
tibonding states, free-standing honeycomb-like borophene (with η = 1/3)
is predicted to be unstable because it has unoccupied bonding states. The
charge transfer from a metallic substrate could help to occupy such bond-
ing states, conferring stability to the planar hexagonal lattice. An important
key to achieve the desired stability is the growth on appropriate substrates
of (111)—terminated surfaces of noble metals [8] and, among all, particu-
larly the Ag (111) surface, which is, in turn, a typical template hosting a large
number of Xenes. According to several theoretical predictions based on first-
principles calculations, some of the borophene variants can be stabilized on
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metal surfaces like Ag, Au, Al, Ti and Mg [8, 9, 10, 11]. Li et al. [12] achieved
the pure honeycomb borophene, similar to graphene, on a Al(111) substra-
tum using MBE. Reinforcing this idea, John et al. [13] also found that the
adsorption of light metals on the honeycomb-like borophene can alter the
electronic structure due to charge transfer, leading to a stable monolayer, a
desired structure that resembles the shape of graphene.
Shortly after theoretical predictions, Piazza et al. [14] provided the first
experimental evidence for the feasibility of a single-atom boron sheet with
hexagonal vacancies, using laser ablation of a hot-pressed boron target. They
named this single-atom crystal "borophene".

The first growth of atom-thick borophene was experimentally achieved
by Mannix et al. [15] and Feng et al. [16] in the form of thin sheets on
an Ag(111) substrate, by MBE under ultrahigh vacuum conditions. In the
first case, Mannix et al. obtained an image of the theoretically predicted
buckled borophene using scanning tunneling microscopy (STM) and in the
second case, Feng et al. unveiled two allotropes with hole densities η =
1/6 (named β12) and η = 1/5 (named χ3 by the authors). The synthesis
of borophene is currently achieved by different methods such as molecular
beam epitaxy (MBE), chemical vapor deposition (CVD), or liquid-phase ex-
foliation. Among all, MBE is the most widely used method to produce boron
monolayers on metallic substrata [17, 18, 19].
Another important polymorphism is the so-called α-sheet, the most stable
form among atom-thick sheets of boron [7]. The prediction of the B80 buck-
yball [20] was of particular interest because it was quite similar to the well-
known C60. This discovery was followed by the proposal of this stable α-
sheet and was immediately considered a precursor of the 2D boron sheet. Its
characteristic motif consists of a crossover of boron strips that produce a cer-
tain number of vacancies, in particular, η = 1/9. This circumstance allows the
α-sheet to relax, remaining as a planar structure.

In comparison with theoretical predictions, only a few boron sheets
have been experimentally achieved, and their synthesis remains a challenge.
However, their metallic behavior and stability justify their use in applications
like energy storage, sensing or information storage [21], to cite some of them.
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1.2 MBenes

Beyond borophene, transition metal borides (MBs), a new class of emerging
2D materials also known as MBenes, are expected to have great potential for
development in the future. Their diverse stoichiometries, like M2B2, M2B
and M3B4, with their corresponding structural differences, give rise to chal-
lenging physical, chemical and biological properties.

MBenes can be obtained by chemical exfoliation of their parental MAB
phases, which were reported for the first time by Ade and Hillebrecht in
2015 [22]. Despite their similarity to MXenes, which originate from MAX
phases, MBenes possess the advantage of adopting different stoichiometries
and variable modes of sandwiching of their two-dimensional layers. More-
over, the presence of terminal groups on the synthetic surface of MBenes
has not been experimentally found [23], an advantageous fact that eases the
investigation of their surface behavior. Single-crystalline ternary transition
metal borides, known as MAB (where M is a transition metal, A is frequently
a group IIIA-IVA element and B is boron), with one-to-one stoichiometry,
are either orthorhombic or hexagonal crystals with MAB and M2AB2 formu-
lae [24], and some of them have already been experimentally synthesized
like hexagonal Ti2InB2 [25] and orthorhombic MAlB (with M = W and Mo),
M2AlB2 (with M = Cr, Mn and Fe). These bulk solids can be exfoliated in 2D
flakes because the M-B and B-B bonds are much stronger than the A-B and
A-M bonds [26, 27]. Figure 1.2 illustrates an example of the removal of the
layer of element A.

FIGURE 1.2: Deintercalation of the Al layer from (CrB)2Al.

From these precursors, layered CrB nanosheets have been obtained by
selectively HCl-etching Al layers from Cr2AlB2 [23, 28], a two-dimensional
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MoB was synthesized by deintercalating the Al layers through partial etch-
ing of Mo2AlB2 [29, 30] and a bulk layered TiB structure was achieved by
removing the In layer from Ti2InB2 through high-temperature dealloying
[25]. MBenes with the chemical formula M2B2 present either an orthorhom-
bic structure with Pmma (no. 51) space group symmetry or a hexagonal struc-
ture with P6/mmm (no. 191) space group symmetry, and both phases are quite
different with respect to each other: while in the Pmma structure each atom is
surrounded by six neighbors and the buckled bilayers are sandwiched betw-
een transition metal layers, the P6/mmm structures consist of a honeycomb-
type boron layer sandwiched between transition metal layers, each transition
metal atom located above or below the centroid of this honeycomb structure.
The existing literature contains theoretical predictions stating that Sc-, Ti-,
V-, Zr-, Mo-, Hf-, Ta-and W-based MBenes are more stable in the hexagonal
phase while Cr-, Mn-, Fe-, Ni-, Tc- and Ru-based MBenes are more stable in
the orthorhombic phase.
Another interesting property arising from the metal atoms is magnetism, due
to their half-filled d-orbitals, and this work includes some dedication to the
study of the magnetic properties of Cr-, Fe- and Zr-based MBenes. Their bulk
counterparts include the ferromagnetic modifications α and β of FeB and the
non-magnetic CrB and ZrB compounds [31, 32, 33]. β-FeB and CrB are or-
thorhombic crystals with Pnma (no. 62) and Cmcm (no. 63) space group
symmetries, respectively, while the structure of α-FeB is debatable [33]. Both
β- FeB and CrB crystals enclose boron double-chain strips, very common mo-
tifs of all-boron nanostructures [34, 20]. The bulk of ZrB, rock-salt structured,
crystallizes in cubic Fm3̄m.
MBenes are regarded as new efficient earth-abundant materials with good
biocompatibility and low toxicity that can be used for energy storage and
conversion systems [35] like metal-ion batteries, capacitors, metal-air bat-
teries, for oxygen evolution reactions (OERs), catalysis [36, 37], NO elec-
troreduction [38], adsorption and activation of CO2 [39], biotechnology [40],
magnetic refrigeration [41], information storage devices [42] or spintronics
[43, 44, 45, 46] and other electrochemical applications [47], to cite some.

1.3 Two-dimensional materials for sensing

2D materials possess outstanding properties for chemical detection by elec-
trical transduction. Some advantages with respect to their bulk counterparts
include a vast surface area with rich surface chemistry that allows enhanced
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molecular interactions, good in-plane stability, or large carrier mobility, qual-
ities that enable them as magnific detectors with high sensitivity and low de-
tection limits. Moreover, their good conductivity favors their integration into
different devices. To cite some of them, MoS2 [48, 49], graphene, [50, 51, 52],
phosphorene [53], silicene [54] or germanene [55] have been widely used in
this context. The actual picture of the development of such devices is the
creation of a wide collection of top-down and bottom-up experimental tech-
niques that allow the qualities of these materials to be fine-tuned for particu-
lar applications.

FIGURE 1.3: Relevant examples of 2D materials suitable for gas
sensing.

However, this family of materials still remains an emerging field that
is mostly explored through theoretical calculations, while synthesis methods
are in an early stage and, for this reason, are also the subject of experimental
investigations. In this sense, theoretical predictions can offer valuable insight
for the future of these materials. For all these reasons, 2D materials of a few
atomic layers are the focus of recent research on clean technologies [56].

The impact of harmful chemical and toxic gases on the environment and
the diagnosis of human health and diseases manifest the need for efficient
and robust sensing systems with the ability to detect chemical or biological
analytes on the one side and to maintain sensitivity, stability and selectivity
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on the other side. In this sense, some 2D materials open the possibility of
detecting a wide range of external species [57]. Some typical sensors are:

• Gas sensors

– Chemiresistors. These sensors, easy to manufacture and operate,
environmental-friendly and low cost are the most common among
all the gas sensing devices. Their operating basis is the change
of electrical resistance upon adsorption of gas molecules on the
surface of the sensing substrate, allowing a sensitive detection.

– Conductometric sensors. They are practical and easy-to-produce
sensors that can detect specific gases under typical atmospheric
conditions [58, 59]. Variations in capacitance, conductivity, mass,
work function, reaction kinetics, and / or optical properties are
the basis for detecting the reversible interaction rate between gas
molecules and the surface of the sensing material [60].

– Surface acoustic wave sensors (SAW). They constitute a new class
of sensors that can detect a wide variety of gases [61, 62] and ex-
hibit exceptional selectivity and robustness. Their working princi-
ple is the fluctuation of the physicochemical features of its surface,
which affect the velocity of the acoustic wave. [63, 64]. For ex-
ample, most SAW sensors can detect gases due to fluctuation in
the conductive properties of the sensing material by mass loading
[65].

– Schottky diodes. These devices consist of layered semiconductor
heterojunctions that can detect gas molecules adsorbed on the sur-
face of the substrate through modulation of the Fermi energy and
Schottky barrier heights (SBH). The variation of the SBH causes
reverse currents and the main factor affecting it is the density of
adsorbed gas molecules. For this reason, these sensors show high
selectivity [66].

• Electrochemical sensors. In this type of sensors, an electrode acts as
a transducer element in the presence of the analyte. They are accurate
sensors with high sensitivity and instantaneous response, and they are
easy to use. The detection takes place upon electrochemical reactions
between the analytes and the electrode surface, converting, in general,
chemical concentrations into electric signals. In the specific case of gas
sensing, the diffusion of the gas through a membrane leads to their
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oxidation and/or reduction on the electrode surface. To this end, im-
portant parameters that determine the efficiency of the electrodes are a
vast surface area, excellent conductivity, and intrinsic redox potential.

• Wearable sensors. They have the ability to monitor human health in
real time through several biomarkers present in sweat that can provide
information about the physiological health of a person. Some examples
of these sensors have been used in the detection of glycoprotein GP120
(HIV-1 surface protein) [67] or the detection of lactate and glucose [68].

• Electronic and optical sensors:

– Humidity sensors. Can detect the amount of water vapor in the
air [69] and are widely used in the microelectronic and pharma-
ceutical industries, meteorology and environmental monitoring,
scientific research, textile production, or agriculture, among oth-
ers.

– Heavy metal ion sensing. Heavy metals, which can be found
in industry and the environment, are harmful components that
can enter the human body through water, air, or food, causing
acute and chronic diseases [70, 71]. These elements are considered
highly toxic and include chromium, mercury, lead, cadmium, thal-
lium, arsenic, and lead. The adequate detection of these species in
drinking water is, for these reasons, a crucial issue.

– Various. In the typical FET devices, there is a semiconducting
channel between the drain and source electrodes and the conduc-
tivity is controlled by changing the voltage gate-to-source. In the
case of the chemiresistors, the channel is sandwiched between two
electrodes without the gate. The conductance of chemiresistors or
FET devices changes when the material of the channel is exposed
to foreign species, being the advantage of 2D materials, as their
atom-thick surface is very effective for sensing purposes [72].

– Fluorescent sensors. Although the majority of 2D materials are
not able to emit fluorescence, they can however work as floures-
cent dye quenchers, that is, they can quench flourescent signals,
which is their working principle. Their detection capability is based
on the decrease or increase of fluorescent signals due to the inter-
actions between the material and the analytes [73].
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– Surface-enhanced Raman spectroscopy-related sensors. They are
an ultrasensitive method for molecule detection, but their fabrica-
tion is still a challenge.

• Human chemical signal monitoring. The human body produces sig-
nals that can be evaluated with non-invasive and cost-effective devices.
They consist of a receptor that exhibits good selectivity toward selected
biomarkers and a transducer that converts this chemical information
into a quantifiable signal. Depending on the origin of the chemical sig-
nals, they can be used for sweat analysis, breath gas detection, and
saliva detection, allowing personalized healthcare evaluation and de-
tection and evaluation of illnesses.

• Biomedical and health care sensors:

– Single-cell detection. Distinguish healthy from unhealthy cells,
which play an important role in diagnosis[74].

– DNA sensing. They are based on the rapid detection of DNA
molecules at extremely low concentrations. PCR (polymerase chain
reaction) is one of the most famous and has been widely used [75].

– Protein sensing.. Which are ultra-fast, sensitive and small biosen-
sors that detect proteins in real time.

– Cancer diagnosis and treatment (photothermal and chemother-
apy). In the world of biosensors, 2D materials are increasing im-
portance in the early detection of carcinoma cells. For example,
graphene-based fluorescent probes can identify tumors with high
specificity and deliver therapeutic drugs.

– Optogenetic sensing. In this sense, graphene shows good bio-
compatibility, mechanical robustness, good electrical and thermal
conductivity, adaptability, tunable photonic properties and wide
wavelength refraction [76]. Such advantages allow for the ade-
quate treatment of several neurological diseases such as schizophre-
nia or Parkinson.

– Ophthalmology sensing. 2D materials are helpful in this field be-
cause some of them are wearable, biocompatible, and environmen-
tally stable. Smart, wearable contact lenses have been developed
to detect diabetes and glaucoma by evaluating glucose in tears and
intraocular pressure [77].
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1.4 Hazardous gas molecules

Short-lived climate forcers (SLCFs) are chemically and physically active sub-
stances that have a relatively short lifetime in the atmosphere (typically less
than two decades) and can be air pollutants that affect the climate [78] through
different environmental effects. They can be either radiatively active or influ-
ence other radiatively active compounds through chemistry. Direct SLCFs in-
clude methane, ozone, short-lived halogenated compounds, and aerosols. In-
direct SLCFs include chemically reactive gases like nitrogen oxides, CO, non-
methane volatile organic compounds, SO2, and NH3. They can either have
an anthropogenic origin or be emitted from natural systems. The growth of
industry and cities requires the development of new materials capable not
only of adsorbing and detecting contaminants such as CO, NH3, NO2, and
SO2, but also of producing and storing green energy to help decarbonize in-
dustry and combat pollution.

FIGURE 1.4: Some hazardous molecules adsorbed on the sur-
face of the MBene.

1.5 Thesis structure

Before going into the main conclusions of this thesis, a detailed description
of the methodologies employed is developed, not only as justification but
also to better understand. Once the parameters and approximations involved
have been adjusted to the requirements of this study, the results of the inves-
tigation are presented. This thesis comprises four articles derived from re-
search based on boron-based materials with potential applications as sensors
and capturers for harmful gas molecules. This work, mainly based on the
essential analysis and comprehension of physicochemical phenomena, but
with another side facing a potential application toward the protection of so-
ciety and environment, comes to final conclusions and a promising outlook,
which are summarized at the end of this work.
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CHAPTER II

METHODOLOGY

2.1 The Density Functional Theory

The following section describes how quantum-mechanical simulations of large
systems are performed.

2.1.1 The Schrödinger equation

The fundamental equation in quantum-mechanical calculations is the Schrödinger
equation:

EΨ = ĤΨ,

In this expression, Ĥ is the Hamiltonian operator of the system and E
is the energy eigenvalue for a particular wave function, Ψ. In the case of
one-dimensional systems with only one particle and a single potential, this
equation offers a simple solution adopting the form:

EΨ(⃗r) = [
−h̄∇2

2m
+ V (⃗r)]Ψ(⃗r),

The first term of this expression represents the kinetic energy of the
particle, and the second term represents a potential "felt" by the particle. As
mentioned above, this equation can be solved analytically for simple cases,
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but working with three-dimensional systems with several particles increases
the complications, making necessary the use of approximations:

2.1.2 Computations on large systems

Some approximation methods for solving the Schrödinger equation in sys-
tems more complex than the hydrogen atom, like solids or molecules, are
described below.

The Born-Oppenheimer approximation

This approach considers the positions of the nuclei as "frozen", based on the
idea that neutrons or protons are around 1800 heavier than electrons (whose
response to changes in the system is much faster). Under this assumption, the
Schrödinger equation becomes the following for a system in which multiple
nuclei interact with multiple electrons:

EΨ(⃗r) = [
−h̄
2m

N

∑
i=1

∇2
i +

N

∑
i=1

V (⃗ri) +
N

∑
i

∑
j<i

U(ri, rj)]Ψ(⃗r),

The first term corresponds to the kinetic energy of each electron, the sec-
ond term is the interaction energy between the atomic nuclei and each elec-
tron and the third term is the interaction energy between different electrons
(most complicated term to compute). In this Hamiltonian, E is the ground
state energy of the electrons and the wave function, for each of the N elec-
trons, is a function of each of the coordinates.

The Hartree-Fock method

This method calculates everything from the wave functions that were speci-
fied at the beginning.

1. Independent electrons
To make things easier with the electron-electron interaction, a model
of independent electrons is introduced, assuming that each electron be-
haves independently and "feels" the interaction with the other electrons
as an average. The corresponding Hamiltonian is written:

Ĥ = [
−h̄
2m

N

∑
i=1

∇2
i +

N

∑
i=1

V (⃗ri) +
N

∑
i=1

VH (⃗ri)],
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where the Hartree potential, VH, replaces, with an average value, the
exact electron-electron interaction :

VH (⃗r) = e2
∫ n(⃗r)

|⃗r − r⃗′|
d3(r⃗′)

being n(⃗r) the electron density.

The condition:
hχ = Eχ

is satisfied by the solutions of the Schrödinger equation to this Hamilto-
nian. In this equation, h is the one-electron Hamiltonian, E is the energy
and the eigenfunctions, χ, are the spin orbitals.

2. The Hartree product

If the total Hamiltonian is the sum of the operators of each electron, the
eigenfunctions are the products of the one-electron spin orbitals:

Ψ(x⃗1, x⃗2, ..., x⃗N) = xj1(x⃗1)xj2(x⃗2)...xjN(x⃗N),

That is, by the Hartee product, the wavefunction of a many-particle
system is given as a combination wavefunctions of the individual par-
ticles. Bacuase it assumes that the particles are independent, it is inher-
ently mean-field and the sum of the energies of the spin orbitals, E =
Ej1+ ...+EjN, is the energy of the total wave function.

Although the Hartree product has the advantage of its simplicity, it is,
however, not satisfactory for fermions, like electrons, because it does
not fulfill all the criteria for wave functions (the resulting wave func-
tion is not antisymmetric). To overcome this issue, an antisymmetric
wave function is mathematically described by means of the Slater de-
terminant.

3. The principle of anti-symmetry and Slater’s determinant The sign of
the wavefunctions of electrons, since they are fermions, must change
sign if two electrons change place with each other. It is known as the
principle of antisymmetry. In this case, the total wave function can be
written as a Slater determinant of the single-electron [79] wave func-
tions. For example, in the case of two electrons:
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Ψ(x⃗1, x⃗2) =
1√
2

det[χj(x⃗1)χj(x⃗2)χk(x⃗1)χk(x⃗2)] =
1√
2
[χj(x⃗2)− χk(x⃗1)],

this the total wave function satisfies the anti-symmetry principle. More-
over, the indistinguishability between electrons and their vanishing if
two electrons have the same coordinates, or if two of the wave func-
tions of an electron are the same, are other important properties. In this
sense, the Slater determinant also satisfies the conditions of the Pauli
exclusion principle.

Summarizing, the Slater determinant ensures that the solution to the
Schrödinger equation will include the exchange interaction but it is not
the only electronic correlation. To achieve an adequate accuracy, more
conditions are needed. As an example, the electrons interact with each
other and do not "feel" an average potential.

4. The Hartree-Fock procedure Under the assumption that the positions
of the atomic nuclei are fixed, the Schrödinger equation to determine
the wave function of the N interacting electrons is:

Ejχj(x⃗) = [
−h̄
2m

N

∑
i=1

∇2
i +

N

∑
i=1

V (⃗ri) +
N

∑
i=1

VH (⃗ri)]χj(x⃗),

The full eigenfunction is obtained from the combination of the solutions
to this equation into a single Slater determinant. Than is, the total wave
function is formed from the Slater determinant of the N lowest energy
spin orbitals of the single-electron equation. But the spin orbitals must
be defined firstly to solve the single-electron equation. To this end, a
finite set of functions, which can be summed to approximate the exact
spin orbitals, is defined:

χj(x⃗) =
K

∑
i=1

αi,jϕi(x⃗)

The set of functions ϕ1(x⃗), ϕ2(x⃗)...ϕK(x⃗) is called the basis set and the
spin orbitals are expanded in this basis. All the information necessary
to perform a Hartree-Fock calculation is now available. The procedure
is described as follows:
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(a) An initial estimate of spin orbitals is performed:

χj(x⃗) =
K

∑
i=1

αi,jϕi(x⃗)

specifying the expansion coefficients αi,j.

(b) The electron density n(r⃗′), is defined from the estimation of the
spin orbitals.

(c) The single-electron equations for the spin orbitals are solved using
the electron density from the previous step, .

(d) If the spin orbitals found in step (c) are consistent with the orbitals
used in step (b) they are solutions to the Hartree-Fock problem.
Otherwise, a new estimate of these spin orbitals should be made,
going back to step (b).

5. Methods beyond Hartree-Fock Although the Hartree-Fock method pro-
vides an accurate description for the exchange of electrons, it does not
correctly describe the electron correlations (how electrons influence each
other).

(a) The Hartree-Fock limit The Hartree-Fock limit [80] would be the
calculated energy of N electrons if it were possible to use an infi-
nite basis set in the Hartree-Fock calculations. Because the electron
correlation is not correctly described in Hartree-Fock, this energy
is not the same as the energy of the real wave function. In fact, the
electron correlation energy is the difference between the energy of
the real, non-relativistic, ground state and the Hartree-Fock limit.
In this regard, some part of the electronic correlation is included in
more sophisticated methods. A common description of the elec-
tron correlation consists on mixing in the wave function of some
configurations in which electrons have been excited from lower
energy to higher energy orbitals.

(b) Single determinant methods

These methods, formally known as post-Hartree-Fock methods, use
a single Slater determinant as the reference wave function and
excitations are obtained from this wave function. They include
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the Møller-Plesset (MP) perturbation theory [81], the Configura-
tion Interaction (CI) and the quadratic configuration interaction
approach (QCI) [82], each of them presenting different variants.

(c) Multiple determinant methods In these methods, the reference
wave function is defined by more than one Slater determinant
and include the multiconfigurational self-consistent field (MRDCI)
[83] and the N-electron valence state perturbation theory (NEVPT)
methods.

2.1.3 The DFT Theory

The DFT theory is more advantageous respect to the aforementioned meth-
ods in the sense that, instead of starting with a few wave functions to subse-
quently determine other parameters from them, DFT starts with an electron
density and determines parameters, including the wave functions, from this
density. The basis of this theory is two mathematical theorems proved by
Kohn and Hohenberg [84] and the derivation of a set of equations by Kohn
and Sham in the mid-1960s [85].

1. Kohn and Hohenberg’s first theorem The ground-state energy state of the
Schrödinger’s equation is a unique functional of the electron density.
The meaning of this theorem is that the electron density of the ground-
state determines uniquely all properties, including the wave function
and the energy of the ground state. The Schrödinger equation for the
ground-state can then be calculated with only three spatial coordinates,
the electron density, instead of a function of 3N variables, as the wave
function. Moreover, this theorem proves that there is a density func-
tional that can be used to solve the Schrödinger equation, but adds
nothing about which functional it is.

2. Kohn and Hohenberg’s second theorem The electron density that min-
imizes the energy of the overall functional is the true electron density corre-
sponding to the full solution to the Schrödinger equation.
If the true functional is known, the electron density could be varied
until the functional is minimized, offering a procedure for finding the
relevant electron density. One form of writing the functional is to de-
scribe it in terms of single-electron wave functions:

E[Ψi] = EKnown[Ψi] + EXC[Ψi],
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The first term can be written analytically and second term is the exchange-
correlation. The known terms are the electron kinetic energies, the
Coulomb interaction between electrons and nuclei, the Coulomb inter-
actions between pairs of electrons and the Coulomb interactions betw-
een pairs of nuclei. Then:

EknownΨi =
−h̄2

m ∑
i

∫
Ψ∗

i ∇2
i Ψid3r +

∫
V (⃗r)n(⃗r)d3r

+
e2

2

∫ ∫ n(⃗r)n(r⃗′)
| r⃗ − r⃗′ |

d3rd3r′ + Eion,

Where Eion is the Coulomb interaction between the pairs of nuclei. The
problem of expressing the exchange-correlation functional in a useful
form was solved by Kohn and Sham. They demonstrated that the cor-
rect electron density can be found by solving a set of equations, each
equation considering only a single electron. These equations are know
as the Kohn-Sham equations:

[
−h̄2

2m
+ V (⃗r) + VH (⃗r) + VXC

]
Ψi (⃗r) = ϵiΨi (⃗r).

It is similar to the equation used in the Hartee-Fock procedure. In
the case of the Kohn-Sham equations, the Hartree potential describes
the Coulomb repulsion between one particular electron and the total
electron density defined by all electrons. The Hartree potential also in-
cludes a self-interaction, as the considered electron is also part of the to-
tal electron density, and is a corrected term for the exchange-correlation
potential.
The exchange-correlation potential is defined as the functional deriva-
tive of the exchange-correlation energy:

VXC =
δEXC (⃗r)

n(⃗r)
.

3. The DFT procedure
Using the Kohn-Sham equations and the electron density, the standard
procedure for a DFT calculation would be:
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(a) Definition of an initial trial electron density, n(⃗r)

(b) Determination of the defined Kohn-Sham equations using this trial
electron density, to find the single-particle wave functions, Ψi (⃗r)

(c) Calculation of the electron density defined by the single-particle
Kohn-Sham wave function from the previous step,

nKS (⃗r) = 2 ∑
i

Ψ∗
i (⃗r)Ψi (⃗r),

(d) Comparison between the calculated electron density, nKS (⃗r), with
the electron density used when solving the Kohn-Sham equations,
n(⃗r). If both densities are the same, then this is the electron density
of the ground-state and can be used to calculate the total energy.
If the two densities are different, the trial electron density must be
updated and process would return to step (b).

Figure 2.1 shows a flowchart describing this procedure. Commonly, the
initial electron density consists of a superposition of atomic charge den-
sities. After each iteration, a comparison is made between the new and
old electron densities. If they differ less than a certain specified crite-
rion, the solution is considered as converged and new ionic positions
are calculated. A new comparison is made between the energies of the
new and the previous ionic positions and if they also differ less than a
specified criterion, the energy is considered converged, ending the loop
and arriving at the solution.

4. Exchange-correlation functionals The next paragraphs describe some
of the most used functionals related with the exchange-correlation term.

(a) The Local Density Approximation Functional (LDA)

This functional treats the electron density locally and assumes that
it is evenly distributed, like in a uniform electron gas, where the
exchange-correlation-range potential is exactly known. It gives us
a method to completely define the Kohn-Sham equations, but does
not solve the Schrödinger equation, as it does not use the exact [86]
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FIGURE 2.1: Flowchart describing the DFT procedure leading
to the self-consistent Kohn-Sham solution.

exchange-correlation functional. The definiton for the exchange-
correlation potential in LDA is:

ELDA
xc [n] =

∫
n(⃗r)ϵxc(n(⃗r))d(⃗r),

where n is the electron density and ϵxc is the exchange-correlation
energy per particle in the homogeneous electron gas of charge den-
sity n.

(b) Generalized Gradient Approximation Functionals (GGA)
Due to the fact that LDA assumes that the density is the same at
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all points in space, it shows a tendency to underestimate the ex-
change energy and to overestimate the correlation energy. To ac-
count for the inhomogeneity of the true electron density and cor-
rect this issues, information about the local electron density and
the local density gradient is often included. It is known under the
name of generalized gradient approximations (GGA) [87, 88, 89] and
looks like this [79]:

ELDA
xc [n ↑, n ↓] =

∫
n(⃗r)ϵxc(n ↑, n ↓, | ∇n ↑|, | ∇n ↓|, ...)d⃗r =

∫
n(⃗r)ϵhom

x (n)Fxc(n ↑, n ↓, | ∇n ↑|, | ∇n ↓|, ...)d⃗r,

where Fxc is dimensionless and ϵhom
x is the exchange energy of

the non-polarized gas. There is a spin scaling relation for the ex-
change:

Ex[n ↑, n ↓] = 1
2
[Ex[2n ↑] + Ex[2n ↓],

where Ex[n] is the exchange energy for a non-polarized system of
density n(⃗r). Thus, the exchange
Fx(n, | ∇n |) only has to be considered non-polarized. It is natural
to work in terms of dimensionless reduced density gradients of
m-th order which can be defined as:

sm =
| ∇mn |
n(2kF)m

The lowest order terms in the expansion of Fx have been calculated
analytically [90]:

Fx = 1 +
10
81

s2
1 +

146
2025

s2
2 + ...,

The GGA functionals can achieve accurate results for fundamental
states.

(c) The PBE functional
Another widely used functional, when talking about solids, is the
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Perdew-Burke-Ernzerhof (PBE) [91, 90] functional. The PBE is most
probably the simplest GGA functional. The PBE functional for the
exchange is given by a simple form of the enhancement factor Fx

[79]. This form is chosen as Fx(0) = 1 (recovers the local approxi-
mation) and Fx = cte for large s,

Fx(s) = 1 + κ − κ

(1 + µs2

κ )
,

where κ = 0.804 is chosen to satisfy the Lieb-Oxford limit. A value
of µ = 0.21951 is assigned to recover the linear response form of
the local approximation (i.e., to cancel the correlation term), to be
in better agreement with quantum Monte Carlo calculations. This
choice violates the known expansion for small s with the argu-
ment of a better fit of the functional. The form of the correlation
is expressed as the local correlation plus an additional term, both
dependent on gradients and spin polarization [91]:

EGGA−PBE
c [n ↑, n ↓] =

∫
d3rn[ϵhom

c (rs, ζ) + H(rs, ζ, t)]

where ζ = (n↑,n↓)
n is the spin polarization, rs is the local value of

the density parameter, and t is a dimensionless gradient t = |∇n|
2ϕnkTF

5. Post-DFT methods

(a) Hybrid functionals They are more advanced GGA potentials where
additional variables (for example, higher-order density gradients)
are incorporated and combined with some accurate Hartree-Fock
[92] energy of exchange method. They are constructed as linear
combinations of the exact Hartree-Fock exchange functional and
some number of explicit exchange-correlation density function-
als. The exact Hartree-Fock exchange functional has the following
form:

EHF
x = −1

2 ∑
i,1

∫ ∫
ψ∗

i (⃗r1)ψ
∗
j (⃗r2)

1
r12

ψj (⃗r1)ψi (⃗r2)d⃗r1d⃗r2

Hybrid functionals make use of spatially localized basis functions
and not extended basis functions, like plane waves, although in
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recent years they have begun to be implemented in plane wave
codes. These hybrid functionals are sometimes impractical for
materials calculations, as they can significantly increase compu-
tational time.

(b) Functional HSE06
It is a specific hybrid functional designed for solids [93, 94]. In
the particular case of diamond, it is almost free from electron self-
interaction error due to the compensation between Hartree-Fock
and GGA exchange errors, thus providing defect levels and defect-
related electronic transitions close to the experimental values [95].
It incorporates 25% of the exact Hartree-Fock exchange with a screened
Coulomb potential (screening length 0.2 Å−1). The exchange-correlation
potential for HSE06 results:

EwPBEh
xc = aEHF,SR

x (w) + (1 − a)EPBE,SR
x (w) + EPBE,LR

x (w) + EPBE
c

where a is the mixing parameter (0.25 for HSE06) and w is the
screening length (0.2 for HSE06). This equation consists of short-
range (SR) and long-range (LR) terms of the exact exchange plus
a correlation term from the PBE. By setting w = 0 is obtained the
hybrid PBE0 functional.

(c) The GW approach
This approximation calculates the electron self-energy and is suit-
able for studying properties of excited states in extended systems.
In this approximation, the electron self-energy is the product of the
one-particle Green’s function and the screened Coulomb interac-
tion. The resulting band structures and band gaps are generally
closer to the measured values than those obtained purely with the
Kohn-Sham DFT [96, 97, 98]. A G0W0 calculation is the simplest
and most computationally efficient GW calculation. It calculates
quasi-particle energies from a single GW iteration, neglecting all
off-diagonal elements of the self-energy and using a Taylor expan-
sion of the self-energy around the DFT energies.

(d) Bethe-Salpeter Equation (BSE) It can be described as the last step
in a three-step process. The first step consists of a ground-state
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DFT calculation that solves the Kohn-Sham equations. In a sec-
ond step, the band-structure energies of the quasiparticle calcu-
lated in the GW approximation are obtained. In a third step, the
BSE equation is used to compute the optical response function (i.e.,
the frequency-dependent dielectric function) including excitonic
effects [99, 100, 101].

2.2 The density of states (DOS)

The energy levels of an electron belonging to a gas of free and independent
electrons can be specified by the wave vector k⃗ and a spin quantum number
s with, in absence of a magnetic field, independent energies. The expression
describing it:

ε(⃗k) =
h̄2k2

2m
.

The distribution function must satisfy in the ground state (T = 0) that:

fks = 1 for ε(⃗k) < εF

fks = 0 for ε(⃗k) > εF.

Only levels ε(⃗k) ⩽ εF are occupied in the ground state. The limit of this
distribution function is, as the temperature tends to zero:

fks = 1 for ε(⃗k) < µ

fks = 0 for ε(⃗k) > µ.

The limit of the chemical potential must satisfy, for consistency, µ = εF.

Although the chemical potential is equal to the Fermi energy to a high
degree of accuracy for metals up to room temperature, this statement is not
completely true for accurate calculations and they must be distinguished to
avoid misunderstandings.

In Fermi-Dirac statistics, the calculation of the electronic contribution to
the specific heat at constant volume of a metal is defined by:



24 Chapter II. Methodology

cν =
dQ
dT

∣∣∣∣
V
=

T
V

(
∂S
∂T

)

V

=

(
∂u
∂T

)

V

with u =
U
V

.

In this set of equations, S is the entropy and u is the density of inter-
nal energy. On the other side, the Fermi function for Fermi-Dirac statistics,
fF−D(ε), is the mean number of electrons in the one-electron level of energy
ε, which leads to a total number of electrons, N:

N = ∑
i
= fF−D(εi) = ∑

i

1
eβ(εi−µ) + 1

.

From this expression, N is a function of the temperature (as β = KBT)
and the chemical potential, µ.

In the independent electron approximation, the internal energy U is the
sum over the Fermi function, ( fF−D(ε(⃗k))), ε(⃗k) times ε(⃗k), that is:

U = 2 ∑
k⃗

ε(⃗k) fF−D(ε(⃗k))

The energy density u is obtained when both sides of this equation are
divided by the volume V:

u =
U
V

=
∫ d⃗k

4π3 ε(⃗k) fF−D(ε(⃗k))

In a similar form, dividing N by V and replacing the quantum state i by
the wave vector for free electrons, k⃗, the electronic density results:

n =
N
V

=
∫ d⃗k

4π3 fF−D(ε(⃗k)).

where the integrand now depends on k⃗ only through the electronic en-
ergy ε(⃗k) = h̄2k2

2m Evaluating the integral in spherical coordinates and chang-
ing the variables from k⃗ to ε:

∫ d⃗k
4π3 F(ε(⃗k)) =

∫ ∞

0

k2dk
π2 F(ε(⃗k)) =

∫ ∞

−∞
dεg(ε)F(ε).
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g(ε), a significant function called energy density of states or simply density
of states (DOS), is the number of one-electron level between energies ε to ε +

dε:

g(ε) =
1

2π2

(
2m
h̄2

) 3
2√

ε, for ε > 0;

g(ε) = 0 for ε < 0; .

Considering that kF = (3π2n)1/3 and ε =
h̄2k2

F
2m g(ε) at zero temperature,

g(ε) can be written as:

g(ε) =
3
2

n
εF

(
ε

εF

) 1
2

, for ε > 0;

g(ε) = 0 for ε < 0; .

The DOS at the Fermi energy is a quantity of particular importance,
given by:

g(ε) =
mkF

h̄2π2
=

3
2

n
εF

.

2.3 Bader decomposition of the charge density

In this work is crucial the determination of the charge transfer between atoms,
as many properties of the material are strongly related to it. The main diffi-
culty in the estimation of this magnitude is that the atomic charges in solids
are not observables and cannot be defined by means of quantum mechan-
ics, because the electronic charge density results a continuum. The proposals
to solve this questions consist of either using electronic orbitals or only the
charge density. One typical orbital based method is the Mulliken analysis,
which employs basis functions which are centered on atoms. In this method,
the charge associated with these functions is assigned to that atom. Although
this way of calculating the partial charges on an atom is efficient and fast, it
however depends on the election of the basis set. To avoid this drawback,
Bader proposed an approach based on the charge density [102], independent
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of the choice of the basis set. In this method, the Bader regions divide the
space by surfaces which run through charge density minima, where the elec-
tron density has no component normal to the surface. The total charge of one
atom is estimated then by integrating the electronic density contained in a
Bader region where a nucleus of an atom can be found, and adding possibly
the electronic charge of nearby regions that do not have a nucleus. Although
the first algorithms developed for the Bader analysis were complex and re-
quired computational efforts, Henkelmann et al. presented an efficient and
robust method that uses exclusively steepest ascent trajectories confined to
the grid points. The advantage of this method is that the required operations
per grid point, in this algorithm, does not depend on the number of atoms
and the size of the grid and the computational cost is linear respect to the
number of grid points.

The methodology is summarized below. The charge density points are
assumed to form a lattice and each grid point must be associated to a Bader
region. It is done by finding a path of steepest ascent in the charge density. If
r⃗(i, j, k) is the Cartesian vector to the grid point (i, j, k), the move is made in
the direction which maximizes the charge density gradient, ∇n, calculated
along the possible directions toward adjacent grid points.

∇n(i, j, k) · r̂(di, dj, dk) =
∆n
| ∆⃗r | ,

where the values {-1,0,1} are assigned to di, dj and dk excluding di =

dj = dk = 0 and

∆n = n(i + di, j + dj, k + dk)− n(i, j, k),

is the change in charge density and

| ∆⃗r |=| r⃗(i + di, j + dj, k + dk)− r⃗(i, j, k) |,

is the change in distance. They are computed between neighbors. Fol-
lowing the given definition, the steepest ascent step r⃗(di, dj, dk) is the one
that maximize the positive values of ∇n(i, j, k) and it is considered a charge
density maximum in absence of positive values.
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Finally, by summing over the grid points contained in a Bader region,
the total electronic charge in this region can be evaluated. This algorithm is
very efficient in the sense that each point requires a fixed amount of work.

2.4 Dynamical stability of materials and the Den-

sity Functional Perturbation Theory

[103]

A phonon is defined as a unit of vibrational energy as a result of oscillat-
ing atoms in a crystal. According to quantum mechanics, this vibrational en-
ergy is a multiple of a basic amount of energy (quantum) and is proportional
to the frequency ω. In this sense, phonons can be considered as packets of en-
ergy or particles of heat with energy ϵ = (n + 1

2)h̄ω. Together with electrons,
they constitute the two most important elementary excitations/particles in
solids.

When a material is heated, its atoms oscillate at specific frequencies and
the resulting wave (or phonon) travels through the crystal. The way to de-
scribe the elastic vibrations in a crystal is via the dependence of the frequency
of an elastic wave, ω with respect to the wave vector, k⃗, known as phonon dis-
persion. In solids with two or more atoms per unit cell, this phonon dispersion
exhibits two branches known as acoustic branch and optic branch. As a result,
there are longitudinal acoustic modes (LA) transversal acoustic modes (TA),
longitudinal optic modes (LO) and transversal optic models (TO).The num-
ber of branches is determined by the number of atoms in the unite cell, N,
existing 3 acoustic branches and 3N-3 optic branches. To illustrate this idea,
an example with a cubic crystal composed by two different atoms of mass
M1 and M2, respectively, with a distance a between identical planes (and not
between nearest-neighbor planes) is developed below. Let’s consider waves
propagating in a direction of symmetry for which one plane contains one
kind of atoms. Under the assumption that each plane is interacting exclu-
sively with nearest-neighbors, and that the force constants are identical be-
tween the neighboring atomic planes, then:
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M1
d2us

dt2 = C(vs + vs−1 − 2us),

M2
d2vs

dt2 = C(us+1 + us − 2vs),

FIGURE 2.2: Example of a diatomic crystal with masses M1 and
M2 connected by a force constant C. The atoms are shown
in their fixed position and the displacements are expressed in
terms of us−1, us, us+1, ... for atoms M1 and vs−1, vs, vs+1, ... for

atoms M2.

possible solutions are us = ueis⃗kae−iωt and vs = veis⃗kae−iωt. Substituting
them in the equations, it results:

−ω2M1u = Cv[1 + e−ika]− 2Cu,

−ω2M2v = Cu[1 + eika]− 2Cv,

then:

det

∣∣∣∣∣
2C − M1ω2 −C[1 + e−ika]

−C[1 + eika] 2C − M2ω2

∣∣∣∣∣ = 0

that is

M1M2ω4 − 2C(M1 + M2)ω
2 + 2C2(1 − coska) = 0,

Let’s consider two limits for k:
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• ka ≪ 1 (small ka), then cos(ka) ≃ 1 − 1
2 k2a2 + ...

ω2 ≃ 2C

(
1

M1
+

1
M2

)
− optical branch

ω2 ≃
1
2C

M1 + M2
k2a2 − acoustic branch

• −π
a ⩽ k ⩽ π

a for such limits:

ω2 =
2C
M1

− acoustic branchω2 =
2C
M2

− optical branch

FIGURE 2.3: Transversal optical and acoustic waves in a linear
diatomic lattice

FIGURE 2.4: Phonon dispersion plot for a linear diatomic lat-
tice, showing the acoustic and optical branches. The constant

value a in the value limit π
a represents the lattice constant.

Now arises the question: why the value of ω2 is so important for the
analysis of the stability? The reason is that, if the structure is (or results) un-
stable, ω2 will be negative and hence, ω will result imaginary, meaning that
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the crystal will spontaneously transform in another structure more stable. In
this regard, we are looking for structures without imaginary frequencies in
their dispersion relation of phonons.

FIGURE 2.5: Example of a phonon dispersion in a cubic crystal,
where LA and TA are horizontal in the limit Kmax. Branches LO
and TO coincide at K = 0, a consequence of the symmetry of

the crystal.

The dynamical stability of a system is an important factor to consider
when looking for a suitable material for specific purposes. This informa-
tion is provided by the vibrational properties obtained from their electronic
structure. From all of these possible properties, the behavior of the phonon
dispersion is mandatory when starting to work with a new compound. The
classical experimental way to measure such properties is the infrared and
Raman spectroscopy, but also the inelastic neutron scattering, which provide
accurate information of vibrational spectra. In this sense, the theoretical es-
timation of properties like displacement patterns or frequencies plays an im-
portant role in materials modeling due to the information contained on the
atomic and electronic structure. The implementation consists of considering
a system near its equilibrium, where the Hamiltonian is reduced to a system
of independent oscillators that are called normal modes. The corresponding
displacement patterns, Uα

I for the αth Cartesian component of the Ith atom,
and frequencies, ω, are given by:

∑
J,β
(Cαβ

I J − MIω
2δI Jδαβ)U

β
J = 0, with Cαβ

I J =
∂2E({R⃗})
∂Rα

I ∂Rβ
J

= − ∂Fα
I

∂Rβ
J
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where Cαβ
I J is the matrix of the interatomic force constants (IFCs), {R⃗} is

the set of nuclear coordinates and F⃗I are the forces calculated via the Hellmann-
Feynmann theorem applied to the Born-Oppenheimer Hamiltonian.

The direct computation of the interatomic force constants can be per-
formed using density-functional perturbation theory. In this context, their
explicit expression is obtained by differentiating the forces with respect to
the nuclear coordinates:

∂2E({R⃗})
∂R⃗I∂R⃗J

=
∫

∂n(⃗r)
∂R⃗J

∂V{⃗r} (⃗r)

∂R⃗I
d⃗r + δij

∫
n(⃗r)

∂2V{R⃗} (⃗r)

∂R⃗I∂R⃗J
d(⃗r) +

∂2EN({R⃗})
∂R⃗I∂R⃗J

,

the ground-state charge density, n(⃗r) and its linear response to a distor-
tion, ∂n(⃗r)/∂R⃗I , of the nuclear geometry, are needed, then, for the calculation
of the interatomic force constants.

Let’s then suppose an atom I in a perfect crystal and located, in turn, in
the lth unit cell. Its position is:

R⃗I = R⃗l + τs = l1⃗a1 + l2⃗a2 + l3⃗a3 + τs

where R⃗l, the position of the lth cell in the Bravais lattice, is a sum of
three primitive translation vectors a⃗1, a⃗2 and a⃗3, and τs is the equilibrium po-
sition of the sth atom in this unit cell, then:

ψn (⃗r) ≡ ψ
ν,⃗k (⃗r), ψ

ν,⃗k (⃗r + R⃗l) = ei⃗k·R⃗l ψ
ν,⃗k (⃗r)

where k is a wave vector in the first Brillouin zone and ν corresponds to
a band index.

In crystalline solids, phonons (or normal modes) are defined by a mode
index ν and a wave vector q⃗, resulting in phonon frequencies, ω(⃗q), and dis-
placements, Uα

s (⃗q) evaluated as:

∑
t,β

(
C̃αβ

st (⃗q)− Msω
2(⃗q)δstδαβ

)
Uβ

t (⃗q) = 0
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where C̃αβ
st (⃗q) is the so-called dynamical matrix, which is the Fourier

transform of real-space interatomic force constants, IFCs, that is:

C̃αβ
st (⃗q) = ∑

l
e−i⃗q·R⃗l Cαβ

st (R⃗l), with Cαβ
st (l, m) ≡ ∂2E

∂uα
s (l)∂uβ

t (m)
= Cαβ

st (R⃗l − R⃗m),

Where the atom s in cell l is displaced u⃗s(l) from its equilibrium posi-
tion, that is, R⃗I = R⃗l + τs + u⃗s(l). We can see that, due to translational invari-
ance, the dependence of real-space IFCs on m and l is exclusively through
R⃗l − R⃗m.

However, because the displacement of one atom breaks the transla-
tional symmetry of the infinite periodic system, these derivatives must be
formulated in a different way. If us(q) is the amplitude of a lattice distortion
of wave-vector q⃗ and Nc are the unit cells, then:

C̃αβ
st (⃗q) =

∂2E

∂u∗α
s (⃗q)∂uβ

t (⃗q)
,

with us(l) = us (⃗q)ei⃗q·R⃗l

It means that, unless q⃗ = 0, this equation loses the periodicity in the
frozen-phonon approach. To deal with this difficulty, the calculation of IFCs
for q⃗ ̸= 0 requires a big supercell for a perturbation of wave-vector q⃗. How-
ever, because the computational cost increases as the cube of the size of this
supercell (approximately), this frozen-phonon approach is limited to a small
increase of the unit cell or to phonons with q⃗ = 0.

The dynamical matrix can be expressed in two components, the ionic
and the electronic:

C̃αβ
st (⃗q) =

el C̃αβ
st (⃗q) +

ion C̃αβ
st (⃗q),

with

elC̃αβ
st (⃗q) =

1
Nc

[∫ (
∂n(⃗r)

∂uα
s (⃗q)

)∗
∂V{R⃗} (⃗r)

∂uβ
t (⃗q)

d⃗r+ δst

∫
n(r)

∂V{R⃗}

∂u∗α
s (⃗q = 0)uβ

t (⃗q = 0)
d(r)

]
,

The ionic contribution is independent of the electronic structure and the sec-
ond term of elC̃αβ

st (⃗q) is feasible to evaluate because it is only dependent on
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the charge density of the system without perturbation. Then, is the first term
which depends on the linear response of the charge-density to the lattice dis-
tortion, with a perturbing potential:

∂V{R⃗} (⃗r)

∂u⃗s (⃗q)
= −∑

l

∂vs (⃗r − R⃗l − τs)

∂⃗r
ei⃗q·R⃗l

The DFPT equations are linear respect to the perturbing potential, an
advantage in comparison with the frozen-phonon technique. This method
allows the calculation of the dynamical matrix for any q⃗ without the need to
introduce supercells, and real-space ICFs are obtained by means of discrete
Fourier transforms. The dynamical matrices are calculated on a uniform q⃗-
grid in the Brillouin Zone:

q⃗l1,l2,l3 = l1
b⃗1

N1
+ l2

b⃗2

N2
+ l3

b⃗3

N3
,

with l1 from 0 to N1 - 1, l2 from 0 to N2 - 1 and l3 from 0 to N3 - 1, integers
and b⃗1, b⃗2 and b⃗3 primitive translation vectors in the reciprocal lattice. IFCs
in real space are obtained via a discrete Fourier transform C̃αβ

st (⃗ql1,l2,l3) →
Cαβ

st (R⃗l1,l2,l3) where all the R⃗-vectors are contained in a real-space grid in a
supercell with primitive translation vectors N1⃗a1, N2⃗a2, N3⃗a3:

R⃗l1,l2,l3 = l1⃗a1 + l2⃗a2 + l3⃗a3

Finally, the calculated interatomic force constants are used to easily cal-
culate the dynamical matrices by the Fourier transform for any vector q⃗ that
was not included in the original reciprocal-space grid, a procedure called
Fourier interpolation.

2.5 Determination of the Hubbard parameters

It is well known that a big problem with ab initio calculations is that they do
not correctly describe the electronic properties of strongly correlated systems.
One of the most famous failures associated with this issue is the inability of
both the local spin density approximation (LDA) and the spin-polarized gen-
eralized gradient approximation (σ-GGA) to predict the insulating nature of
some transition metal oxides (TMO), and to give a proper estimation of the
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band gap. To overcome this problem, great efforts have been put into the
development of new approaches that can accurately describe such systems.
In this direction, Anisimov et al. [104, 105, 106] introduced the LDA+U ap-
proach, which notably improved the results for several strongly correlated
systems with respect to LSDA or σ -GGA and, in turn, motivated the imple-
mentation of more sophisticated theoretical approaches.

One classical way to treat the Hubbard correction would be to take
some proven values and mix them with (when they are available) experi-
mental results. Alternatively, in the present work, the Hubbard parameters
for the transition metal d orbitals have been determined using the linear re-
sponse approach [107], which is based on the density-functional perturbation
theory (DFPT) [108, 109]. With this method, independent of the basis set em-
ployed in the calculation, the Hubbard parameter U can be computed from
the second-order derivative of the energy.

In the following, the parameter J that describes the magnetic interac-
tion will be either set to zero or mimicked by redefining the U parameter as
Ue f f = U − J [110].

LDA or GGA approaches can quite well reproduce the total energy be-
tween different states if the orbital occupation is constrained to have integer
values [111]. A good approximation to recover the physical situation would
be adding a correction to the total energy given by LDA, which disappears
for an integer number of electrons and eliminates the curvature of the en-
ergy profile of LDA (caused by a quadratic term not canceled adequately in
the exchange-correlation term, which arises from the Hartree energy) in ev-
ery interval with fractional occupations. It is achieved if the value of the U
parameter is set equal to the curvature of the energy profile of LDA or GGA.

However, in solids, the hybridization of localized orbitals with the crys-
tal can lead to fractional occupations. In this case, the LDA/GGA energy con-
tains such effects coming from hybridization and, to deal with this problem, a
linear response approach is used to evaluate the U parameters. The first step
to approaching this calculation is to compute U using a constrained density
functional [112, 113, 114]. The total energy is a function of the localized-level
occupations of the "Hubbard" sites:

E[{qI}] = min
n(⃗r),αI

{
E[n(⃗r)] + ∑

I
αI(nI − qI)

}
,
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FIGURE 2.6: Plot of the total energy respect to the number of
electrons in an atomic system in contact with a reservoir. The
difference between the exact result for the open system (in blue)
and the LDA energy (in red) are represented by the curve at the

bottom (in green).

With this expression, the curvature of the total energy can thus be nu-
merically computed with respect to the variation of the occupation of an iso-
lated site around the unconstrained values {n(0)

I }. This equation uses La-
grange multipliers αI to constrain site occupations nI .

Moreover, if the total energy of a non-interacting Kohn-Sham problem
corresponding to the same system is calculated:

EKS[{qI}] = min
n(⃗r),αI

{
EKS[n(⃗r)] + ∑

I
αKS

I (nI − qI)

}
,

The rehybridization of localized orbitals with other degrees of freedom,
caused by the variation of the site occupation, also produces a nonlinear
change in the energy of the system. This kind of curvature arising from the
rehybridization exists also in the interacting case, and it is independent of
the Hubbard U of the interacting system. That is the reason why it should be
removed from the total curvature:

U =
∂2E[{qI}]

∂q2
I

− ∂2EKS[{qI}]
∂q2

I
,
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The Janak theorem [115] proves that the second-order derivative of the
total energy can be expressed as a first-order derivative of the localized eigen-
value. In the present approach, the eigenvalue of the isolated atom is repre-
sented by the Lagrange multiplier, which enforces the level occupation [116],
that is:

∂E[{qJ}]
∂qI

= −αI ,
∂2E[{qJ}]

∂q2
I

= −∂αI

∂qI
,

∂EKS[{qJ}]
∂qI

= −αKS
I ,

∂2EKS[{qJ}]
∂q2

I
= −∂αKS

I
∂qI

.

The advantage of this method is that the contribution of the band struc-
ture (−∂αKS

I /∂qI) is subtracted from the curvature but the U parameter is
calculated in the same system in which it will be applied, making environ-
mental screening more realistic.

In real calculations, the αI’s become independent variables by means of
a Legendre transform:

E[{αI}] = min
n(⃗r)

{
E[n(⃗r)] + ∑

I
αI(nI)

}
,

EKS[{αKS
I }] = min

n(⃗r)

{
EKS[n(⃗r)] + ∑

I
αKS

I (nI)

}
.

The density response functions of the interacting and non-interacting
systems with respect to the localized perturbations are defined as:

χI J =
∂2E

∂αI∂αJ
=

∂nI

∂αJ
,

χ0
I J =

∂2EKS

∂αKS
I ∂αKS

J
=

∂nI

∂αKS
J

.

Then, the U parameter corresponding to site I is expressed as:

UI =

(
−∂αI

∂qI

)
−
(
−∂αKS

I
∂qI

)
= (χ−1

0 − χ−1)I I ,
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where the density response functions χ−1
0 and χ−1 are obtained from

numerical derivatives. To this end, the method uses a sufficiently large su-
percell in which the occupation of a specific site is changed while the other
side occupation remains unchanged. The process starts with the calculation
of a self-consistent potential performing a well-converged LDA calculation
for the unconstrained system with αI = 0 for all sites. Starting with this po-
tential, small positive and negative shifts of the potential are added to each
non-equivalent Hubbard site J. The variation of the occupation nI for all sites
in the supercell is then computed:

• (i) the Kohn-Sham potential is let to adjust self-consistently to screen
optimally the localized perturbation

• (ii) not allowing this screening

The derivatives calculated in (i) and (ii) give the matrices χI J and χ0
I J

respectively. This approach to compute the Hubbard U parameters based on
DFPT is implemented in QE in the HP code [117, 118].

2.6 The dispersion correction DFT+D

In this section, an overview of the London-dispersion correction is presented
[119]. It is well known that the London-dispersion interactions are nonlocal
and behave asymptotically in the form:

Edisp ∝ −C6

R6

where C6 is the sixth-order dispersion coefficient and R is the distance.

In this regard, it is clear that conventional Density Functional Theory
cannot describe these interactions because the long-range tail of the disper-
sion energy, proportional to 1

R6
, is not captured by the DFT approximations.

Although empirical corrections were first tested in the 1990s, it was not un-
til the 2000s that modern and accurate semiclassical corrections appeared.
Among all these corrections, this section will consider the DFT-D3 approach.
However, it is worthwhile to start with a brief explanation of its predecessor,
DFT+D2 [120]. This correction accounts for a dispersion contribution for all
pairs of atoms in a system, in the form of the London formula mentioned
above:
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EDFT-D2
disp = −1

2
s6 ∑

A ̸=B

CAB
6

R6
AB

f DFT-D2
damp (RAB),

where the factor 1
2 prevents double counting, s6 is a scaling parameter,

CAB
6 represents the isotropic averaged sixth-order dispersion coefficient for a

pair of atoms AB and f DFT-D2
damp is a damping function that establishes a seam-

less connection between the short- and long-range regions (in the following
"medium-range region") with the form:

f DFT-D2
damp (RAB) =

1
1 + e−20(RAB/Rr−1)

In this definition, Rr is the sum of van der Waals radii, and the election
of the exponent 20 guarantees larger corrections at intermediate distances in
comparison with previous corrections.

The global scaling factor s6 is empirically adjusted for every density
functional approximation, by fitting to a set of non-covalent interaction ener-
gies. The value of s6 will depend on the chosen functional, that is, attractive
functionals deliver lower values of s6 whereas repulsive functionals require
values for s6 larger than unity. The dispersion coefficient is empirical and is
obtained as a geometric mean from the specific coefficients of each element,
CA

6 and CB
6 :

CAB
6 =

√
CA

6 CB
6 ,

This correction supposed not only a crucial contribution to DFT but also
provided a better description of noncovalent interactions. However, despite
these advantages, this approach soon revealed some drawbacks. For exam-
ple, the C6 coefficients and the van der Waals radii had been determined
only for the main group elements, whereas the 3d transition metals and the
4d transition metals were assigned the values for scandium and yttrium, re-
spectively. The problem goes further because the dispersion coefficients C6

were estimated by free atom calculations in the gas phase, ignoring effects
such as hybridizations. In fact, some studies related to charged and neutral
alkaline compounds have reported problems when using this approxima-
tion [121]. That is the reason for the development of the DFT-D3 correction,
which overcomes the above-mentioned issues and is applicable to the 94 first
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elements of the periodic table. The most remarkable difference with respect
to the DFT-D2 approach is that the dispersion coefficients are now fully flexi-
ble and dependent on the system. This approximation includes a three-body
component of the dispersion energy, Edisp, in the form:

EDFT-D3
disp = −1

2 ∑
A ̸=B

∑
n=6,8

sn
CAB

n
Rn

AB
f DFT-D3
damp,n (RAB)

expression dependent on two multipole terms: the first one, the sixth-
order term with isotropic dispersion coefficients (CAB

6 ) and the second one an
eighth-order term with dispersion coefficients (CAB

8 ), designed to consider
medium-range effects. Although terms of higher order were tested, these
were shown to be negligible and absorbed by the s8 scale factor.

The damping functions were originally proposed by Chai and Head-
Gordon, but showed numerical stability for high-order miltipole terms that
suited very well for DFT-D3 [121].

For the sixth-order term, the damping function adopts the form:

f DFT-D3
damp,6 (RAB) =

1
1 + 6(RAB/sr,6RAB

0 )−α6
,

whereas, for the eighth-order term:

f DFT-D3
damp,8 (RAB) =

1
1 + 6(RAB/RAB

0 )−(α6+2)
,

On the other hand, the dispersion coefficients in DFT-D3 depend on the
system and are calculated as follows:

CAB
8 = 3CAB

6

√
QAQB,

with

QA =
1
2

√
ZA

⟨r4⟩A

⟨r2⟩A
,

being Z the nuclear charge, and ⟨r4⟩A and ⟨r2⟩A are the expectation val-
ues of the quadrupole- and the dipole-moment type, respectively, derived
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from the atomic densities. These values were calculated once and subse-
quently tabulated for every element. The employment of this technique pro-
vides a good estimation of the higher-order coefficients, in a few percent of
their accurate values. Posterior versions of DFT-D3 use the same dispersion
coefficients but differ in the damping functions. The impact of the three-body
terms on the computational cost scales from 0(N2

atoms) to 0(N3
atoms), but is still

negligible comparing with the overall cost of a DFT calculation.

2.7 Electronic Conductivity: the Boltzmann Trans-

port Equation

Let us denote, for each band, the quasi-particles’ energies and their deriva-
tives as Fourier sums:

ε̃k = ∑
Λ

CA ∑
R∈Λ

ei⃗k·R⃗,

∇ε̃k = i ∑
Λ

CA ∑
R∈Λ

R⃗e(i⃗k·R⃗),

here, Λ represents a set of symmetry-equivalent lattice vectors. Shank-
land [122, 123, 124] had the idea that, by minimizing a roughness function
under the assumption that the quasi-particle (and derivatives) energies were
exactly reproduced, the coefficients could be obtained. Then, the number of
coefficients C should be larger than the number of calculated points. It is
equivalent to minimizing the Lagrangian with respect to the Fourier coeffi-
cient (CR):

I =
1
2 ∑

R⃗

CR⃗ρR⃗ + ∑
k⃗

[
λ⃗k(ε⃗k − ε̃⃗k) + ∑

α

λ
α,⃗k∇α(ε⃗k − ε̃⃗k)

]
,

In this equation, the Lagrange multipliers λ⃗k and λ
α,⃗k, are chosen to

ensure that the constraints (quasi-particle and derivative energies exactly re-
produced) are fulfilled. The index α represents the Cartesian indexes, in-
dicating that each calculated derivative ∇ε⃗k = −⟨ψ⃗k| p⃗|ψ⃗k⟩, obtained from
the elements of the intra-band optical matrix [125, 126], adds three Lagrange
multipliers. In the BoltzTraP code, the roughness function is taken from Pick-
ett et al. [127]:
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ρR⃗ =

(
1 − c1

R
Rmin

)2

+

(
c2

R
Rmin

)6

.

The rigid-band approximation (RBA) assumes that doping a system or
changing the temperature does not change the band structure. In this ap-
proach, the carrier concentration in a semiconductor is related to the density
of states as follows:

n(ε) =
∫

∑
b

δ(ε − εb,⃗k)
d⃗k

8π3 ,

for a given µ and T, b running over bands, by calculating the deviation
with respect to charge neutrality:

c(µ, T) = N −
∫

n(ε) f (0)(ε; µ, T)dε.

where f (0) is the Fermi distribution function and N is the nuclear charge.
If the Fermi level is found in the band gap under the charge neutrality condi-
tion, at T = 0, it would become a semiconductor n-type if µ is moved into the
conduction bands and a semiconductor p-type if µ is moved into the valence
bands.

The Boltzmann Transport equation describes the behavior of a system
out of equilibrium in terms of a balance between the scattering in and out of
each possible state with scalar scattering rates [128].

The transport distribution function arises from the linearized Boltzmann
Transport equation under the rigid-band approximation:

σ(ε, T) =
∫

∑
b

v⃗b,⃗k ⊗ v⃗b,⃗kτb,⃗kδ(ε − εb,⃗k)
d⃗k

8π3

The moments of the generalized transport coefficients are calculated
from this distribution function:

L(α)(µ; T) = q2
∫

σ(ε, T)(ε − µ)α

(
−∂ f (0)(ε; µ, T)

∂ε

)
dε,
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The charge current is then calculated from:

je = L(0)E⃗ +
L(1)

qT
(−∇T)

in the zero temperature gradient experimental situation, the conductiv-
ity is obtained by:

σ = L(0)

the group velocities can be directly obtained from the k⃗-space derivatives of
the quasi-particle energies, ∇ε̃k = i ∑Λ CA ∑R∈Λ R⃗e(i⃗k·R⃗).

In the BoltzTrap2 code the interpolated quasi-particle energies are as-
sumed to be independent from parameters like the Fermi level and the tem-
perature, and this interpolation does not need to be repeated (only the inte-
gration) to evaluate thermoelectric coefficients for different temperatures or
doping levels. The interpolation of quai-particle energies is once and for all,
avoiding the duplication of work when interpolating a τ dependent on the
temperature.

2.8 Important parameters for the evaluation of the

adsorption of small molecules

Up to this point, the theory behind the diverse approaches, used in the cal-
culations, has been described. In this section, some physical parameters, im-
portant for the study of the adsorption phenomena, are defined.

2.8.1 The adsorption energy

In the process of adsorption, the interaction between the adsorbent and the
molecule is stabilized by the so called adsorption energy. This energy de-
scribes in some way the feasibility and the spontaneity of the interaction,
that is, when it adopts a negative value, this process will be spontaneous
and, on the contrary, a positive value is an indicator of a repulsive interac-
tion. Attending to the magnitude of the adsorption energy, the adsorption
can be considered either chemisorption (covalent bonding) or physisorption
(van der Waals forces). It is important to note that the efficiency of the sub-
stratum adsorbing a specific gas is an indication that this substratum is more
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sensitive toward this gas, with a high negative value of the adsorption en-
ergy. From this perspective, this adsorbent may be a feasible material for the
fabrication of a gas sensor.

The adsorption energy between the molecule and the pristine material
is evaluated in this work by:

Eads = Esubstratum+molecule − Esubstratum − Emolecule

In this expression, Esubstratum+molecule represents the total energy corre-
sponding to the whole substratum/molecule system, Esubstratum is the total
energy of the pristine substratum and Emolecule is the total energy of the iso-
lated molecule. This definition gives negative values for the energetically
favorable adsorptions.

2.8.2 The recovery time

The recovery time, trec, is also another important descriptor because it is an
estimation of the recovery performance of the sensor. It gives us an idea of
the time needed by the sensor, in absence of the gas, to pass from a certain
response (e.g., 90 % of the maximum response when the gas is injected) to a
certain percentage of it (e.g., 10 %) when the gas is removed, and it is calcu-
lated as:

trec = ν−1e−Eads/kBT

here, ν is the so-called attempt frequency, kB is the Boltzmann constant
(in eV/K) and T is the Temperature (in K). The theoretical estimation of the
attempt frequency is a laborious process and would need a study apart, as
it involves a combination of DFT+U, Nudge Elastic Band method, phonon
calculations and the transition state theory, whereas, experimentally, the re-
covery time of a sensor is usually determined applying thermal effects. It
is the reason why, in the literature, it is normally taken between 1011 and
1013 s−1. From the dependence of this magnitude with the adsorption en-
ergy, Eads, it is clear that the larger the interaction strength between the sub-
stratum and the molecule, the higher the recovery time. It is important to
remark that this quantity must be interpreted carefully, because it gives an
estimation and does not accurately measure the time required by the sensor
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to be recovered. The reason is that the molecules undergo adsorption and
desorption processes simultaneously, which are in dynamical equilibrium,
making complicated the exact determination of this value. Nevertheless, it is
a valuable parameter to elucidate if a material has a better use as sensor or as
gas capturer.

2.8.3 Charge transfer between the MBene and the molecule

In parallel to Eads, the charge transfer between the pristine material and the
molecule is computed as:

∆ρ = ρsubstratum+molecule − ρsubstratum − ρmolecule

This quantity is important to know if the substratum is acting as an
acceptor (accepting electrons from the molecule) or as a donor (giving elec-
trons to the molecule) and also to understand the electronic behavior of the
interaction.
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CHAPTER III

ARTICLES THAT COMPOSE THIS THESIS

3.1 A brief introduction to the main results

Knowledge, but also sustainable development and the protection of environ-
ment and biodiversity, are inherent features of science. In the last decades,
the rapid growth of industry and cities has unavoidably led to the increase
of pollution which impact directly on the quality of living creatures, as well
as on our own planet. Although many efforts are put on reverting this situ-
ation, we are still far from a satisfactory solution. It is through a committed
collaboration between the scientific community that we can imagine an aus-
picious future for next generations. Among all the threatening substances
delivered by the human activity, Short-lived climate forcers (SLCFs) are pol-
lutants that have a relatively short lifetime in the atmosphere and impact
the climate. They are classified under different criteria, but one of the most
conventional way is to separate them into radiatively active or influential
on other radiatively active compounds through chemistry. The so-called di-
rect SLCFs include methane, ozone, short-lived halogenated compounds, and
aerosols, while indirect SLCFs include chemically reactive gases like nitrogen
oxides, CO, non-methane volatile organic compounds, SO2, and NH3. In this
regard, 2D materials with large surface area, with a rich surface chemistry,
can favor interactions with molecules, enabling these materials to work as
highly sensitive sensors even at low gas concentrations. Two-dimensional
boron-based materials constitute an emerging family and are gaining inter-
est thanks to their unique physical and chemical properties, becoming ideal
candidates in applications for sensing, reducing, and adsorbing pollutants.
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As newbies in the world of flats, their related works are still mainly predic-
tive, although some of them start to be synthesized and demonstrate to be
stable. Borophene, with its beautiful polymorphisms, has been thoroughly
studied since its discovery. Up to date, an important theoretical and exper-
imental development has been invested in this material. The first article of
this thesis, based on these preliminary works, demonstrates the great capa-
bility of borophene for gas sensing and capturing.
Thanks to all the efforts put on these mono elemental compounds, no much
time was needed for the emergence of MBenes, which are two-dimensional
transition metal borides. In parallel to MXenes, they are predicted to be
obtained from their parental MAB phases. The achievement of these com-
pounds, present in diverse stoichiometries and cristalline structures, and
with the peculiarities introduced by the metal ions, opens new perspectives
in their use as nanodevices. But before starting with their potential as sub-
strata for the above mentioned applications, a rigorous study concerned to
their suitability for such purposes must be done. In the second article, a thor-
ough evaluation of the structural, electronic, magnetic and transport prop-
erties of MBenes with M2B2 stoichiometry (with M = Cr, Fe and Zr), points
to promising and robust materials with diverse facets. The third article is
a follow up to the second, and deals with a classical problem of DFT: the
consideration of MBenes as high correlated systems, due to the inclusion of
partially occupied 3d orbitals from the transition metals. The use of the Den-
sity Functional Perturbation Theory for obtaining the customized Hubbard
parameters for each system, and their subsequent introduction, shows that
the inclusion of this correction is not negligible when the transition metals
are Cr and Fe, but practically negligible for the Zr-based MBene.
Once all the cards are on the table, the fourth article tries to put in practice
the ability of MBenes as potential candidates for gas sensing and removal.
To this end, several parameters involved have been evaluated in depth to
analyze the influence of small molecules on the physicochemical properties
of the substrata. Their behavior under the adsorption of small molecules
will describe the Cr and Fe-based MBenes as sensors, whereas the Zr-based
MBene will act as a gas capturer. The novelty introduced by the present the-
sis is the perspective of Fe and Zr-based MBenes as gas sensors/capturers,
and the Cr-based MBene as sensor for these specific molecules, establishing
the foundations for further research in this direction.
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3.2 PAPER I: Borophene sheets as potential candi-

dates for the detection and removal of harmful

gas molecules

This article explores the potential of different structures of borophene, specif-
ically the α-sheet, buckled hexagonal, and honeycomb-like forms, for the de-
tection and capture of five common harmful gas molecules: CO, CO2, NO,
NO2, and NH3. But prior to evaluating the influence of small molecules on
borophene, it is necessary to perform a preliminary study of the pristine ma-
terials. All these forms show high cohesive energies, highlighting the robust-
ness of the compounds, and their electronic structure indicates that, while
the α and buckled borophenes are dominated by the out-of-plane orbitals
(pz), in-plane orbitals (s+px+py) stand out in the honeycomb sheet. This
circumstance makes the honeycomb-type borophene unstable, in contrast to
graphene. This drawback can be, however, overcome, by growing this hexag-
onal planar structure on a metal, where the electron transfer from the metal
can stabilize this boron layer.
Concerning the effects of adsorption on the structure, a surface disturbance
occurs, which is more remarkable in the honeycomb sheet, most probably
due to a destabilization of the sp2 bonding of the flat borophene to form sp3

hybridization instead.
On the side of the molecules, the results reveal that only CO2 is physisorbed
on the α-sheet and the rest of molecules result chemisorbed on the surface,
reaching NO and NO2 the largest values of adsorption energy, in accordance
to similar works. In fact, compared with other two-dimensional materials,
the adsorption values for molecules on borophene are appreciably higher.
These results are related, via an Arrhenius-type equation (the recovery time),
with the recovery capacity of the sensor after the adsorption. It depends ex-
ponentially on the adsorption energy and gives an idea of how much time
needs the substratum to be recovered, meaning that the most suitable results
correspond to moderate values of this energy. The present study reveals that
CO and NO on the α-sheet and CO2 and NH3 on buckled borophene present
acceptable recovery times as sensors.
The particularities of such interactions are also present in their electronic be-
havior, whose density of states reveal that the free-standing NO molecule,
with magnetic nature, is able to influence the magnetism of the whole system,
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and the NO2 molecule switches its paramagnetic nature into nonmagnetic af-
ter adsorption, with the exception of NO2 on buckled borophene. Other im-
portant peculiarities are the tendencies of the charge transfer, as it normally
happens from borophene to the molecules, and only ammonia is acting as a
donor of electrons to borophene. The metallic nature of borophene is a good
quality for sensing, and, in this sense, all of the analyzed sheets show large
values, demonstrating their good conductive properties. The buckled sheet
exhibits, indeed, the largest deviations between the borophene/molecule sys-
tems and the related pristine sheet, with good selectivity toward the ammo-
nia molecule. Finally, the article intends to elucidate if there is a influence
in the magnetism after the adsorption of the small molecules. The answer
is that, in fact, magnetism arises from the electron transference between the
substrata and the above-mentioned molecules, NO and NO2.
These findings suggest that borophene has promising applications in sensing
and removing hazardous gases.
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 A B S T R A C T

The synthesis of graphene marked the beginning of a new era for two-dimensional materials, celebrated for 
their exceptional properties and wide-ranging applications. Among the emerging mono-elemental Xenes family, 
borophene – composed entirely of boron atoms – stands out due to its exotic bonding states, which give rise to 
diverse polymorphs and versatile applications. This study focuses on three distinct borophene structures: the 
buckled hexagonal, the 𝛼-sheet, and the honeycomb-like forms, each characterized by unique boron densities. 
Their potential for detecting and capturing five harmful gas molecules (CO, CO2, NO, NO2, and NH3) is 
thoroughly assessed. The novelty of this work lies in analyzing the interactions between these gases and the 
well-known 𝛼-sheet and honeycomb-like borophene, while using the buckled form as a reference. The results 
indicate that borophene holds significant promise for applications in hazardous gas sensing and removal.

1. Introduction

The increasing presence of hazardous gases in the atmosphere, 
driven by industrial growth and traffic, necessitates the development 
of novel technologies for their effective detection and capture, even 
at trace concentrations. Two-dimensional materials offer promising 
possibilities in this regard due to their remarkable physical and chem-
ical properties, including high in-plane mobility, robust mechanical 
strength, and large surface-to-volume ratios. Gas molecule adsorption, 
which can involve charge transfer by acting as donors or accep-
tors, alters the electronic properties of these materials, leading to 
measurable changes in electrical conductivity—a principle that un-
derpins the operation of gas sensors. Among these materials, the 
emerging mono-elemental family of Xenes has gained attention. This 
group includes graphene [1,2], MoS2 [3,4], phosphorene [5], sil-
icene [6], germanene [7], borophene [8], and heterostructures like 
borophene/MoS2 [9].

Borophene, a unique member of the Xenes family, consists en-
tirely of boron atoms and was first predicted theoretically using first-
principles calculations by Tang et al. in 2007 [10]. Its experimental 
realization came later, as thin sheets were synthesized on an Ag(111) 
substrate under ultra-high vacuum conditions by Mannix et al. [11]. 
Boron, with its electronic configuration 2𝑠22𝑝1, exhibits distinct poly-
morphisms [12] in planar and quasi-planar forms, enabling a diverse 
range of applications due to structural differences.

∗ Corresponding author.
E-mail addresses: isabel.arias@fuw.edu.pl (I.M. Arias-Camacho), gonz@fuw.edu.pl (N.G. Szwacki).

A key metric for classifying borophene structures is the density of 
vacancies or hole density [10], defined as:

𝜂 =
number of missing atoms

number of sites in the hexagonal lattice .

Among the various borophene polymorphs, the 𝛼-sheet (𝜂 = 1∕9) is 
the most stable [10], closely related to the B80 fullerene [13]. Its struc-
ture comprises clusters of seven boron atoms, with one central atom 
lying nearly planar with a surrounding hexagonal chain. The crossover 
of boron strips creates vacancies that relax the lattice, allowing the 
𝛼-sheet to maintain its planar structure.

Conversely, honeycomb-like borophene (𝜂 = 1∕3) is predicted to 
be unstable due to unoccupied bonding states [10], unlike graphene, 
whose filled bonding states and empty antibonding states ensure planar 
stability. Nevertheless, stabilizing this structure is possible through 
bonding state occupation. Zenitani et al. [14] identified a graphene-like 
honeycomb borophene layer in MgB2, exhibiting superconducting prop-
erties. Other approaches have stabilized honeycomb borophene on alu-
minum surfaces via Molecular Beam Epitaxy (MBE) [15], where charge 
transfer from the metal stabilized the boron layer. Zhang et al. [16] 
demonstrated that this hexagonal structure could achieve higher en-
ergetic stability when adsorbed on metal surfaces. Additionally, alkali 
or alkaline earth metal adsorption has been shown to stabilize the 
structure by transferring electrons to the 𝜎 and 𝜋 bands [17].

In this study, we perform first-principles calculations to explore 
the interaction between five toxic industrial gases (CO, CO2, NO, 
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NO2, and NH3) and three borophene polymorphisms: 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, 𝛼-B, 
and ℎ𝑜𝑛𝑒𝑦𝑐𝑜𝑚𝑏-B (ℎ𝑐-B). The exceptional physicochemical properties 
of borophene, including its metallicity, flexibility, and chemically in-
teractive surface, make it a promising material for gas sensing and 
capture.

2. Methods

First-principles calculations were conducted within the Density 
Functional Theory (DFT) framework, employing a local-spin-density 
approximation and the generalized gradient-corrected PBE exchange–
correlation functional [18]. Projector augmented wave (PAW) pseu-
dopotentials [19] were implemented via the Quantum ESPRESSO (QE) 
package [20]. The electronic wave functions were expanded in plane-
wave basis sets with an energy cutoff of 60 Ry, ensuring accurate 
total energy (𝐸𝑡𝑜𝑡) evaluations. For Brillouin Zone (BZ) sampling, a 
Monkhorst–Pack 𝛤 -centered 𝑘-point grid of 16 × 16 × 1 was used for 
geometry optimization and 32 × 32 × 1 for density of states (DOS) 
calculations, with Gaussian smearing set to 0.02 Ry.

The pristine borophene sheets included a unit cell of eight boron 
atoms for 𝛼-B, a 2 × 2 × 1 supercell of eight atoms for ℎ𝑐-B, and a 
3 × 2 × 1 supercell of 12 atoms for buckled-B. A vacuum space of 
20 Å was introduced along the normal direction to prevent interactions 
between adjacent layers. Geometries (pristine and molecule-adsorbed 
systems) were optimized until residual forces were below 0.3 eV/Å, 
with a total energy convergence threshold of 10−5 Ry. Honeycomb-like 
symmetry was enforced during optimization to address the ℎ𝑐-B sheet’s 
instability against in-plane shear. Spin-polarized calculations were also 
performed to explore potential magnetic effects.

The structural characterization included evaluating the cohesive 
energy per atom:

𝐸𝑐𝑜ℎ =
𝐸B-sheet − 𝑛B𝐸B

𝑛B
,

where 𝐸B-sheet is the total energy of the borophene sheet, 𝐸B is the 
energy of an isolated spin-polarized boron atom, and 𝑛B is the number 
of boron atoms in the unit cell.

The adsorption energy (𝐸𝑎𝑑𝑠) between the molecule and the pristine 
borophene sheets was determined as:
𝐸𝑎𝑑𝑠 = 𝐸B-sheet/mol − 𝐸B-sheet − 𝐸mol,

where 𝐸B-sheet/mol is the total energy of the borophene sheet with the 
adsorbed molecule, 𝐸B-sheet is the total energy of the pristine sheet, and 
𝐸mol is the total energy of the isolated molecule. Negative 𝐸𝑎𝑑𝑠 values 
indicate favorable adsorption.

Van der Waals interactions were accounted for using the dispersion-
corrected DFT-D3 framework [21], incorporating three-body terms for 
accurate predictions. Recovery time (𝑡𝑟𝑒𝑐), an indicator of sensor per-
formance, was calculated as:
𝑡𝑟𝑒𝑐 = 𝜈−1𝑒−𝐸𝑎𝑑𝑠∕𝑘𝐵𝑇 ,

where 𝑘𝐵 is the Boltzmann constant (eV/K), 𝑇  is the temperature 
(300 K), and 𝜈 is the attempt frequency (1012 s−1) [22–25].

Charge transfer during adsorption was analyzed via Bader charge 
calculations [26], and differential charge density was computed as:
𝛥𝜌 = 𝜌B-sheet/mol − 𝜌B-sheet − 𝜌mol,

where 𝜌B-sheet/mol represents the charge of the combined system, and 
𝜌B-sheet and 𝜌mol correspond to the charges of the pristine borophene 
and isolated molecule, respectively.

Electron conductivity was calculated using the BoltzTrap2 code [27,
28] within the constant relaxation time approximation, assuming 𝜏 =
0.8 × 10−14 s. Visualizations of the structures and charge distributions 
were generated using the VESTA software [29].

Fig. 1. Top and side views of the optimized pristine borophene layers: (a) 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, 
(b) 𝛼-B, and (c) ℎ𝑐-B.

Table 1
Cohesive energies (𝐸𝑐𝑜ℎ, in eV), lattice parameters (𝑎 and 𝑏, in Å), and B–B bond lengths 
(𝑑B–B, in Å) for pristine borophene structures.
 Present work 𝐸𝑐𝑜ℎ (eV) 𝑎 (Å) 𝑏 (Å) 𝑑B–B (Å)  
 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B 5.83 1.61 2.87 1.62-1.87  
 𝛼-B 5.92 5.06 5.06 1.69-1.71  
 ℎ𝑐-B 5.04 2.92 2.92 1.68  
 Other works 𝐸𝑐𝑜ℎ (eV) 𝑎 (Å) 𝑏 (Å) 𝑑B–B (Å)  
 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B 5.70a 6.00b 1.62c 2.87c 1.61-1.89a 1.60-1.86b 
 𝛼-B 6.11b 5.07e 5.07e 1.66-1.69b  
 ℎ𝑐-B 4.96a 5.25b 2.92d 2.92d 1.68a 1.67b  
a Ref. [30].
b Ref. [10].
c Ref. [31].
d Ref. [17].
e Ref. [32].

3. Results and discussion

3.1. Pristine 𝛼-B, 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, and ℎ𝑐-B

Fig.  1 presents the optimized unit cells of pristine 𝛼-B, 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, 
and ℎ𝑐-B sheets. The corresponding cohesive energies (𝐸𝑐𝑜ℎ), lattice 
parameters (𝑎 and 𝑏), and B–B bond lengths (𝑑B–B) are summarized 
in Table  1. These values agree with previous studies [10,17,30–32], 
validating the accuracy of the optimized structures and providing a 
solid foundation for further investigations.

Among the configurations studied, 𝛼-B exhibits the highest cohe-
sive energy (5.92 eV), making it the most stable 2D boron structure. 
This stability arises from a synergistic combination of two-center and 
three-center bonds [33].

The second most stable configuration is 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, with a cohesive 
energy of 5.83 eV. Its stability stems from the relaxation of a flat 
triangular sheet into a buckled structure, which incorporates both in-
plane and out-of-plane electronic states, enhancing binding strength. 
The calculated buckling amplitude of 0.89 Å aligns well with prior 
reports [10,13].

The ℎ𝑐-B structure is the least stable, with a cohesive energy of 
5.04 eV. This lower stability is attributed to the partial occupancy of in-
plane 𝑠𝑝2 bonding states, explaining why honeycomb-like boron, unlike 
carbon, does not favor this configuration.

Fig.  2 shows the projected density of states (PDOS) for the three 
configurations, all exhibiting metallic behavior. The 𝑝 orbitals dominate 
at the Fermi level, consistent with previous studies [34,35]. For 𝛼-B and 
𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, the 𝑝𝑧 orbitals dominate, while the ℎ𝑐-B structure shows a 
greater contribution from in-plane orbitals (𝑠 + 𝑝𝑥 + 𝑝𝑦), in agreement 
with prior findings [10].

3.2. Adsorption of molecules on borophene

To identify the most favorable adsorption sites for various molecules, 
several nonequivalent initial positions were considered based on the 
symmetry of each borophene layer (see Fig.  3). For 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, four 
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Fig. 2. PDOS of pristine structures: (a) 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, (b) 𝛼-B, and (c) ℎ𝑐-B. The red curve 
represents in-plane (𝑠, 𝑝𝑥, 𝑝𝑦) contributions, while the blue curve shows out-of-plane 
(𝑝𝑧) contributions. The vertical black dotted line indicates the Fermi level (𝐸F). (For 
interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

unique positions were evaluated, while 𝛼-B had twelve and ℎ𝑐-B three, 
corresponding to top (T), bridge (B), and hollow (H) sites. Addi-
tionally, both vertical orientations – with O or C/N atoms directed 
toward the surface – were tested for diatomic molecules like CO and 
NO. Molecules were placed horizontally or vertically relative to the 
borophene surface, yielding eleven possible arrangements for each sys-
tem. Following structural optimization, the most stable adsorption sites 
revealed distinct differences between the three borophene types and 
the studied molecules. These optimized configurations are illustrated 
in Figs.  4, 5, and 6, while the corresponding adsorption energy values 
are summarized in Tables S1, S2, and S3.

Fig. 3. Starting non-equivalent positions of the molecules on (a) 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, (b) 𝛼-B, 
and (c) ℎ𝑐-B.

The adsorption energies, minimum distances between the molecule 
and borophene, charge transfers, and recovery times for all configura-
tions are shown in Table  2. Chemisorption is identified when adsorption 
energies exceed 0.2 eV, and the molecule-boron distance is less than 
3.0 Å, consistent with previous studies [31,36,37]. Based on these 
criteria, 𝛼-B demonstrates the weakest adsorption energies among the 
three borophene types, followed by 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B with moderate values. 
These moderate interactions ensure that the 𝛼-B and 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B lattices 
experience minimal structural distortions, primarily limited to boron 
atoms directly involved in the adsorption. This localized deformation, 
characterized by slight out-of-plane displacements, results from strong 
N–B or C–B interactions, as reported in analogous studies [38–40]. Such 
deformations often induce 𝑠𝑝3 hybridization in boron, replacing the 𝑠𝑝2
hybridization characteristic of pristine borophene, strengthening the 
molecule-surface interaction and enhancing adsorption energy. Similar 
behavior has also been observed in silicene [6].

Interestingly, only CO2 on 𝛼-B remains physisorbed, maintaining 
a distance of 3.54 Å from the boron layer, while all other molecules 
undergo chemisorption. In contrast, ℎ𝑐-B exhibits strong chemisorption 
with adsorption energies exceeding 2.3 eV, capable of dissociating NO 
and NO2. This dissociation forms surface compounds through electron-
sharing bonds. For instance, the charge transfer analysis reveals that 
boron atoms bonded to 𝑁 and O lose more than one electron each, 
while 𝑁 and O atoms gain two and one electron(s), respectively. 
Similarly, NO2 dissociates into NO and O, with the oxygen atoms 
receiving charge from nearby boron atoms. This makes ℎ𝑐-B suitable 
for O2 production and for removing harmful gases.

Fig.  7 illustrates the relationship between adsorption energy and 
hole density (𝜂) in the borophene sheets. ℎ𝑐-B, with the highest vacancy 
density (𝜂 = 1∕3), exhibits the strongest adsorption energies and the 
largest variation among molecular species. Conversely, 𝛼-B (𝜂 = 1∕9) 
and 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B (𝜂 = 0) show more moderate adsorption patterns, 
suggesting that a lower vacancy density enhances the sensor properties 
of borophene.

From a molecular perspective, CO consistently adsorbs vertically, 
with the carbon atom closest to the surface, while NO attaches horizon-
tally. On 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, NO forms N–B and O–B bonds, with an N–O bond 
length of 1.40 Å, which enhances adsorption strength. CO2, typically 
linear in its free-standing state, bends upon interacting with 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B 
(123.7◦) and ℎ𝑐-B (114.25◦), while maintaining its linear geometry on 
𝛼-B. NO2 preferentially adsorbs with oxygen atoms covalently bonded 
to boron on 𝛼-B and 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, whereas dissociation occurs on ℎ𝑐-B, 
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Fig. 4. Side (a) and top (b) views of molecular adsorption on 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, highlighting atomic interactions. Boron atoms are depicted in green, oxygen in red, carbon in brown, 
nitrogen in light blue, and hydrogen in light pink. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Side (a) and top (b) views of molecular adsorption on 𝛼-B, highlighting atomic interactions. Boron atoms are depicted in green, oxygen in red, carbon in brown, nitrogen 
in light blue, and hydrogen in light pink. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Side (a) and top (b) views of molecular adsorption on ℎ𝑐-B, highlighting atomic interactions. Boron atoms are depicted in green, oxygen in red, carbon in brown, nitrogen 
in light blue, and hydrogen in light pink. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Comparison of the adsorption energies with respect to the density of vacancies 
of each boron layer.

with 𝑁 bonding directly to boron. For NH3, nitrogen consistently bonds 
atop a boron atom, with bond lengths of 1.60–1.67 Å, larger than those 
observed for NO and NO2.

The recovery times, shown in Table  2, provide insight into the 
potential for recycling borophene sensors. At 300 K, CO and NO on 
𝛼-B and CO2 and NH3 on 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B exhibit favorable recovery times, 
enabling effective sensor regeneration (see Fig.  8).

Compared to other 2D materials, borophene generally exhibits 
higher adsorption energies, as shown in Table  3. While graphene 
and MoS2 show weaker interactions, borophene’s adsorption energies 
approach those of borophene/MoS2 heterostructures, demonstrating its 
potential as an advanced material for molecular adsorption.

3.3. Electronic properties

This section examines the influence of molecular adsorption on the 
electronic properties of borophene sheets. The projected density of 
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Table 2
Adsorption energy (𝐸𝑎𝑑𝑠, in eV), minimum borophene-molecule distance (𝑑B−mol., in 
Å), charge transfer (CT, in 𝑒), and recovery time (𝑡𝑟𝑒𝑐 ) for the most stable adsorption 
configurations of borophene/molecule systems.
 Boroph. sheet CO CO2 NO NO2 NH3  
 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B 𝐸𝑎𝑑𝑠 −1.40 −0.77 −1.78 −2.48 −0.69 
 𝑑B−mol. 1.63 1.43 1.45 1.47 1.60  
 CT −0.78 −1.19 −1.31 −1.11 +0.03 
 𝑡𝑟𝑒𝑐 years 10.1 s years years 0.32 s 
 𝛼-B 𝐸𝑎𝑑𝑠 −0.78 −0.18 −0.87 −1.63 −0.23 
 𝑑B−mol. 1.51 3.54 1.51 1.50 1.63  
 CT −0.43 −0.02 −1.15 −1.02 −0.04 
 𝑡𝑟𝑒𝑐 10.5 s 0.97 ns 8 min years 7.6 ns 
 ℎ𝑐-B 𝐸𝑎𝑑𝑠 −2.37 −6.13 −9.71 −7.59 −5.19 
 𝑑B−mol. 1.47 1.47 – – 1.62  
 CT −0.43 −1.59 −3.58 −1.87 +0.02 
 𝑡𝑟𝑒𝑐 years years years years years  

Table 3
Comparison of reported adsorption energies (𝐸𝑎𝑑𝑠, in eV) for various molecules on 
representative 2D materials, highlighting the adsorption performance of borophene 
relative to other systems.
 Material CO CO2 NO NO2 NH3  
 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-Bj −0.76 −0.90 −4.04 −2.84 −1.96 
 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-Ba −1.38 −0.36 −1.79 −2.32 −1.75 
 𝛽12-Bklm −1.19 −0.18 −1.17 −1.31 −0.94 
 𝜒3-Bkn −0.44 −0.95 −1.80 −1.11 
 (𝛽12+𝜒3)-Bk −2.20 −1.89 −1.13 
 −1.93 −2.14 −1.48 
 Boroph./MoS2b −1.15 −0.64 −1.47 −2.12 −1.52 
 MoS2ef −0.44 −0.33 −0.56 −0.14 −0.16 
 Graphenecdj −0.01 −0.05 −0.03 −0.07 −0.03 
 Phosphoreneg −0.32 −0.41 −0.86 −0.62 −0.50 
 Siliceneh −0.18 −0.04 −0.35 −1.37 −0.60 
 Germanenei −0.16 −0.10 −0.51 −1.08 −0.44 
a Ref. [41].
b Ref. [9].
c Ref. [1].
d Ref. [2].
e Ref. [3].
f Ref. [4].
g Ref. [5].
h Ref. [6].
i Ref. [7].
j Ref. [31].
k Ref. [42].
l Ref. [43].
m Ref. [38].
n Ref. [40].

states (PDOS) of boron atoms (with 𝑠 and 𝑝 states represented in light 
and dark green, respectively) and adsorbed molecules (with 𝑠 and 𝑝
states in orange and red, respectively) is shown in Figs. S1(a), S1(b), 
and S1(c), where the Fermi level is set to zero. A Bader charge analysis 
was also conducted to quantify charge transfer between the molecules 
and borophene sheets. Due to spin-polarized calculations, four systems 
exhibit magnetic behavior: NO on all borophene sheets and NO2 on 
𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, necessitating the presentation of both spin channels for these 
cases.

For CO adsorption, hybridization occurs between the 𝑝 states of 
the molecule and boron atoms at the Fermi level for 𝛼-B, whereas 
this interaction is negligible for 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B and ℎ𝑐-B. In contrast, CO2
adsorption results in energy levels far from the Fermi level, reflecting 
its weak interaction with the surface and minimal impact on electronic 
properties. However, on ℎ𝑐-B, CO2 adsorption induces a shift from 
metallic to semiconducting behavior, a notable transformation.

NO adsorption is unique due to its asymmetric density of states 
across spin channels, resulting in magnetic behavior. The 𝑝 states of 

Fig. 8. Recovery times for selected borophene/molecule systems under optimal condi-
tions, highlighting the potential for efficient sensor regeneration.

Fig. 9. Density of states (DOS) of pristine borophene sheets and PDOS of magnetic 
borophene/molecule systems: (a) 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B/NO, (b) 𝛼-B/NO, (c) 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B/NO2, and 
(d) ℎ𝑐-B/NO. Red lines represent the molecule’s 𝑝 states, while green lines denote boron 
𝑝 states. Dashed lines correspond to pristine borophene sheets. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version 
of this article.)

NO hybridize with boron 𝑝 states at the Fermi level, as shown in 
Figs.  9(a) and 9(b). Furthermore, NO dissociation on ℎ𝑐-B causes a 
displacement of boron 𝑝 contributions (see Fig.  9(d)). In the case of 
NO2, paramagnetic behavior transitions to nonmagnetic occur upon 
adsorption, except on 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, where the Fermi level aligns with 
a peak in the molecule’s majority spin density (see Fig.  9(c)). NH3, 
however, shows minimal contribution at the Fermi level, with its states 
located at deeper energy levels.

The Bader charge analysis results are presented in Table  2, where a 
negative sign indicates that the molecule gains electrons from
borophene. Notably, NH3 is an exception, acting as a donor on 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-
B and ℎ𝑐-B, with a small charge transfer consistent with previous 
studies [9,38,39,42]. The relationship between charge transfer and 
adsorption energy is visualized in Fig.  10, demonstrating that stronger 
interactions correlate with higher charge transfer.

Charge acceptor molecules, such as NO and NO2, exhibit higher 
charge transfer, particularly on ℎ𝑐-B, compared to the donor molecule 
NH3. Differential charge density plots, shown in Fig.  11, provide further 
insight into charge redistribution during adsorption. Yellow regions 
represent charge accumulation, while blue regions indicate depletion. 
For example, NH3 on 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B (see Fig.  11(a)) shows charge depletion 
near the molecule, while CO on 𝛼-B (see Fig.  11(b)) and NO on 𝛼-B 
(see Fig.  11(c)) demonstrate significant charge accumulation around 
the molecules. Notably, NO2 adsorption on ℎ𝑐-B (see Fig.  11(d)) reveals 
extensive charge redistribution due to its strong interaction.

The influence of adsorption on conductivity is illustrated in Fig. 
12, showing the average in-plane conductivity 𝜎 = (𝜎𝑥𝑥 + 𝜎𝑦𝑦)∕2 after 
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Fig. 10. Adsorption energies (in eV) and charge transfer (in 𝑒) for borophene/molecule systems, highlighting the correlation between interaction strength and charge transfer.

Fig. 11. Differential charge density, 𝜌Borophene∕molecule(𝑟) − 𝜌Borophene(𝑟) − 𝜌molecule(𝑟), for: (a) 
𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B/NH3, (b) 𝛼-B/CO, (c) 𝛼-B/NO, and (d) ℎ𝑐-B/NO2. Yellow and blue regions 
indicate charge accumulation and depletion, respectively, with isosurfaces at 0.07 𝑒/Å3. 
(For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

molecular interaction. Pristine borophene exhibits excellent conductive 
properties, with conductivity values of 1.35 ⋅ 1020 for 𝛼-B, 2.85 ⋅ 1020 for 
𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, and 5.24⋅1019 (1∕Ω⋅m⋅s) for ℎ𝑐-B. Among the systems studied, 
𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B shows the most significant deviations in conductivity, par-
ticularly after NH3 adsorption, while ℎ𝑐-B remains largely unaffected. 
𝛼-B displays intermediate sensitivity, with notable changes upon CO2
and NO adsorption, making it highly selective for these molecules. 
Similarly, 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B shows strong selectivity for NH3, supported by its 
favorable recovery time.

3.4. Magnetism

As discussed in Section 3.3, four systems exhibit magnetic prop-
erties, a notable deviation from the nonmagnetic behavior of pristine 
borophene sheets. This suggests that magnetism arises from electron 
transfer between the borophene layers and specific adsorbed molecules. 
Spin-polarized calculations for isolated molecules confirmed that most 
molecules possess a net magnetic moment of zero, except for NO and 
NO2, whose ground states are magnetic, each with a total magnetic 
moment of 1 𝜇B.

This magnetic behavior is evident in the PDOS plots (Figs. S1(a), 
S1(b), and S1(c)), where a broadening of peaks around the Fermi 
level reflects electron withdrawal from borophene. Interestingly, NO2
exhibits a transition from paramagnetic behavior in its gaseous state 
to nonmagnetic behavior upon adsorption on 𝛼-B and ℎ𝑐-B, whereas 

Fig. 12. Changes in conductivity, 𝜎 = (𝜎𝑥𝑥 + 𝜎𝑦𝑦)∕2, after molecular adsorption 
relative to pristine borophene values, highlighting sensitivity and selectivity for specific 
molecules.

its magnetic properties persist on 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B. A similar paramagnetic-
to-nonmagnetic transition was reported by Yu et al. [42] for NO 
and NO2 adsorption on 𝛽12 and 𝜒3 defective borophene. Additionally, 
Ta et al. [39] observed that NO2 becomes spin-unpolarized when 
adsorbed on 𝛽12 borophene.

This study’s spin-polarized calculations reveal that molecular ad-
sorption induces different magnetic moments for the systems analyzed. 
The total magnetic moments are calculated as 0.46 𝜇B for 𝛼-B/NO, 
0.57 𝜇B for 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B/NO, 0.39 𝜇B for 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B/NO2, and 0.78 𝜇B for 
ℎ𝑐-B/NO. Notably, some boron atoms near the adsorption sites exhibit 
slight spin polarization.

The charge transfer values for these systems, as shown in Table  2, 
are among the highest observed in this study, with −1.15, −1.31, −1.11, 
and −3.58 electrons transferred for 𝛼-B/NO, 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B/NO, 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-
B/NO2, and ℎ𝑐-B/NO, respectively. These substantial charge transfers 
further highlight the strong interaction between these molecules and 
borophene. Despite these significant interactions, the total magnetic 
moments induced by these systems remain relatively small.

4. Summary

In this work, the adsorption of hazardous gas molecules on 𝛼-B, 
𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B, and ℎ𝑐-B has been comprehensively studied, focusing on 
their structural, electronic, and magnetic properties.

Upon adsorption, the CO molecule consistently bonds in a normal 
orientation to the surface, with the carbon atom directed toward the 
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borophene layer. In contrast, CO2 aligns parallel to the substrate, form-
ing bonds exclusively between boron and oxygen atoms. NO undergoes 
strong chemisorption parallel to the sheets, while NO2 adsorbs face-
down with its oxygen atoms bonded to boron. The NH3 molecule 
consistently bonds with its nitrogen atom atop a boron atom.

Compared to other two-dimensional materials, borophene demon-
strates high adsorption energies and significant charge transfer, making 
it a highly effective adsorbent for gas molecules.

Among the three borophene polymorphs, ℎ𝑐-B exhibits the highest 
adsorption energies. However, this comes at the cost of severe lattice 
distortion following adsorption, limiting its suitability for gas sensing 
and making it more appropriate as a gas capturer. To mitigate this 
drawback, using a metallic substrate that can share electrons with 
boron may enhance its stability. On the other hand, 𝛼-B and 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B 
display moderate adsorption energies, preserving their original struc-
tures post-adsorption. These characteristics make 𝛼-B and 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B 
more suitable for gas sensing applications, with 𝛼-B showing good 
selectivity for CO2. The gas sensor performance of 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B is highly 
responsive to adsorbed molecules, though its selectivity could benefit 
from further optimization. Overall, the sensing capabilities improve as 
the density of vacancies in borophene decreases.

In terms of electronic properties, NO and NO2 exhibit the largest 
charge transfer with the borophene sheets, acting as strong acceptors 
and inducing magnetism in the system after adsorption. Notably, the 
ℎ𝑐-B/CO2 system displays semiconducting behavior, despite the pristine 
sheet being metallic. Conversely, NH3 acts as a donor, transferring 
minimal charge to the 𝑏𝑢𝑐𝑘𝑙𝑒𝑑-B and ℎ𝑐-B sheets.

These findings suggest that 2D borophene holds significant promise 
as a substrate for gas sensors targeting molecules such as CO2 and NO, 
as well as a highly efficient gas capturer for molecules like NO2. The 
strong interactions and large charge transfers between borophene and 
polar gas molecules underscore its potential as a sensitive adsorbent in 
gas sensing and capture applications.
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3.3 PAPER II: Exploring the Structural, Electronic,

Magnetic, and Transport Properties of 2D Cr,

Fe, and Zr Monoborides

Although at an early stage of investigation, transition metal borides, MBenes,
with their wide range of possible two-dimensional structures, are regarded
as promising materials due to their challenging properties and possibilities
of applications. The introduction of 3d electrons coming from the transition
metals, confer not only stability but also a magnetic character that convert
them, in some cases, in robust magnets. In this article, the density functional
theory constitutes the framework for the study of the structural, electronic,
magnetic and transport properties of stoichiometric M2B2 compounds (with
M = Cr, Fe and Zr), which can adopt either orthorhombic or hexagonal struc-
tures (ortho- and hex-MBenes respectively). To ensure the stability and ro-
bustness of the selected MBenes, an evaluation of their cohesive energies to-
gether with the phonon dispersion has been performed, confirming that all of
them are stable and can be grown under certain conditions. In principle, the
orthorhombic Cr and Fe-MBenes are more energetically favorable while the
hexagonal form of Zr2B2 prevails, but the results for both phases are so close
in cohesive energies that, at high temperatures, ortho-MBenes might trans-
form into hex-MBenes. Another desired quality of MBenes is their metal-
licity, proven by all their electronic band structures, with partially occupied
bands crossing the Fermi level for both spin channels. Their corresponding
densities of states reveal the predominance of d orbitals of the metals at this
energy level. In addition, the orthorhombic MBenes exhibit anisotropy of
the conductivity tensor, differently from the hexagonal MBenes, which are
isotropic in this sense, but in any case they reach high values that make these
materials valuable as electronic nanodevices. To conclude with this study, the
critical temperature (Curie or Néel temperature), Tc, has been calculated in
the mean-field approximation by means of the energy difference between the
ferromagnetic and antiferromagnetic configurations, describing ortho-Fe2B2

as a room-temperature robust magnet.
Now that things are clearer, the results of this paper open the possibility of
going further in research, considering MBenes as potential candidates for
sensing and catalytic processes.



Citation: Arias-Camacho, I.M.;

Gonzalez Szwacki, N. Exploring the

Structural, Electronic, Magnetic, and

Transport Properties of 2D Cr, Fe, and

Zr Monoborides. Materials 2023, 16,

5104. https://doi.org/10.3390/

ma16145104

Academic Editor: Dominique de

Caro

Received: 31 May 2023

Revised: 12 July 2023

Accepted: 16 July 2023

Published: 20 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Exploring the Structural, Electronic, Magnetic, and Transport
Properties of 2D Cr, Fe, and Zr Monoborides
Isabel M. Arias-Camacho and Nevill Gonzalez Szwacki *

Faculty of Physics, University of Warsaw, Pasteura 5, PL-02093 Warsaw, Poland; isabel.arias@fuw.edu.pl
* Correspondence: gonz@fuw.edu.pl; Tel.: +48-22-55-32-797

Abstract: Compared to other 2D materials, MBenes are at an early stage of investigation in terms of
both experimental and theoretical approaches. However, their wide range of possible 2D structures
leads to novel and challenging properties and consequent applications. From all the possible stoi-
chiometries, we performed a theoretical study of orthorhombic and hexagonal M2B2 MBenes within
the framework of density functional theory. We found that both symmetries of Cr2B2, Fe2B2, and
Zr2B2 show metallic behavior and could be grown under certain conditions as they were demon-
strated to be dynamically stable. Moreover, the values of the magnetic moment observed, in specific
ferromagnetic cases exceeding 2.5 µB/M2B2, make them suitable as robust 2D magnets. Our find-
ings represent an important step in the understanding of MBenes and open several windows to
future research in fields like energy conversion and storage, sensing, catalysis, biochemistry, and
nanotechnology, among others.

Keywords: transition metal borides; MBenes; energy conversion and storage; 2D magnets

1. Introduction

Transition metal borides (MBs) can be regarded as new efficient earth-abundant
materials for energy storage/conversion systems, including metal-ion batteries, metal-
air batteries, capacitors, oxygen evolution reactions (OERs), and other electrochemical
fields [1]. Single-crystalline ternary transition metal borides (MAB phases, where M are
transition metals, A are p-block elements, and B is boron) were first reported in 2015 by
Ade and Hillebrecht and recently gained attention as promising layered materials [2]. Their
two-dimensional counterparts (MBenes) can be obtained from the chemical exfoliation of
the MAB phases. It is noted that MBenes possess different stoichiometries and variable
modes of 2D layer sandwiching compared to the corresponding MXenes [3].

The MAB phases with M and B with one-to-one stoichiometry are orthorhombic and
hexagonal crystals with the chemical formulae of MAB and M2AB2 [3]. Experimentally,
orthorhombic MAlB (M = Mo and W), M2AlB2 (M = Cr, Mn, and Fe), and hexagonal
Ti2InB2 [4] have already been synthesized. The MAB phases are promising candidates
for obtaining new 2D MBenes. A 2D MoB was reported to have been obtained by the
partial etching of Mo2AlB2 phases through the deintercalation of Al layers from the ordered
stacking faults region [5,6]. Selectively HCl-etching Al layers from Cr2AlB2 yielded bulk-
layered CrB nanosheets [7,8]. Removal of the indium layer through the high-temperature
dealloying of Ti2InB2 yielded a bulk-layered TiB structure [4]. To date, however, the
synthesis of individual single-layer MBenes has not been realized.

The present work concerns computational studies of the structural, energetic, elec-
tronic, and transport properties of selected MBene compounds with M = Cr, Fe, and Zr.
Some of the investigated 2D structures have been proven to be stable in previous studies [9].
The studied MBenes present either an orthorhombic structure (ortho-MBenes) with Pmma
(no. 51) space group symmetry or a hexagonal structure (hex-MBenes) with P6/mmm
(no. 191) space group symmetry. In the Pmma structures, each atom is surrounded by
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six neighbors, and the buckled bilayers are sandwiched between transition metal (TM)
layers. On the other hand, in the P6/mmm structures, the honeycomb-type boron layer is
sandwiched between two TM layers on both sides, and every TM atom is located above or
below the centroid of the honeycomb structure.

The bulk counterparts of our metal monoboride nanosheets are the ferromagnetic α
and β modifications of FeB and the nonmagnetic CrB and ZrB compounds, all widely stud-
ied, both experimentally and theoretically [10–12]. The structure of α-FeB is debatable [12],
whereas β-FeB and CrB are orthorhombic crystals with Pnma (no. 62) and Cmcm (no. 63)
space group symmetries, respectively. The ZrB solid is rock-salt-structured and crystallizes
in a cubic Fm3m (no. 225) space group symmetry. The β-FeB and CrB solids exhibit very
interesting structures since both enclose boron double-chain (BDC) stripes which are very
common motifs of all-boron nanostructures [13,14].

The purpose of this work is to understand the origin of the physical properties of
MBene (M = Cr, Fe, and Zr) compounds, as well as to identify features that may affect the
transport properties of these compounds.

2. Computational Approach

First-principles spin-polarized calculations were performed within the framework of
density functional theory (DFT) within the generalized gradient corrected approximation of
Perdew–Burke–Ernzerhof (PBE) [15] for the exchange-correlation functional, using projector
plane-wave (PAW) pseudopotentials [16] as implemented in the Quantum ESPRESSO (QE)
suite of codes [17]. Every unit cell consists of two atoms of boron and two atoms of the TM.
To avoid interactions between adjacent MBenes, we considered an empty space of thickness
15 Å along the normal direction. Optimized geometries were reached allowing the unit
cell shape, volume, and the ions to relax until the residual forces on the atoms were less
than 0.3 meV/Å and the total energy (Etot) convergence was set to 10−5 Ry. We expanded
the electronic wave functions and charge density in plane-wave basis sets with an energy
cutoff of 70 and 700 Ry, respectively, while the Γ-centered k-point grid in the Brillouin
zone, in the Monkhorst–Pack scheme, was set to 12× 12× 1 for the geometry optimization
and 24× 24× 1 for the DOS calculations, with Gaussian smearing of 0.02 Ry; these values
ensure the accuracy of Etot. All the structures were considered to be initially spin-polarized
and, in order to determine the magnetic ground states of each, we calculated two magnetic
configurations—one ferromagnetic (FM) and one antiferromagnetic (AFM)—to reach the
most energetically favorable.

For the structural characterization of the studied systems, an important descriptor we
use is the cohesive energy per atom (Ecoh); that is, the difference in energy between Etot of
the compound and the sum of the total energies of the isolated atoms,

Ecoh = (E[M2B2]− nBE[B]− nME[M])/(nB + nM), (1)

which means the released energy when a compound dissociates into isolated free atoms,
where M represents the TM atom, E[M2B2] is the Etot of the MBene, E[B] and E[M] are the
total energies of the isolated atoms (B and TM atoms), and nB and nM are the numbers of
boron and TM atoms per unit cell, respectively, directly obtained from the spin-polarized
calculations. The phonon-dispersion curves were obtained by means of density functional
perturbation theory (DFPT), calculating the dynamical matrices in the linear response
approach on a q-point grid of 4× 4× 1. The transport integrals were computed using
Boltzmann transport theory and a constant scattering rate model [18]. The charge transfer
was obtained by Bader analysis [19] and all the visualizations were performed using the
Visualization for Electronic and STructural Analysis (VESTA) software [20].

3. Results and Discussion
3.1. Structure and Stability

Since boron is electron deficient, it is expected that a mixture with TM atoms will lead
to stable structures. As mentioned above, among all the possible MBenes, we focused on
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those which possess either orthorhombic or hexagonal M2B2 structures, which are shown in
Figure 1. After a full structural optimization, we found that the unit cells of ortho-MBenes
became almost rectangular with a > b when the TM was Fe or Cr (a/b is 1.005 and 1.013
for chromium and iron, respectively), whereas a < b for ortho-Zr2B2 (a/b = 0.94). All the
cell parameters are described in Table 1 and compared with other literature reports.

Figure 1. Side (left) and top (right) views of the (a) ortho-MBene and (b) hex-MBene structures of
M2B2 corresponding to Pmma and P6/mmm symmetries, respectively. The unit cells used in the
calculations are shown in red.

The Ecoh and phonon dispersion curves are good indicators of the bond strength and
dynamical stability of the materials. The dynamical matrix gives us the frequency ω(q)
whose square is negative when there exist instabilities for a particular phonon mode with
q (imaginary frequencies), which means that this mode does not generate the restoring
force needed by the lattice vibrations and could take the structure away from the original
configuration. The results of our calculations are summarized in Table 2 and in Figure 2.

Table 1. Lattice parameters (a and b), boron–boron distance (dB–B), TM–boron distance (dM–B), and
thickness of the 2D structure (t) for Cr2B2, Fe2B2, and Zr2B2. The dB–B, dM–B, and t parameters are
defined in Figure 1. All the values are in Angstroms (Å) and, for comparison purposes, the data in
brackets are taken from the literature.

Cr2B2 Fe2B2 Zr2B2

Pmma P6/mmm Pmma P6/mmm Pmma P6/mmm

a

2.885 2.919 2.823 2.913 3.084 3.159

(2.860 4)
(2.930 5)

(2.921 1)
(2.926 2)

(2.800 4)
(2.770 5) (3.07 7)

(3.144 1)
(3.160 2)
(3.134 3)



Materials 2023, 16, 5104 4 of 10

Table 1. Cont.

Cr2B2 Fe2B2 Zr2B2

b

2.870 2.919 2.787 2.913 3.281 3.159

(2.850 4)
(2.870 5)

(2.921 1)
(2.926 2)

(2.680 4)
(2.820 5) (3.27 7)

(3.144 1)
(3.160 2)
(3.134 3)

dB–B

1.810 1.685 1.813 1.682 1.721 1.824

(1.689 2) (1.71 7) (1.825 2)
(1.891 3)

dM–B
2.10 2.15 2.04 2.15 2.46 2.49

(2.11 4) (2.05 4) (2.43 7) (2.49 3)

t

2.122 2.662 2.134 2.680 2.817 3.382

(2.651 1)
(2.639 2) (2.13 6) (2.84 7)

(3.391 1)
(3.380 2)
(3.385 3)

1 Ref. [21]. 2 Ref. [22]. 3 Ref. [23]. 4 Ref. [24]. 5 Ref. [25]. 6 Ref. [26]. 7 Ref. [27].

Table 2. Cohesive energy (Ecoh), highest frequency at the Γ point (ν), and charge transfer from TM to
B (∆q) for Cr2B2, Fe2B2, and Zr2B2. The values in bold are to highlight the structure with higher Ecoh.

Cr2B2 Fe2B2 Zr2B2

Pmma P6/mmm Pmma P6/mmm Pmma P6/mmm

Ecoh (eV) 6.222 6.201 6.901 6.830 8.050 8.087

ν (cm−1) 762.45 1003.50 772.74 976.01 928.02 744.12

∆q (e) −0.76 −0.61 −0.37 −0.40 −1.17 −0.86

All our MBenes exhibit large Ecoh values ranging from 6.222 to 8.087 eV, as shown in
Table 2, which means they present strong internal binding and good stability. Moreover,
our results are in good agreement with previous works. For instance, Zhang et al. [28]
obtained a value of 6.30 eV for ortho-Cr2B2. For the sake of comparison, we also computed
the diamond structure of carbon using the same optimization parameters, resulting in a
Ecoh of 7.757 eV, which is a comparable value to that of other theoretical and experimental
reports [29]. Interestingly, other studies have noted a dependence of the structure stability
with the atomic mass of the TM [22], a fact that is also reproduced in our results, hex-Zr2B2
being the MBene with the highest Ecoh (8.087 eV). From a structural point of view, Cr2B2
and Fe2B2 prefer to adopt orthorhombic structures, whereas Zr2B2 accommodates better to
the hexagonal one. However, the orthorhombic and hexagonal phases are close in energy
(within some tens of meV), and, according to recent reports [9,30], ortho-MBenes might
transform into hex-MBenes at high temperatures.

On the one hand, calculations of the phonon frequencies reveal that some small imagi-
nary frequencies appear in the surroundings of the Γ point for orthorhombic Cr2B2 and
Zr2B2 as shown on the left panel of Figure 2. On the other hand, none of the hexagonal
structures have imaginary frequencies as shown on the right panel of Figure 2. Similar dy-
namical instabilities as for ortho-MBenes have been reported for freestanding 2D structures
in previous works [25,31]. These studies have concluded that the out-of-plane acoustic
mode, ZA, is responsible for such instabilities, which are against the long-wavelength
transversal waves that could be fixed by defects like grain boundaries or ripples [32].

The highest values of the frequencies at the Γ-point are collected in Table 2. All the
frequencies are higher than 740 cm−1. Starting with the orthorhombic structures, the highest
optical frequency at Γ-point increases with the atomic number of the TM atom; that is, Cr,
Fe, and Zr, in that order. These results are very close to those found in the literature [24].
Since the optical frequency is an indicator of the bond strength, Zr2B2 is more stable than
Cr2B2 and Fe2B2. The trend is, however, the opposite for hex-mBenes, meaning that the
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highest frequency at the Γ-point corresponds to the TM atom which has the smallest atomic
number, in this case Cr, and decreases for Fe and Zr. We can conclude that the studied
MBenes are stable and could be grown experimentally under certain conditions.

Figure 2. Phonon dispersion relations for the (a) Pmma and (b) P6/mmm structures of Cr2B2, Fe2B2,
and Zr2B2.

3.2. Electronic Properties

To understand the electronic behavior of the MBenes involved in our study, we
calculated the spin-polarized band structure, the density of states (DOS), and the projected
density of states (PDOS) for the studied systems. The results of these calculations are shown
in Figures 3 and 4 for ortho-MBenes and hex-MBenes, respectively. Looking at the band
structure and DOS, we may conclude that there are no band gaps between the valence band
(VB) and the conduction band (CB) for any of the studied structures, which means that
all the systems are metallic with partially occupied bands crossing the Fermi level (for the
majority and the minority spin channels). This metallic character of the pristine MBenes
has also been reported in other works [33]. In all cases, the p orbitals of boron are deep
in energy (ranging from −8 to −2 eV approximately) and, in the orthorhombic structures,
partially hybridize with the d orbitals of the TM. Near the Fermi level, the PDOS for both
symmetries of Cr2B2 and Fe2B2 is dominated by the d orbitals of Cr and Fe, respectively
(see the right panels of (a) and (b) in Figures 3 and 4). Whereas, hybridization between
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the p and d orbitals of Zr occurs at the Fermi level of Zr2B2 (see the right panels of (c) in
Figures 3 and 4). The contribution of the majority states at the Fermi level of ortho-Fe2B2 is
very small, whereas an equal contribution of the minority and majority states is observed
in hex-Fe2B2 and also in both symmetries of Zr2B2. Finally, the contribution of the majority
states is larger than that of the minority states at the Fermi level for Cr2B2.

According to our Bader analysis, the charge transfer, ∆q, always occurs from the TMs
to the boron atoms. This is shown in Table 2 where we present the values of ∆q for all the
studied cases. The obtained values are in agreement with other reports (e.g., ∆q = −0.34e
for ortho-Fe2B2, as reported in ref. [26]). In general, considering both the Pmma and
P6/mmm structures, the largest charge transfer occurs between Zr and B, whereas Fe is the
TM for which the charge transfer to B is the smallest one.

The conductivity results are shown in Figure 5. They reveal anisotropy of the con-
ductivity tensor for the ortho-MBenes, especially for the case of ortho-Zr2B2 for which the
direction perpendicular to the BDC is clearly the preferred one, whereas for ortho-Fe2B2,
the conductivity is higher along the BDC. On the other hand, the hex-MBenes are isotropic
with respect to conductivity. It is also worth highlighting that the orthorhombic Fe2B2 and
Zr2B2 present the highest conductivity values among all the studied cases.

Figure 3. Electronic band structure (left) and DOS (center) for the majority (blue) and minority (red)
spin states, and orbital-resolved PDOS (right) for the Pmma structures of (a) Cr2B2, (b) Fe2B2, and
(c) Zr2B2.
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Figure 4. Electronic band structure and DOS for the majority (blue) and minority (red) spins, and
orbital-resolved projected density of states (PDOS) for the P6/mmm structures of (a) Cr2B2, (b) Fe2B2,
and (c) Zr2B2.

Figure 5. Components of the conductivity tensor for the Pmma (left) and P6/mmm (right) structures
of Cr2B2, Fe2B2, and Zr2B2.

3.3. Magnetic Properties

The origin of magnetism in these types of materials arises from the d orbitals of the
TM atoms. Both FM and AFM configurations have been suggested to determine the ground
state. The results of our calculations are summarized in Table 3. Among all the considered
structures, only the hex-Fe2B2 resulted in an AFM ground state since the Etot value of the FM
state is 46.84 meV higher in energy. On the other hand, ortho-Fe2B2 exhibited an FM ground
state in accordance with previous reports [34]. However, a more detailed analysis, that
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also included the next nearest neighbors and was performed using DFT combined with the
Monte Carlo method, revealed that ortho-Fe2B2 actually has a stable columnar AFM ground
state [26]. In the particular case of Cr2B2, both structures result in an FM arrangement of
the magnetic moments. In general, the total energy difference, ∆EFM-AFM, between the FM
and AFM configurations is always higher in absolute value for the orthorhombic structures
(−104.38 and −108.12 eV for Cr2B2 and Fe2B2, respectively,) than for the hexagonal ones
(−0.29 and 46.84 eV for Cr2B2 and Fe2B2, respectively) indicating that, in the latter case, the
magnetic ordering may not be preserved at room temperature. Both orthorhombic Cr2B2
and Fe2B2 structures show an FM ground state with a magnetic moment over 2.5 µB per
unit cell, a suitable behavior for robust 2D magnets. Interestingly, the boron atoms are also
slightly polarized for those cases for which the TM–boron distances (dM–B) are the shortest
(see Table 1). Finally, Zr2B2 MBenes exhibit non-magnetic behavior.

The energy difference ∆EFM-AFM = EFM − EAFM can be used to evaluate the exchange
interaction, JNN, between TM atoms at the nearest neighbor (NN) positions. The exchange
energy for a system of interacting atomic moments, Si, can be described by the Heisen-
berg model:

Etot = E0 −
1
2 ∑

i 6=j
JijSi · Sj, (2)

where E0 is the total energy excluding spin–spin interactions and in our case Si = Sj = S.
For ferromagnetically or antiferromagnetically coupled TM ions at NN positions−2JNNS2 =
∆EFM-AFM. The critical temperature (Curie or Néel temperature), Tc, in the mean field ap-
proximation (MFA) can be estimated from

Tc '
2
3

kB ·
(

JNNS2
)
=

1
3

kB · |∆EFM-AFM|. (3)

The Tc values are collected in Table 3. As can be seen from the table, we obtain a consid-
erably large value of Tc = 418 K for ortho-Fe2B2. However, as mentioned above, a more
accurate investigation [26] predicts an AFM ground state with Tc = 115 K. Interestingly,
our calculations predict an AFM ground state for hex-Fe2B2 with Tc = 181 K.

Table 3. Total magnetic moment (µtot), magnetic moment of the TM atoms (µTM), magnetic moment
induced on the boron atoms (µB), magnetic ground state (MGS), the total energy difference between
the FM and the AFM configurations (∆EFM-AFM), and the critical temperature (Tc) estimated using
Equation (3) for Cr2B2, Fe2B2, and Zr2B2.

Cr2B2 Fe2B2 Zr2B2

Pmma P6/mmm Pmma P6/mmm Pmma P6/mmm

µtot (µB/unit cell) 2.56 0.63 2.69 0.00 0.00 0.00

µTM (µB/ion) 1.03 0.31 1.26 2.06/−2.06 0.00 0.00

µB (µB/ion) −0.05 −0.01 −0.05 0.00 0.00 0.00

MGS FM FM FM AFM Non-magnetic Non-magnetic

∆EFM-AFM (meV/unit cell) −104.38 −0.29 −108.12 46.84 - -

Tc (K) 403 1 418 181 - -

4. Summary and Conclusions

In summary, we carried out a comparison between the structural, electronic, magnetic,
and transport properties for orthorhombic and hexagonal phases of a selected group of
MBenes, Cr2B2, Fe2B2 and Zr2B2, that are usually considered separately in the literature.
Although there are several theoretical reports that have predicted the stability of the
studied MBenes, to our knowledge, hex-Fe2B2 is shown for the first time in this work to be
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dynamically stable. Experimentally the most studied MBenes are those composed of early
TMs, whereas those composed of late TMs (like iron) remain to be synthesized.

We observe that, from an energetic point of view, the larger the atomic weight is, the
higher the Ecoh is, which means that Zr2B2 possesses the strongest bonds. However, despite
the small difference between the Ecoh values of the orthorhombic and hexagonal structures
of each MBene, both phases can exist theoretically. This assumption is reinforced by the
calculation of the corresponding phonon dispersion plots that predict stable behavior of
all the MBenes. Furthermore, the metallic character of our pristine MBenes makes them
efficient materials for charge transport, and therefore are competitive 2D materials for
electronic, sensing, or electrocatalytic purposes. We predicted that, for both symmetries of
Cr2B2, the contribution of the majority spin states would be larger than that of the minority
spin states at the Fermi level, leading to an FM ground state and opening the possibility of
their use in information magnetic storage.

This understanding of the properties of the studied materials, together with the
acknowledgment that, within the same framework, both orthorhombic and hexagonal
phases are feasible and different in their properties, creates the possibility of going further
in our research to consider them as potential candidates for sensing and catalytic processes.
Although there exists some parallelism with MXenes, MBenes are emerging 2D materials
that are expected to have great development potential in the future, due to their diverse
stoichiometries and, as a consequence, structural differences and new challenging physical,
chemical, and biological properties. The biggest difference for MBenes is that some of them
can potentially exist in both orthorhombic and hexagonal phases.
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68 Chapter III. Articles that compose this thesis

3.4 PAPER III: Influence of the Hubbard U Param-

eter on the Structural, Electronic, Magnetic, and

Transport Properties of Cr/Fe/Zr-Based MBenes

This article is a sequel of the previous one and treats the classical problem
of DFT when dealing with the strongly correlated electrons in the d orbitals
of the transition metals. Finding a correct treatment of these systems seems
to be not obvious because the different mechanisms influence the determi-
nation of the physical and chemical properties, which is crucial in the search
for further technological applications. Inclusion of d electrons is expected
to stabilize the structures, since boron is electron-deficient. However, it is
known that LDA or GGA fail in the correct management of self-interaction
of the partially occupied Kohn-Sham (KS) orbitals and make necessary, to
solve this problem, the determination of the corresponding correction. The
Hubbard parameter, U, has been calculated for each particular system by
means of the density functional perturbation theory (DFPT), described in
the previous section of the methodology, resulting in important values for
Cr- and Fe-based MBenes (with U ranging between 4.2 and 5.0 eV) and in a
small value for Zr2B2 ( U = 1.8 eV). Under the introduction in such a correc-
tion, all the possible structures associated with the M2B2 stoichiometry, i.e.,
orthorhombic and hexagonal, remain feasible as in the previous work, al-
though the more energetically favorable configurations are changed since all
the compounds become preferably hexagonal, indicating that the inclusion
of the correction has a strong influence on their stability. Also, the electronic
properties are influenced by U because the Coulombian repulsion, expected
by the consideration of this term, increases the separation of the bands in the
surroundings of the Fermi level and, in relation with the transport proper-
ties, while the conductivity takes place along the boron chain in ortho-Fe2B2

under U = 0, it is the opposite when U ̸= 0 and the same can be said for
ortho-Cr2B2 which changes the direction in which conductivity occurs. Fi-
nally, the effect of U increases, in general, the critical temperature values,
Tc, highlighting MBenes as excellent candidates for high N’eel temperature
antiferromagnetic spintronics.
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ABSTRACT: Although relatively new, MBenes are gaining prominence due
to their outstanding mechanical, electronic, magnetic, and chemical properties,
and they are predicted to be good electrodes for catalytic processes as well as
robust 2D magnets with high critical temperatures, to mention some of their
intriguing attributes. From all their multiple stoichiometries, a theoretical
study of their orthorhombic and hexagonal phases in the framework of
density-functional theory is performed in this work. The results suggest that
their properties are strongly dependent on the initial conditions considered in
the theoretical approach and must be treated with caution. However, and
independently of these factors, all of them are demonstrated to be
energetically stable, show a metallic behavior, and exhibit, in specific cases,
large magnetic moments per unit cell, exceeding 6.5 μB in the case of the
orthorhombic-type Cr2B2, making them suitable as robust 2D magnets with
room critical temperature. These findings represent an important step toward a better understanding of MBenes, opening several
windows to future research in energy conversion and storage, sensing, catalysis, biotechnology, or spintronics.

■ INTRODUCTION
The purpose of this work is to understand, with a computational
approach, the origin of the structural, electronic, magnetic, and
transport properties of selected transition metal (TM)
monoborides, also known as MBenes (M = Cr, Fe, and Zr), as
well as to identify features that may affect the transport
properties of these compounds. All these MBenes, some of them
already proven to be stable by previous study,1 present good
structural stability and some of them exhibit robust magnetism,
as well. 2D MBenes are present in a variety of stoichiometries
(M2B2, M2B3, and M3B4). The chosen structures for the MBenes
described here possess M2B2 stoichiometry, which can be either
orthorhombic (in the following, ortho-MBenes) with Pmma
(no. 51) space group symmetry or hexagonal (in the following,
hex-MBenes) with P6/mmm (no. 191) space group symmetry.
In the Pmma structures, each atom is surrounded by six
neighbors, and the buckled boron bilayers are sandwiched
between the TM layers. On the other hand, in the P6/mmm
structures, the honeycomb, graphene-like, boron layer is
sandwiched between two TM layers on both sides, with every
TM atom located above or below the centroid of the honeycomb
structure. Their bulk counterparts, all widely studied both
experimentally and theoretically,2−4 are the ferromagnetic (FM)
α and β modifications of FeB and the nonmagnetic (NM) CrB
and ZrB compounds. The structure of α-FeB is debatable,4

whereas β-FeB and CrB are orthorhombic crystals with Pnma

(no. 62) and Cmcm (no. 63) space group symmetries,
respectively. The ZrB solid is rock-salt structured and crystallizes
in cubic Fm3̅m (no. 225) space group symmetry. The β-FeB and
CrB solids exhibit very interesting structures since both enclose
boron double-chain stripes which are very common motives of
all-boron nanostructures.5,6 Parallel to MAX phases in MXenes,
MBenes can be obtained by removing the element A by chemical
etching from their parental MAB phases. Ade and Hillebrecht7

were the first to identify MBenes as derivatives of MXenes in
2015. Since then, a lot of efforts have been done in the search of
boron-based 2D materials with excellent charge carrier mobility,
versatile chemical activity, magnificent specific surface area or
good mechanical strength, well-desired characteristics in a low-
dimensional material. Although relatively young and in process
of being explored,8 synthesized,9 and understood, the TM
monoborides present a high potential in diverse applications like
energy conversion and storage,10 catalysis,11,12 NO electro-
reduction,13 adsorption and activation of CO2,

14 biotechnol-
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ogy,15 magnetic refrigeration,16 information storage devices,17

or spintronics,18−21 among others. It was thought for several
years that the long-range magnetic order was not possible in 2D
materials due to thermal fluctuations.22 However, contradicting
the predictions of the Mermin−Wagner theorem, the magnetic
anisotropy energy originating on the spin orbit coupling can
shield this effect, confirming consequently the existence of 2D
magnets.23 Nevertheless, most of them, like CrI3

24 or
Fe3GeTe2,

25 show low critical temperatures (≈45 and 130 K,
respectively), reason why the achievement of materials with
higher critical temperatures remains a challenge for their use in
magnetic storage devices and spintronics. In the recent years,
several research studies involving MBenes point in this
direction.18,20 Another issue to deal with is the consideration
(or not) of the correction introduced by the Hubbard
parameter, U, which accounts appropriately for the strongly
correlated electrons in the d orbitals of the TMs. Both
approaches are found in the literature, almost equally, when
diverse properties of the 2D TM monoborides are studied.
However, the differences in the results of both methodologies
can lead to completely different conclusions, for example, in the
final magnetic ground state (MGS) or the most stable geometry,
which in specific cases become the opposite the one to the other.
Then, a correct treatment of the initial premises seems not
obvious.20 Following these premises, this paper intends to
elucidate how the different mechanisms influence in the
determination of the physical and chemical properties, crucial
in the search of further technological applications. This work is
structured in the following parts. In the first section, the
structures of the selected MBenes are computed to determine
the Hubbard parameters for each of them based on their
optimized geometries and MGSs. Once obtained, the stability,
conductivity, and electronic and magnetic properties will be
compared and discussed in both contexts: with and without the
correction, to end with the main conclusions and a view into
their future applications.

■ COMPUTATIONAL APPROACH
In the framework of the density-functional theory (DFT), first-
principles spin-polarized calculations have been performed,
within the generalized gradient-corrected approximation of
Perdew−Burke−Ernzerhof (PBE)26 for the exchange−correla-
tion functional, using projector plane-wave pseudopotentials27

implemented in the Quantum ESPRESSO (QE) suite of
codes.28 Every unit cell contains two atoms of the TM and
two atoms of boron, with an empty space of thickness of 15 Å
along the normal direction to avoid interactions between
adjacent MBenes. The optimization of geometries has been
done, allowing the unit cell shape, volume, and the ions to relax
until the residual forces on the atoms have been less than 0.3
meV/Å and the total energy convergence has been set to 10−5

Ry. The electronic wave functions and the charge density have
been expanded in plane-wave basis sets with energy cutoffs of 70
and 700 Ry, respectively, while the Γ-centered k-point grid in the
Brillouin zone, in the Monkhorst−Pack scheme, has been set to
12 × 12 × 1 for the geometry optimizations and 24 × 24 × 1 for
the density of state (DOS) calculations, with a Gaussian
smearing of 0.02 Ry; the accuracy of the total energy is ensured
by these values. To determine the most energetically favorable
MGS of each structure, two collinear calculations, one FM and
one antiferromagnetic (AFM), have been used. The geometry
relaxations of the 2D structures have been performed with PBE,
and the magnetic and electronic properties have been calculated

using both PBE and PBE+U. An important descriptor used for
the structural characterization is the cohesive energy per atom
(Ecoh), that is, the difference in energy between the total energy
of the compound and the sum of the total energies of the isolated
atoms

= [ ] + [ ] [ ] +E n E n E E n n( B M M B )/( )coh B M 2 2 B M (1)

which is the released energy when a compound dissociates into
isolated free atoms, where M represents the TM atom, E[M2B2]
is the total energy of the MBene, E[B] and E[M] are the total
energies of the isolated atoms (B and TM atoms), and nB and nM
are the numbers of boron and TM atoms per unit cell,
respectively, directly obtained from the spin-polarized calcu-
lations. The transport integrals have been computed using the
Boltzmann transport theory29 and a constant scattering rate
model (the inverse of relaxation time was taken to be 0.1 eV),
and a Bader analysis has been used to obtain the charge transfer.
The visualizations have been performed using the Visualization
for Electronic and STructural Analysis (VESTA) software.30

■ RESULTS AND DISCUSSION
Structure. It is expected that a mixture between boron and

TM atoms will stabilize the structures since boron is electron
deficient. Among all the possible stoichiometries of MBenes, we
have focused on the orthorhombic (ortho-) and hexagonal (hex-
) M2B2 structures, as shown in Figure 1.

In our previous work,31 we have performed a full structural
optimization to determine the structural parameters of our unit
cells, finding that the unit cells of ortho-MBenes become almost
rectangular with a > bwhen the TM is Fe or Cr (a/b is 1.005 and
1.013 for chromium and iron, respectively), whereas a < b for
ortho-Zr2B2 (a/b = 0.94). The lattice parameters, a = 2.885 and
b = 2.870 Å for ortho-Cr2B2, a = 2.823 and b = 2.787 Å for ortho-
Fe2B2, and a = 3.084 and b = 3.281 Å for ortho-Zr2B2; a = b =
2.919 Å for hex-Cr2B2, a = b = 2.913 Å for hex-Fe2B2, and a = b =
3.159 Å for hex-Zr2B2, have been compared to and are in good
agreement with the values found in the literatures.11,14,17,19,32−34

The distances between the TMs and the boron atoms are always
larger for the hexagonal systems (ranging between 2.15 and 2.49
Å) than those for the orthorhombic systems (between 2.04 and
2.46 Å), with the bigger distances corresponding to Zr2B2
MBenes.

Determination of the U Parameter. The Hubbard U
parameter is introduced in highly correlated systems due to the
fact that LDA or GGA inadequately treats the self-interaction of
the partially occupied Kohn−Sham (KS) orbital. In solids, it is

Figure 1. (a) Ortho-MBene and (b) hex-MBene structures of M2B2
corresponding to Pmma and P6/mmm symmetries, respectively. The
unit cells used in the calculations are shown in brown.
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even more complicated because the hybridization of localized
orbitals can produce fractional occupations, causing the total
energy to contain such effects from hybridization. In this work,
we determine the Hubbard parameters for the TM d orbitals
using the linear response approach35 based on the density-
functional perturbation theory (DFPT).36,37 Within this frame-
work, the Hubbard parameters can be computed from the
second-order derivative of the energy. The total energy as a
function of the localized orbital occupation qI of Hubbard site I
is given by

{ } = { [ ] + }E q E n q( ) min ( )I , DFT
I

I I II
(2)

where ρ is the charge density and αI is the Lagrange multiplier
(that acts as a perturbation potential) employed to constrain the
site occupation nI which is the occupation of the localized states
in the d orbital of site I. It is more convenient to work with the
Legendre transform of eq 2, which leads to a modified energy
functional that depends on {αI}

{ } = { [ ] + }E E n( ) minI DFT
I

I I
(3)

Then, the total energy as a function of on-site occupations nI is
given via a Legendre transform

{ } = { }n E n( ) ( )I I I I I

from which the second derivative can be evaluated with

=
n n n

2

I J

I

J (4)

Similarly, the second derivative of the total energy for the
noninteracting system evaluated through KS equations can be
obtained from

=E
n n n

2 KS

I
KS

J
KS

I
KS

J
KS

(5)

The effective interaction parameter U of site I can be
calculated as a difference of the above-defined second derivatives
of the energy of the interacting and noninteracting systems with
respect to electronic occupation

=
i
k
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I
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I
KS

I
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(6)

This approach to compute the Hubbard U parameters based
on DFPT is implemented in QE in the HP code.38,39

Table 1 describes the values for Cr2B2 and Fe2B2 that are
higher than those for Zr2B2. Such values of U are found to be
similar to other works,20,21 so the consistency of these results is
assumed. However, in order to perform a suitable comparison
using the same parameter for both MGSs, the values of the
second column (FM) were chosen as a criterion.

Ground-State Energetics. A high cohesive energy, Ecoh,
indicates a high bond strength and hence a good thermodynamic
stability. The cohesive energies of all the systems involved here
have been calculated using eq 1. The corresponding results are
shown in the second column of Table 2.

All our MBenes exhibit large cohesive energies ranging from
6.222 to 8.087 eV ifU = 0 and from 4.466 to 7.178 eV after using
the corresponding value ofU, and they are similar to those found
in the literature.40 All of them present strong internal binding

and good stability, although, in general, the cohesive energies for
U = 0 are always higher. To check the consistency of our values,
we have computed the carbon diamond structure with the same
parameters used in the optimization, resulting an Ecoh of 7.757
eV, comparable to other experimental and theoretical work.41

Moreover, Zhang et al.42 reported a cohesive energy of 6.30 eV
for ortho-Cr2B2, which is close to our 6.22 eV when U = 0.

The dependence of the structure stability with the atomic
mass of the TM observed earlier33 is also present in our results,
being hex-Zr2B2 the MBene with the highest Ecoh (8.087 eV).
Moreover, in a previous work,31 we have calculated the phonon
dispersion of all the orthorhombic and hexagonal stoichiome-
tries which have resulted dynamically stable with frequencies
over 740 cm−1, in agreement to other studies.13,21,34

Interestingly, a remarkable difference between the two
approaches employed is observed between the most energeti-
cally favorable geometries (which have been indicated in bold
for more clarity): under the approximation with U = 0, Cr2B2
and Fe2B2 prefer orthorhombic configurations, as other works
also predict,1,32,43 whereas Zr2B2 suits better the hexagonal
structure from the point of view of the cohesive energy. The
picture changes whenU≠ 0, for which all the structures become
preferably hexagonal, indicating that the introduction of the
correction has a strong influence on the stability. The existing
attempts to obtain MBenes from ternary MAB phases have used
ortho-MAB phases as precursor to synthesize MoB and CrB
ortho-MBenes, with the result of poor quality, due to the
complete dissolution of the parent phases or the partial etching
of Al.7,44−47 On the other side, new attempts are focused on the
fabrication of hex-MAB phases as a promising phase toward hex-
MBenes.48 In this sense, up to date, there are scarce
experimental results that can firmly confirm the adoption of
the one or the other structure, and big efforts into this direction
are still ongoing.49,50

It should be noted that both orthorhombic and hexagonal
structures are very close in energy (some tens of eV), and
investigations based on the nudged elastic band method have

Table 1. Hubbard Parameters Calculated Using DFPTa

FM AFM

MBene UTM1 UTM2 UTM1 UTM2

ortho-Cr2B2 4.297 4.297 6.682 6.806
hex-Cr2B2 5.000 5.000 4.995 4.995
ortho-Fe2B2 4.346 4.279 4.651 4.556
hex-Fe2B2 4.232 4.231 4.009 4.010
ortho-Zr2B2 1.792 1.792 1.792 1.792
hex-Zr2B2 1.802 1.802 1.802 1.802

aFM and AFM indicate the ferro- and antiferromagnetic ground
states, respectively, and TM1 and TM2 correspond to each transition
metal in the unit cell.

Table 2. Cohesive Energies (Ecoh) for the Orthorhombic and
Hexagonal Structures of Cr2B2, Fe2B2, and Zr2B2

Ecoh

MBene U = 0 U ≠ 0

ortho-Cr2B2 6.222 4.539
hex-Cr2B2 6.201 4.558
ortho-Fe2B2 6.901 6.235
hex-Fe2B2 6.830 6.264
ortho-Zr2B2 8.050 7.579
hex-Zr2B2 8.087 7.615
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determined that the small energy barrier, between 0.2 and 0.4 eV
per atom, could lead to the transformation of the ortho-MBenes
into hex-MBenes at high temperatures.1,10

Electronic and Transport Properties. The calculated
spin-polarized band structures, DOSs, and projected densities of
states (PDOSs) includingU = 0 andU≠ 0 are shown in Figures
2 and 4 for both orthorhombic and hexagonal structures,
respectively. As expected,9,11,21,40 the behavior of these MBenes
is always metallic, with no band gaps between the valence band
and the conduction band, but with partially occupied bands
crossing the Fermi level for the majority and minority spin
channels. For clarity, the d states of the TMs have been plotted
together with the total DOS, highlighting their major
contribution at the Fermi level. The effect of introducing U
becomes clearly visible after a comparison of the respective spin-
polarized band structures, where the Coulombian repulsion
expected by the introduction of the term increases the
separation of the bands in the surroundings of the Fermi level.

The total DOS predicts the FM ground states for ortho-Cr2B2
and ortho-Fe2B2 with an asymmetry at the Fermi level between
the two spin channels that transforms into AFM, in the case of
ortho-Fe2B2, when U is used in the calculation of the electronic
properties. It is also observed that only one band is crossing the
Fermi level, which lies in a minimum of the DOS, and curiously,
the systematic research of Dou et al. reported that ortho-Cr2B2 is
a FM metal, while the ortho-Fe2B2 monolayer is a typically AFM
semiconductor.17 Taking this result into consideration, some
modifications like the addition of functional groups like OH, F,
and O would allow to tailor the electronic properties for
subsequent applications.17,43

Figure 3 plots simultaneously the p orbitals of boron and the d
orbitals of the TM for the ortho-structures. When U = 0, it is
clear that the Fermi level is dominated by the d states of the
metals, and the p states of boron are negligible. Deep in energies
(approximately in a range between −8 and −2 eV) are found the
p states of boron, which partially hybridize with the d states of
the TM and demonstrate the existing interaction between the

Figure 2.Comparison between the electronic band structure and DOS for the majority (green) and minority (orange) spins of the Pmma structures of
Cr2B2, Fe2B2, and Zr2B2 using (a) DFT and (b) DFT+U. The dotted red line indicates the contribution of the TM-d orbitals.
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TM and B atoms. The introduction of U dramatically changes
the electronic properties of the materials and switches ortho-
Fe2B2 into an AFM ground state. Focusing on the latter, here the
p states of the boron shift toward the Fermi level, increasing their
importance. Zr2B2 behaves as a nonmagnetic material, and the
consideration of its own small U value does not introduce
remarkable changes. Around the Fermi level, the d orbitals of Zr
predominate, but the p orbitals of Zr also become relevant,
showing a nonperfect hybridization with a similar behavior.

The governing ground states of the hex-MBenes when U is
considered are all AFM, which can be deduced from the band
structures depicted in Figure 4, with the exception of hex-Zr2B2
which behaves again like nonmagnetic. Again, the p states of
boron (Figure 5) are shifted toward the vicinity of the Fermi
level, where, interestingly, the population of the d states is
strongly diminished after including the correction.

Generally speaking about ortho-MBenes, the components of
the conductivity are strongly dependent on the in-plane
directions, revealing their anisotropy (Figure 6). There are
noticeable differences in the behavior of each MBene and also
depending on the physical treatment adopted. While the
conductivity takes place along the boron chain in ortho-Fe2B2,
it is the opposite in Zr2B2. When U ≠ 0, on the other hand, it is
for ortho-Cr2B2 that the conductivity happens along the boron
chain instead. From the point of view of the conductivity, hex-
MBenes are isotropic, presenting Zr2B2 the highest values
among all.

Magnetic Properties. The electron deficiency and low
electronegativity of boron distinguish MBenes with intriguing
magnetic properties. Some of the MBenes predicted as feasible
exhibit robust metallic magnetism higher than 3 μB per TM atom
and Curie temperatures over room temperature. Some studies
suggest, moreover, that the critical temperatures can even be
elevated under a careful selection of functional groups.18,19,51 To
determine the MGS, two collinear configurations have been
performed: one FM and another AFM, which consist of keeping
the same spin alignment within each plane of metals. The results
suggest a superexchange interaction because due to the large
distances between the d orbitals, a direct overlap between them
seems to be little realistic. Considering this, the d orbitals
hybridize with the ligand atoms, that is, the 2p orbitals of boron,
and hence, the magnetic interaction takes place between non-
neighboring magnetic ions (TM) mediated by neighboring
nonmagnetic ions (B). For such a magnetic interaction, the
MGSs, which can be either FM or AFM, are empirically
determined by the rules of Goodenough−Kanamori−Ander-
son52−54 based on the symmetry and the electron occupancy of
the overlapping atomic orbitals. The magnetic moments of the
boron atoms shown in Table 3 show that they are slightly
polarized, demonstrating that magnetism in these cases is
mediated by them.

The two possible scenarios that emerge from the inclusion (or
not) of the U parameter reach different conclusions, an effect
found in a similar work18 where a thorough calculation with the

Figure 3. PDOS corresponding to the d states of the TM (red) and the p states of boron (blue) of the Pmma structures of Cr2B2, Fe2B2, and Zr2B2 using
(a) DFT and (b) DFT+U.
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increase in values of U produced a change in the MGSs of the
same material. Excluding U, only hex-Fe2B2 adopted an AFM
ground state, with an Ecoh of the FM state being 46.84 meV
smaller (Table 3) than that of the AFM state. However, ortho-
Fe2B2 has a larger Ecoh when the TM atoms arrange
ferromagnetically, an effect observed before.55 Both ortho-
rhombic and hexagonal structures of Cr2B2 result FM.
Orthorhombic Cr2B2 and Fe2B2 with FM ordering possess
magnetic moments over 2.5 μB per formula unit, indicating a
suitable behavior as robust 2D magnets, but Zr2B2 exhibits
nonmagnetic properties. The introduction ofU causes the AFM
states predominate over the FM states, and only ortho-Cr2B2
remains FM with a magnetic moment of 6.39 μB, very close to
the 6.10 and 6.49 μB values reported by Zhang et al.,42 after
setting U = 4 eV for their calculations and U = 3 eV by Dou et
al.,17 respectively, whereas the AFM behavior of ortho-Fe2B2
considering U ≠ 0 is in accordance to other works.17,18 The
Bader charge analysis confirms that magnetism in these
compounds arises from the d-electrons of the TM atoms.

According to Table 3, the charge transference always happens
from the TM to the boron atoms, with Zr being the metal for
which the charge transference is larger. These values are in
agreement to other works.18,19 Considering the Pauli exclusion
principle together with Hund’s rules, the theoretical predicted
magnetic moment of freestanding Cr, with electronic config-
uration [Ar] 3d4 4s2, would be 4 μB, whereas for iron, with
electronic configuration [Ar] 3d6 4s2, it will result in 3 μB. As the
calculated magnetic moments per metal ion are 2.79 and 3.23 μB
for ortho- and hex-Cr2B2, respectively, and 2.31 and 2.59 μB for
ortho- and hex-Fe2B2, we can conclude that the transference of
one electron from the TM to the boron atom leads to the
obtained magnetic moment and is, therefore, consistent with
these results.

Attending to the results in Table 4, the large energy difference
will increase the critical temperature beyond room temperature,
a well-desired property for spintronic applications as mentioned
above.

Figure 4.Comparison between the electronic band structure and DOS for the majority (green) and minority (orange) spins of the P6/mmm structures
of Cr2B2, Fe2B2, and Zr2B2 using (a) DFT and (b) DFT+U. The dotted red line indicates the contribution of the TM-d orbitals.
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The exchange interaction, JNN, between the TM atoms at the
nearest-neighbor (NN) positions can be evaluated with the
energy difference ΔEFM‑AFM = EFM − EAFM. It is well-known that
the exchange energy for a system of interacting atomic moments
can be described by the Heisenberg model

= ·E E J S S1
2 i j

ij i jtot 0
(7)

where E0 is the total energy excluding spin−spin interactions
and in our case Si = Sj = S. For ferromagnetically or
antiferromagnetically coupled TM ions at NN positions,
−2JNNS2 = ΔEFM‑AFM. Considering ferromagnetically or
antiferromagnetically coupled TM ions at NN positions,
−2JNNS2 = ΔEFM‑AFM. On the other side, the critical temperature
(Curie or Neél temperature), Tc, is described in the mean field
approximation (MFA) as

· = ·| |T
k

J S
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B
NN

2

B
FM AFM

(8)

Although MFA usually overestimates the transition temper-
ature for 2D magnets in ≈20% or, what is more, is dependent on
the coordination number, however, this approximation is able to
establish an upper limit of Tc at small computational cost.

Using eq 8, the resulting Tc values are collected in Table 4. As
can be seen from the table, without the Hubbard correction, we
obtain a considerably large value of Tc = 418 K for ortho-Fe2B2.

However, as mentioned above, a more accurate investigation19

predicts an AFM ground state with Tc = 115 K. Interestingly, the
calculations predict an AFM ground state for hex-Fe2B2 with Tc
= 181 K. Adding the Hubbard correction, the MGS of ortho-
Fe2B2 turns to AFM with an important energy difference. Other
study17 computed even a higher difference for AFM ortho-
Fe2B2, but using a smaller value of U = 3 eV, whereas their value
for FM ortho-Cr2B2 is closer.

In this same direction, and having in mind that the current
findings point out to high critical temperatures, much efforts are
being done in finding MBenes for high Neél temperature AFM
spintronics.20

■ CONCLUSIONS
In the present work, the energetic, electronic, magnetic, and
transport properties of selected MBenes have been systemati-
cally computed from two different perspectives (U = 0 and U ≠
0) to be subsequently described, compared, and discussed. The
findings reveal that the consideration or not of the Hubbard
correction is not trivial and leads, in some cases, even to opposite
results. Because the use of the parameter U is controversial, a
thorough comparison with the experimental work is necessary to
clarify which theoretical approach is the most suitable to
describe the systems. The resulting values of U are typical of
those found in previous studies for Cr2B2 and Fe2B2. In the
particular case of Zr2B2, U is considerably smaller, and hence,

Figure 5. PDOS corresponding to the d states of the TM (red) and the p states of boron (blue) of the P6/mmm structures of Cr2B2, Fe2B2, and Zr2B2
using (a) DFT and (b) DFT+U.
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this MBene maintains its properties unaffected with respect to
the case of U = 0. The prevailing structures from an energetic
point of view are orthorhombic for Cr2B2 and Fe2B2 and
hexagonal for Zr2B2, whereas all of them become preferably
hexagonal if high values for U are assumed. Also, the electronic
properties are affected by such changes with a general decrease
of states at the Fermi level, a situation reflected in the results for
the conductivity. Up to this point, such discrepancies can
influence the subsequent analysis for adsorption or catalytic
processes, to give some examples. Moreover, the magnetic

properties are strongly influenced by the value ofU. The original
MGS for U = 0, predominantly FM (except for hex-Fe2B2, with
an AFM ground state), becomes mostly AFM after the inclusion
of the corresponding Hubbard parameter (except for ortho-
Cr2B2 which remains FM) reaching a high magnetic moment of
6.39 μB per formula unit, a desirable quality as a robust 2D
magnet. Finally, the present calculations give rise to high critical
temperatures, one of the reasons why MBenes are currently in
the spotlight, opening the possibility of their use in room-
temperature spintronics. In any case, it is clear that
independently of the initial premises, all the MBenes are
energetically stable, show a good conductive behavior, and, in
some cases, are robust 2D magnets with high critical
temperatures.
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Figure 6.Components of the conductivity tensor for the (a) Pmma and (b) P6/mmm structures of Cr2B2, Fe2B2, and Zr2B2 consideringU = 0 (left) and
U ≠ 0 (right).

Table 3. Charge Transfer from TM to B (Δq), Total Magnetic Moment (μtot) per Unit Cell, Magnetic Moment of the TM Atom
(μTM/ion), and Magnetic Moment of the Boron Atoms (μB/ion) in Cr2B2, Fe2B2, and Zr2B2

Δq μtot (μB) μTM/ion (μB) μB/ion (μB)

MBene U = 0 U ≠ 0 U = 0 U ≠ 0 U = 0 U ≠ 0 U = 0 U ≠ 0

ortho-Cr2B2 −0.76 −0.82 2.56 6.39 1.03 2.79 −0.05 −0.22
hex-Cr2B2 −0.61 −0.63 0.63 0.00 0.31 ±3.23 −0.01 0.00
ortho-Fe2B2 −0.37 −0.48 2.69 0.00 1.26 ±2.31 −0.05 ±0.08
hex-Fe2B2 −0.40 −0.41 0.00 0.00 ±2.06 ±2.59 0.00 0.00
ortho-Zr2B2 −1.17 −1.17 0.00 0.00 0.00 0.00 0.00 0.00
hex-Zr2B2 −0.86 −0.86 0.00 0.00 0.00 0.00 0.00 0.00

Table 4. MGS, Energy Difference, ΔEFM‑AFM, between the FM
and AFM Configurations, and Critical Temperature, Tc, of
Cr2B2, Fe2B2, and Zr2B2

MGS ΔEFM‑AFM (meV) Tc (K)

MBene U = 0 U ≠ 0 U = 0 U ≠ 0 U = 0 U ≠ 0

ortho-Cr2B2 FM FM −104.38 −140.93 413 545
hex-Cr2B2 FM AFM −0.29 +46.61 1 180
ortho-Fe2B2 FM AFM −108.12 +540.66 418 2091
hex-Fe2B2 AFM AFM +46.84 +581.53 181 2249
ortho-Zr2B2 NM NM
hex-Zr2B2 NM NM
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In the previous articles, the analysis of the stability, electronic, transport, and
magnetic properties of pristine MBenes has demonstrated that they possess
good qualities as gas sensors or gas capturers, and now it is time to investi-
gate their potential for such applications. The novelty of this work is the use
of Cr, Fe and Zr-based MBenes for these purposes because to date, only other
research is centered on Cr2B2 as sensor of specific organic molecules.
Another novelty respect to previous works arises from the nature of the in-
teraction between a surface and a molecule which involves, among others,
the van der Waals forces, which must be accounted for. In this new stage of
the investigation, a new approximation include them. For better accuracy,
the DFT-D3 correction formulated by Grimme et al. [121] has been shown to
provide more accurate results by containing three-body terms. Both calcula-
tions, with and without the dispersion correction, have described the same
trends in the adsorption with only a small increase in the adsorption ener-
gies, on the order of a hundredth of eV (consistent with similar works).

However, the results show that molecules are more likely to adsorb on
top of metal ions and that the character of such interactions is predominantly
chemisorption, with the exception of the CO2 molecule, which is physisorbed
in most cases. In general terms and among the three compounds, the highest
values of the adsorption energy are achieved for Zr2B2, suggesting that it is
more suitable as a gas capturer than Fe2B2 or Cr2B2. The molecules exhibiting
the strongest interactions are precisely those with the ability to form several
bonds with the metal atoms of the surface, such as NO2 or SO2, and due to
the relationship between recovery time and adsorption energy, the recovery
of these three MBenes after chemisorption will not be feasible in the short
term, limiting the use of the substrata as adsorbers in these specific cases.
Moreover, Cr2B2 suffers a distortion of its original lattice caused by strong
interactions that can become not only a handicap but also a challenge with
respect to its reusability as a gas sensor.

Bader analysis reveals that charge transfer occurs predominantly from
MBene to gas molecules and displays a correlation between the charge trans-
fer and the adsorption strength, with the exception of NH3 on the Fe-based
MBene where the molecule behaves as a donor: it demonstrates that the



80 Chapter III. Articles that compose this thesis

MBene substratum behaves not only as donor but also as acceptor. In ad-
dition, analysis of conductivity provides a wider picture pointing to Fe2B2 as
the substratum with the largest deviations between the pristine sheet and the
MBene/molecule system.

In terms of magnetism, the molecular magnetic moments are almost
zero when attached to the MBene surface, except for the SO2 molecule on
Cr2B2. However, the total magnetic moments of the MBene/molecule sys-
tems have significantly increased in most cases.

On the basis of these findings, this article concludes that Cr-, Fe-, and
Zr-based MBenes could be considered as potential substrata for the detec-
tion/capture of gas molecules, potentially paving the way for designing sen-
sor nanodevices based on these materials.
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A B S T R A C T

2D materials are receiving attention due to their high surface-to-volume ratio and stability, making them
potentially useful for gas sensing, chemical adsorption, and catalytic applications. MBenes, in particular,
are of interest because of their excellent electronic, thermal, transport, mechanical, and physicochemical
properties, which make them highly capable of adsorbing small molecules. In this study, we conducted
first-principles calculations to investigate the adsorption of eight molecules: CO, CO2, H2O, NH3, NO2, SO2,
O2, and N2. We aimed to assess the potential of Cr2B2, Fe2B2, and Zr2B2 as gas adsorbents or gas sensors.
Our investigation systematically examined optimal adsorption sites, charge transfer, electronic structure, and
magnetism under different theoretical approaches to understand the mechanisms governing the interaction
between gas molecules and the MBene substrate. To our knowledge, this is the first time that the potential
of Cr2B2, Fe2B2, and Zr2B2 MBenes as sensors is evaluated for such collection of gas molecules. Our findings
point out that Cr/Fe/Zr-based MBenes are suitable substrates for detecting and capturing gas molecules and
can be used to fabricate nanotechnology-based sensors.

1. Introduction

Short-lived climate forcers (SLCFs) have a relatively short life-
time in the atmosphere and can be air pollutants impacting the cli-
mate [1]. They can be either radiatively active or influence other
radiatively active compounds through chemistry. Direct SLCFs include
methane, ozone, short-lived halogenated compounds, and aerosols.
Indirect SLCFs include chemically reactive gases like nitrogen oxides,
CO, non-methane volatile organic compounds, SO2, and NH3. The
growth of industry and cities requires the development of new materials
capable of adsorbing and detecting hazardous contaminants such as
CO, NH3, NO2, and SO2. These materials could also be used in green
energy production and storage to help decarbonize industry and combat
pollution.

In this regard, 2D materials possessing a high surface-to-volume
ratio due to their large lateral size and small thickness of a few atomic
layers are the focus of recent research on clean technologies [2]. This
large surface area, with its rich surface chemistry, favors interactions
with molecules, which enables these materials to work as highly sen-
sitive sensors even at low gas concentrations. Moreover, their good
conductivity favors their integration into different devices.

MBenes, an emerging family of two-dimensional (2D) transition
metal borides, are gaining interest thanks to their unique physical and
chemical properties, becoming ideal candidates in applications such as
catalysts, electrodes for Li/Na-ion batteries, or sensors, among others.

∗ Corresponding author.
E-mail address: gonz@fuw.edu.pl (N. Gonzalez Szwacki).

Other advantages of MBenes are their metallicity and stability in humid
environments, high oxidation resistance, and corrosion resistance [3,4].
In this sense, implementing MBenes for sensing, reducing, and adsorb-
ing pollutants is the focus of current research. Xiao et al. [5] have
centered their research on 11 different MBenes for CO2 electroreduction
(conversion of oxide fuel into a metal form). Moreover, Mir et al. [6]
have found them advantageous for the adsorption of molecules, as they
do not need surface passivation to be stabilized. Besides that, vacancies
have also been found as potential active sites for adsorption [7].

MBenes were first theoretically predicted, but shortly afterward,
MoB [8], Ti2B2 [9] and Cr2B2 [10] have been experimentally synthe-
sized by exfoliation of a parent bulk MAB phase, where A, frequently a
group IIIA–IVA element, is the removed layer, B is boron and M is the
transition metal [6,8,10–12]. The bulk can be exfoliated into 2D flakes
because the M–B and B–B bonds are much stronger than the A–B and
A–M bonds [13,14]. However, the existing studies are fundamentally
theoretical, as the experimental synthesis is still ongoing. To date, den-
sity functional theory (DFT)-based calculations predict several MBenes
as stable in the hexagonal, tetragonal, and orthorhombic structures and
stoichiometries like M2B2, M2B, and M3B4, thanks to the electronic
deficiency of boron that leads to exotic bonding states [4,13,15–17].
Surface functionalization can influence the electronic properties of the
sensor, as demonstrated by Guo et al. [18] who found that Fe2B2(OH)2
and Fe2B2F2 behave as semiconductors whereas Fe2B2O2 is metallic.
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There is no experimental evidence of the presence of terminal groups
in the synthetic surface of MBenes [10].

Given these advantages, many efforts must be put into their large-
scale production, which today is a challenge and is in an early stage
of development. Different synthesis methods are being investigated
in this direction, such as chemical and mechanical exfoliation, CVD,
sputtering, or thermal fragmentation, to find a more efficient way
of production, reducing costs and manufacturing times [4]. Another
important consideration is the extent to which the production impacts
the environment because one of the typical etchants used is HF, which
is considered highly hazardous, toxic, and corrosive. More research is
still needed to assess and overcome their environmental and health
impact. Attempts to address this issue are, for example, the develop-
ment of a fluorine-free hydrothermal-assisted alkaline solution etching
method [19] or the use of the sputtering technique to grow Mo2B2 from
a Mo2AlB2 film [20].

In the present study, based on first-principles calculations, we study
the effects of several hazardous molecules, CO, CO2, H2O, NH3, NO2,
SO2, O2, and N2 on Cr/Fe/Zr-based M2B2 MBenes, to understand the
adsorption mechanisms and to determine their influence on the prop-
erties of the MBene/molecule system. To this end, first, we will start
with a brief study of the pristine MBenes to follow with the effects on
their properties after the adsorption of the small molecules.

2. Computational methodology

Our first-principles calculations have been performed within the
framework of the density functional theory (DFT) using the Quantum
ESPRESSO (QE) suite of codes [21]. The Perdew–Burke–Ernzerhof
(PBE) [22] gradient corrected exchange–correlation functional is used
combined with the projector plane-wave (PAW) pseudopotentials [23,
24]. To ensure the accuracy of the total energy, 𝐸𝑡𝑜𝑡, the electronic
wave functions have been expanded in plane-wave basis sets with an
energy cutoff of 60 Ry while the Brillouin Zone (BZ) has been sampled
with a Γ-centered 𝑘-point grid of 12 × 12 × 1 mesh points for the
geometry optimization and 24 × 24 × 1 for the DOS calculations, in
the Monkhorst–Pack scheme, with Gaussian smearing of 0.02 Ry (the
convergence tests of 𝐸𝑡𝑜𝑡 respect to the energy cutoff and the 𝑘-point
grid are shown in Fig. A.11). The unit cell of the pristine structures
(a 2 × 2 × 1 supercell) consists of eight boron atoms and eight atoms
of the transition metals Cr, Fe, and Zr. A vacuum space of 15 Å along
the normal direction is used, to avoid interactions between adjacent
MBenes. The cell has been allowed to relax until the residual forces
on the atoms were less than 0.3 meV/Å. The convergence threshold
for 𝐸𝑡𝑜𝑡 was set to 10−5 Ry. For optimizing the structures with the
molecules, the residual force and the 𝐸𝑡𝑜𝑡 convergence thresholds have
been set to 3 meV/Å and 10−4 Ry, respectively. Moreover, the Hubbard
𝑈 correction has been applied due to the inaccuracy of LDA or GGA
in describing the self-interaction of the partially occupied Kohn–Sham
(KS) orbitals. A 𝑈 equal to 4.3, 4.3, and 1.8 eV is taken for the Cr-,
Fe-, and Zr-based MBenes, respectively, as calculated in our previous
work [16] utilizing the linear response approach [25] based on the
density functional perturbation theory (DFPT) [26,27]. The DFT+𝑈
approach is implemented in QE in the HP code [28].

Van der Waals (vdW) interactions are not properly accounted for by
standard local and semilocal density functional approximations (LDA
or GGA). In this sense, including such dispersion effects is crucial
to accurately describe systems with important intermolecular interac-
tions, like weakly-bonded systems. Therefore, to account for the van
der Waals forces, a dispersion-corrected framework (DFT-D3) [29] is
used. Davis et al. demonstrated that, in opposition to D2 and optPBE
dispersion corrections, the D3 correction (which correction contains
three-body terms) gives, in some cases, more accurate results [30,31].

The cohesive energy per atom, 𝐸𝑐 𝑜ℎ, for the pristine structures, that
is, the released energy when the compound dissociates into isolated free
atoms, has been calculated as:

𝐸𝑐 𝑜ℎ = (𝐸M2B2
− 𝑛B𝐸B − 𝑛M𝐸M)∕(𝑛B + 𝑛M),

being M the TM atom, 𝐸M2B2
is the 𝐸𝑡𝑜𝑡 of the MBene, 𝐸B and 𝐸M are the

total energies of the isolated atoms (boron and transition metal atoms),
and 𝑛B and 𝑛M are the numbers of boron and TM atoms per unit cell,
respectively, directly obtained from the spin-polarized calculations.

Similarly, the adsorption energy, 𝐸𝑎𝑑 𝑠, between the molecule and
the pristine MBenes has been evaluated from:

𝐸𝑎𝑑 𝑠 = 𝐸M2B2+molecule − 𝐸M2B2
− 𝐸molecule,

where 𝐸M2B2+molecule is the total energy of the system MBene +
molecule, 𝐸M2B2

is the total energy of the pristine sheet and 𝐸molecule is
the total energy of the isolated molecule. From this definition, negative
E𝑎𝑑 𝑠 values lead to energetically favorable adsorptions.

Another important descriptor is the recovery time, t𝑟𝑒𝑐 , which esti-
mates the recovery performance of the sensor and is calculated as:

𝑡𝑟𝑒𝑐 = 𝜈−1𝑒−𝐸𝑎𝑑 𝑠∕𝑘𝐵𝑇 ,
where 𝑘𝐵 is the Boltzmann constant in eV/K, 𝑇 is the temperature, set
as 300 𝐾 in the present work, and 𝜈 is the attempt frequency taken as
1012 s−1 based on previous works [17,32–34].

The charge transferred between the MBene and the molecule during
the interaction was obtained by performing Bader analysis [35]. Of our
interest is the charge difference computed as:

𝛥𝜌 = 𝜌M2B2+molecule − 𝜌M2B2
− 𝜌molecule,

being 𝜌M2B2+molecule the charge of the complete system
substrate+molecule, 𝜌M2B2

the charge of the corresponding pristine
sheet and 𝜌molecule the charge of the isolated molecule.

For all structures, spin-polarized calculations are performed, and
four different magnetic configurations, one ferromagnetic (FM) and
three antiferromagnetic (AFM) (see Fig. B.12), have been considered
to determine the most energetically favorable.

To calculate the electron conductivity, we have used the BoltzTrap2
code [36,37] in the constant relaxation time approximation framework
(the relaxation time constant 𝜏 is approximated as 0.8 × 10−14 s).
Finally, all the visualizations were performed using the Visualization
for Electronic and STructural Analysis (VESTA) software [38].

3. Results and discussion

3.1. Structural, electronic, and magnetic properties of pristine MBenes

In Fig. 1, we show the minimal energy configurations and the
electronic structure of the pristine MBenes after structural optimization.
In contrast to MXenes, MBenes can be stabilized without the need for
surface passivation [10], which implies an advantage in investigating
the behavior of their surfaces [46] under different chemical or physical
processes. Each MBene presents an orthorhombic structure with 𝑃 𝑚𝑚𝑎
(no. 51) space group symmetry, where six neighbors surround each
atom. The buckled bilayers of boron are sandwiched between transi-
tion metal (TM) layers. The resulting lattice parameters and cohesive
energies are shown in Table 1 and qualitatively, and also in some cases
quantitatively, agree with other works [6,15,16,39–43]. The MBene’s
thickness (𝑡ℎ) is obtained from the vertical distance between the cap-
ping TM layers. The shortest TM–B distance corresponds to Fe2B2
(2.090 Å) and the largest distance, to Zr2B2 (2.479 Å). The cohesive
energies are 5.040 eV/atom for Cr2B2, 5.328 eV/atom for Fe2B2, and
7.295 eV/atom for Zr2B2. Those large values are an indication of a
high bond strength and help to determine that the structure has a good
thermodynamic stability [47]. Moreover, the values are close in mag-
nitude to those reported for MXenes [48]. The results differ from those
of our previous works [15,16] because, in the present study, we have
used the Hubbard 𝑈 correction and a different unit cell size. However,
the trends (e.g., increasing 𝐸𝑐 𝑜ℎ from Cr2B2 to Zr2B2) and the order of
magnitudes are very close to those reported before. Furthermore, we
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Table 1
Lattice parameters 𝑎 and 𝑏 (in Å), thickness (𝑡ℎ, in Å), distance between TM and boron (TM–B, in Å), distance between boron and boron (B–B, in Å), and cohesive energy (𝐸𝑐 𝑜ℎ,
in eV).

MBene 𝑎 𝑏 𝑡ℎ 𝑑TM−B 𝑑B−B 𝐸𝑐 𝑜ℎ
This work Cr2B2 2.884 2.870 3.071 2.35 1.605 5.05

Fe2B2 2.804 2.812 2.385 2.09 1.771 5.33
Zr2B2 3.084 3.281 2.838 2.48 1.720 7.30

Other works Cr2B2 2.885 [15] 2.860 [6] 2.930 [39] 2.870 [15] 2.850 [6] 2.870 [39] 2.122 [15] 2.10 [15] 2.11 [6] 1.810 [15] 6.22 [15] 4.54 [16] 4.79 [40] 6.30 [41]
Fe2B2 2.823 [15] 2.800 [6] 2.770 [39] 2.787 [15] 2.680 [6] 2.820 [39] 2.134 [15] 2.130 [42] 2.04 [15] 2.05 [6] 1.813 [15] 6.90 [15] 6.24 [16] 4.72 [40] 5.60 [42]
Zr2B2 3.084 [15] 3.07 [43] 3.281 [15] 3.27 [43] 2.817 [15] 2.840 [43] 2.46 [15] 2.43 [43] 1.721 [15] 8.05 [15] 7.58 [16] 7.74 [44] 7.75 [45]

Fig. 1. (a–c) Band structure and projected density of states (PDOS) of the studied pristine MBenes. Majority and minority spin bands are plotted in blue and red, respectively.
Boron’s contribution to the PDOS is represented in green, and Cr, Fe, and Zr are represented in blue, orange, and magenta, respectively. The Fermi energy in the plots has been
set to zero. (d–f) Minimum energy configurations of the pristine MBenes. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

corroborated in our previous work [15] the dynamic stability of the
studied structures. Mir et al. [6] also confirmed the nonexistence of
imaginary frequencies in the phonon dispersion relation.

The electronic properties of our pristine MBenes have been studied
considering the spin-polarized projected density of states (PDOS) and
the band structure is shown in Fig. 1. This study concludes that all the
pristine compounds are metallic, with partially occupied bands crossing
the Fermi level, in accordance with previous findings [7]. However,
Cr2B2 is semimetallic with a very small overlap between the bottom of
the conduction band (CB) and the top of the valence band (VB).

Moreover, from the Bader analysis, we conclude that the charge
transfer always occurs from the metal (which loses nearly one electron)
to the boron ion, whose charge increases from three to around four
electrons. Also, the resulting high conductivity values of the pristine
MBenes are similar to those found in the literature [6]. The averaged
values between the 𝜎𝑥𝑥 and 𝜎𝑦𝑦 components are 7.60 × 1019, 1.12 × 1020,
and 1.07 × 1020 Ω−1 ⋅m−1 ⋅ s−1 for Cr2B2, Fe2B2 and Zr2B2, respectively.
Turning to magnetic properties, our results show that both Cr- and Fe-
based MBenes have adopted an antiferromagnetic (AFM) ground state
but with two different arrangements, shown in Fig. 2, of the atomic
magnetic moments, whereas the Zr-based MBene remains nonmagnetic.
The absolute values of the magnetic moments of Cr and Fe are 3.55 and
2.64 𝜇B, respectively, and there is also some polarization in the boron
chains of 0.02 and 0.07 𝜇B, respectively.

3.2. Adsorption of hazardous molecules on orthorhombic MBenes

3.2.1. Structural behavior and adsorption energies
Taking into consideration the symmetry of the unit cell, we have

established four starting configurations to set the molecules (Fig. 3):

Fig. 2. The ground state antiferromagnetic configurations for Cr2B2 (left) and Fe2B2
(right). B, Cr and Fe are described by green, blue and gold spheres, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

on top of a metal atom (TopM), on top of a boron atom (TopB), in a
bridge position between a metal and a boron atom (Bridge), and over
a metal atom with a position on the bottom plane (Hollow).

In the case of the CO molecule, we have considered two different
orientations with respect to the monolayer: with either O or C pointing
towards the MBene. Moreover, two different starting orientations have
also been considered for the diatomic molecules: vertical and hori-
zontal. In total, eleven possible adsorption configurations have been
considered in our calculations (Appendix D shows a complete set of
results). The most stable sites of the molecules after the optimization
(see Figs. 4, 5, and 6) indicate that the adsorption energies are related
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Table 2
Adsorption energy (𝐸𝑎𝑑 𝑠, in eV), charge transfer (𝛥𝑞, in 𝑒), and recovery time (𝑡𝑟𝑒𝑐 ) for each molecule interacting with the MBene surface. Some values for recovery times are
highlighted: those in bold are the most suitable for sensing purposes, and those enclosed in boxes are better for capture.

CO CO2 H2O NH3 NO2 SO2 O2 N2

Cr2B2 𝐸𝑎𝑑 𝑠 −4.76 −0.36 −0.37 −3.78 −5.92 −4.81 −5.83 −0.79
𝛥𝑞 −0.33 −0.07 −0.08 −0.02 −0.77 −1.24 −2.67 −0.18
𝑡𝑟𝑒𝑐 years 1.116 μs 1.643 μs years years years years 18.68 s

Fe2B2 𝐸𝑎𝑑 𝑠 −0.89 −0.20 −0.49 −0.66 −1.94 −1.50 −1.89 −0.25
𝛥𝑞 −0.31 −0.05 −0.04 0.03 −0.72 −0.93 −1.26 −0.14
𝑡𝑟𝑒𝑐 14.9 min 2.290 ns 170.5 μs 0.123 s years years years 15.84 ns

Zr2B2 𝐸𝑎𝑑 𝑠 −3.37 −3.27 −1.01 −1.11 −11.06 −5.64 −9.01 −2.31
𝛥𝑞 −1.97 −2.19 −0.23 −0.07 −4.57 −2.29 −2.38 −1.75
𝑡𝑟𝑒𝑐 years years 1.07 days 51.36 days years years years years

Fig. 3. Starting configurations for the studied molecules on a generic MBene surface.

to the distances between each of them and the MBene and that they
are more likely to adsorb on top of the metal ions.

In Table 2, we summarize the adsorption energies of the molecules
together with the charge transfers (CTs) and recovery times. From these
values, two first observations can be drawn: the adsorption energies are
similar to those reported in the literature [17,49,50], and the charge
transfer between the MBene and the molecule is related to the strength
of the interaction (except for NH3 for which a small charge transfer is
obtained). In the following, chemisorption will be considered when the
adsorption energies are larger than 0.2 eV, and the distance between
two atoms is less than 3.0 Å [51–53]. In contrast, the rest of the
interactions can be considered physisorption. We have observed an
enhancement of adsorption energy values after the inclusion of the
van der Waals correction, on average, by 0.37, 0.17, and 0.22 eV
for the molecules adsorbed on Cr2B2, Fe2B2, and Zr2B2, respectively,
although the adsorption trends and final optimal sites remain the
same in comparison with standard DFT. A very similar scenario was
reported for the adsorption of NH3, NO, NO2, and CO molecules on
borophene [54] for which the inclusion of the dispersion correction
results in an increase of the adsorption energy ranging between 0.16
and 0.34 eV. The same increase was observed for the adsorption of
certain organic molecules on Ag(111) [55] or Fe(100) [56] and water
on metals [57].

The reported (see Table 3) values for CO, CO2, NH3, and NO2
adsorbed on other 2D materials like borophene (with adsorption en-
ergies of −1.38, −0.36, −1.75, and −2.32 eV, respectively) [58] or
borophene/MoS2 heterostructure (−1.15, −0.64, −1.52, and −2.12 eV,
respectively) [59] are in the same order of magnitude, being even
higher than the values for graphene (−0.01, −0.05, −0.03, and −0.07
eV, respectively) [60,61], MoS2 (−0.44, −0.33, −0.16, and −0.14 eV,
respectively) [62,63], phosphorene (−0.32, −0.41, −0.50, and −0.60
eV, respectively) [64], silicene (−0.18, −0.04, −0.60, and −1.37 eV,
respectively) [65], or germanene (−0.16, −0.10, −0.44, and −1.08 eV,
respectively) [66]. It is noteworthy the closeness between our results
and the values for borophene, not only from a quantitative perspective
but also in the behavior, yielding in both cases the CO2 molecule the
lowest adsorption energy. This coincides with the experiment [70],

Table 3
Reported adsorption energies, 𝐸𝑎𝑑 𝑠 (in eV), for other representative 2D materials.

Material CO CO2 NH3 NO2

buckled-Bj −0.76 −0.90 −1.96 −2.84
buckled-Ba −1.38 −0.36 −1.75 −2.32
𝛽12-Bk,l,m −1.19 −0.18 −0.94 −1.31
𝜒3-Bk,n −0.44 −1.11 −1.80
(𝛽12+𝜒3)-Bk −1.13 −1.89

−1.48 −2.14
Boroph./MoS2

b −1.15 −0.64 −1.52 −2.12
MoS2

e,f −0.44 −0.33 −0.16 −0.14
Graphenec,d,j −0.01 −0.05 −0.03 −0.07
Phosphoreneg −0.32 −0.41 −0.50 −0.62
Siliceneh −0.18 −0.04 −0.60 −1.37
Germanenei −0.16 −0.10 −0.44 −1.08

a Ref. [58].
b Ref. [59].
c Ref. [60].
d Ref. [61].
e Ref. [62].
f Ref. [63].
g Ref. [64].
h Ref. [65].
i Ref. [66].
j Ref. [53].
k Ref. [67].
l Ref. [68].
m Ref. [54].
n Ref. [69].

which points to a physisorption nature of the interaction, ruled by vdW
forces.

In most cases, the highest values of the adsorption energy are
achieved for Zr2B2, suggesting that Zr2B2 is more suitable as a gas
capturer than Fe2B2. Therefore, Fe2B2 serves better as a sensor due
to the small charge transfer of only 0.05, 0.04, or 0.03 electrons for
CO, CO2, and NH3, an indicator that physisorption takes place. The
adsorption trends of the three MBenes are similar due to the ability of
the SO2 and NO2 molecules to form several bonds with the metal atoms
of the surface, leading to larger adsorption energies, which indicate
chemisorption.

In general, the original structure of the corresponding MBene is
well maintained after the adsorption of the molecule. An exception
is Cr2B2 whose boron chains, in specific cases (after the adsorption
of CO, NH3, NO2, and SO2), become planar instead of keeping the
typical zig-zag shape characteristic of the orthorhombic M2B2 MBenes,
what is visible in the upper row of Fig. 4). Moreover, the arrange-
ment of boron atoms in these particular situations (see bottom row
of Fig. 4) resembles the structure of the hexagonal phase of M2B2
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Fig. 4. Side view (top row) and top view (bottom row) of the adsorbed molecules on Cr2B2. Bond distances and adsorption energies are indicated.

Fig. 5. Side view (upper row) and top view (bottom row) of the adsorbed molecules on Fe2B2. Bond distances and adsorption energies are indicated.

Fig. 6. Side view (upper row) and top view (bottom row) of the adsorbed molecules on Zr2B2. Bond distances and adsorption energies are indicated.

MBenes. This deformation reflects the degree of the interaction between
the molecules and the MBene, caused by the chemisorption. Also, the
oxygen molecule dissociates into two O atoms that bond to two metal
and boron atoms on the surface. These cases correlate with very high
adsorption energies, indicating a strong interaction. Compared to the
other cases, the adsorption energy between the water molecule and this
MBene is relatively small, indicating that any device based on the Cr2B2
MBene will not be significantly affected by humidity.

In the case of the Fe-based MBene, we find a decrease in the
adsorption energies with respect to the other studied MBenes, and there
are no significant distortions in the structure. The CO molecule has the
carbon atom oriented towards the surface. When started vertically, the
oxygen molecule aligns to the surface after structural optimization and
ends horizontally adsorbed on the substrate. A similar result is obtained
for the case of Cr2B2. Finally, the Zr-based MBene behaves differently

from the other two MBenes due to the highest adsorption energies
among all and even the dissociation of several molecules, including
NO2, SO2, and O2. Also, the Zr ion bonds with the oxygen atom of the
CO and CO2 molecules (making this MBene suitable for carbon dioxide
capture), whereas Cr and Fe ions tend to interact with their respective
carbon atoms, and another difference observed is that the N2 molecule
is adsorbed horizontally on the Zr2B2 surface, in contrast to the vertical
orientation adopted on Cr2B2 and Fe2B2 surfaces.

The recovery time gives an idea of the time that the sensor takes, in
the absence of the gas, to pass from a certain response (e.g., 90% of the
maximum response when the gas is injected) to a certain percentage of
it (e.g., 10%) when the gas is removed. It depends on the adsorption
energy and, hence, on the interaction strength between the MBene and
the molecule. At the same time, the molecules undergo adsorption and
desorption processes, which are in dynamic equilibrium. In this sense,
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Fig. 7. Adsorption energies compared with the amount of charge transferred from the MBene surface to the molecule. The values of the adsorption energies are given below each
bar.

it is a significant parameter for gas sensors that must be considered
but always be interpreted carefully because it is only an indicator and
does not accurately measure the time required for the sensor to recover.
The moderate adsorption energies for Cr2B2 and Fe2B2 deliver shorter
recovery times (in the order of nanoseconds and seconds), a similar
order of these observed for MXenes [71,72], making them more suitable
as sensors, for specific molecules, than Zr2B2, which is more indicated
as a gas adsorbent due to its extremely high recovery values (in the
order of days and years). The high recovery time values coincide with
the strong interaction with the surface and even the dissociation of
some of the studied molecules. For example, the surface of Zr2B2 causes
the rupture of the NO2, SO2, and O2 molecules whose atoms bond with
the metal and boron atoms of the surface. Also, the structure of the
Cr-based MBene gets severely distorted after adsorbing CO, NH3, NO2,
SO2, and O2 molecules. Therefore, we can conclude that Zr2B2 would
be unsuitable as a sensor but could have other useful applications like
a gas capturer to remove harmful gases.

3.2.2. Electronic properties
In this section, we examine, using the Bader analysis and the

projected density of states (PDOS) (see Fig. D.13), the changes in the
electronic structure and the charge transfer after the adsorption of
the molecules and the consequent structural distortions. The charge
transfer occurs predominantly from the MBene to the gas molecules.
The Bader analysis reveals the consistency between the charge transfer
and the adsorption strength as it is shown in Fig. 7, with the CO2
and H2O molecules as weakly bound species on Cr2B2 (with small
charge transfer of −0.07 and −0.08 𝑒, respectively) and Fe2B2 (with
−0.05 and −0.04 𝑒, respectively) and, on the contrary, the NO2 and
SO2 molecules on Cr2B2 (with charge transfer −0.77 and −1.24 𝑒) and
Fe2B2 (with charge transfer −0.72 and −0.93 𝑒) as strongly interacting
molecules. For Zr2B2, the H2O and NH3 molecules show the smallest
adsorption energies (−1.00 and −1.11 eV, respectively) and charge
transfers (−0.23 and −0.07 𝑒, respectively) among all the molecules
involved in this study.

In Fig. 8, we plot the charge difference between the pristine and the
pristine+molecule systems, where the yellow areas mean electron gain
and the blue areas, electron loss. From the figure, it is clear that the
charge is transferred normally from the surface towards the molecule
and that the CO, CO2, H2O, and NH3 molecules show the smallest
values of charge transfer, which is consistent with the numerical results
from the Bader analysis. A curiosity found in the results is that NH3 on
Fe2B2 behaves as a donor, that is, the charge transfer happens from the
molecule to the Fe-based MBene, similar to other works [17] and to the
interaction of this molecule on similar substrates [67], demonstrating

that the MBene substrate not only behaves like a donor but also like an
acceptor of charge.

A general trend in all the MBenes is that the CO2 molecule does
not significantly alter the electronic structure of the MBenes since
it introduces localized states that are deep in energy (between −10
and −5 eV approximately). For Cr2B2, the Fermi level of the pristine
structure lies on a minimum in the density of states. However, the
system remains metallic since the Fermi energy crosses a nonzero
PDOS region (see Fig. 1). The most significant changes at this level
are observed for the CO, NH3, NO2, SO2, and O2 molecules, while
H2O has an almost negligible effect on the electronic properties around
the Fermi level (see Fig. D.13). Except for SO2, such changes consist
of a broadening of the PDOS, with respect to the pristine cases, due
to hybridization between the boron and the metal atoms because the
contributions of the molecules are located deeper in energies (between
−5 and −10 eV for CO and NH3, −1.5 and −12 eV for NO2, −7 and
−12 eV for N2). This redistribution of states is tightly related to the
interaction of the molecules with the MBenes’ surface and, hence, with
the observed structural distortions (see Fig. 4). SO2 is the only molecule
contributing to the PDOS with states surrounding the Fermi level.

The contribution of molecules to the PDOS is significant for CO,
NO2, SO2, and O2 interacting with Fe2B2 (see Fig. D.13). This correlates
with the strongest adsorption energies derived from the multiple bonds
between the atoms of the molecules and Fe, leading to the highest
values of transferred charge values.

The PDOS of the pristine Zr-based MBene (Fig. 1) shows that the
main contribution at the Fermi level comes from the Zr atoms, and it
lies near (but not exactly on) a peak. This peak results shifted after
the adsorption of each molecule what leads to interesting differences in
the conductivity that will be discussed in the next section. The strong
interaction between NO2, SO2, and O2 molecules and Zr2B2 is reflected
in the redistribution of states surrounding the Fermi level.

3.2.3. Conductivity
The changes in conductivity, 𝜎 = (𝜎𝑥𝑥 + 𝜎𝑦𝑦)∕2 (see Appendix E),

after the molecular adsorption, with respect to the pristine MBenes
are shown in Fig. 9. The biggest conductivity deviations from pristine
Cr2B2 correspond to the NO2 and SO2 molecules, which have two
atoms (nitrogen and oxygen, sulfur and oxygen) bounded to two Cr
atoms and produce an enhancement in the resistivity, coming from the
backscattering of electrons introduced by the molecules.

The same molecules show the largest deviations when are adsorbed
on Fe2B2, and result strongly bonded to this MBene. The hybridization
between the orbitals of the SO2 molecule and the 𝑑 states of Fe at the
Fermi level is evident. Also, the O2 molecule causes an important drop
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Fig. 8. Charge difference, 𝜌MBene∕molecule(𝑟) − 𝜌MBene(𝑟) − 𝜌molecule(𝑟), between the pristine and the pristine+molecule systems [the isosurfaces are taken at 0.07 𝑒∕Å
3

(0.01 𝑒∕bohr3)].
(a), (b), and (c) represent the systems Cr2B2/molecule, Fe2B2/molecule, and Zr2B2/molecule, respectively. The yellow areas mean electron gain and the blue areas, electron loss.

Fig. 9. Variation in conductivity, 𝜎 = (𝜎𝑥𝑥+𝜎𝑦𝑦)∕2, after the molecule adsorption respect
to each pristine value.

in the conductivity due to the double bonding of its constituent atoms
to the metals of the surface.

The adsorption of molecules on Zr2B2 is causing differences in the
contribution of Zr at the Fermi level, which is responsible for the
deviations in conductivity with respect to the pristine value. The states
at the Fermi level are enhanced after the adsorption of H2O and NH3,
which could explain the relative increase in the conductivity. On the
other hand, the dissociation of SO2 on this MBene leads to a drop in
the conductivity.

Fig. E.14 shows the components of the conductivity tensor for each
system (see Appendix E). As expected, the 𝜎𝑧𝑧 component (normal to
the surface) is always negligible. Conductivity in Cr2B2 is dominated
by the 𝜎𝑦𝑦 component for both the pristine and the MBene/molecule
systems, whereas for Fe2B2 the 𝜎𝑥𝑥 component is more important. Still,
Zr2B2 shows an inversion between the pristine sheet (dominated by the
𝜎𝑦𝑦 component) and the system MBene/molecule, which always results
dominated by the component 𝜎𝑥𝑥).

3.2.4. Magnetism
Now, we will describe the magnetic properties of the studied sys-

tems. Magnetism was not always taken into account in similar studies.
In the few previous studies that exist in the literature [18,39–42,73],
the focus of the attention was to use the MBenes as robust magnets
with high Curie Temperatures. Still, considering that Fe, Cr, and Zr are
transition metals, we found the description of the magnetic properties
of MBenes interesting. As mentioned above, we have started with two
different magnetic configurations for each pristine MBene. The ground
state of two of our MBenes is AFM, although in different configurations
(see Fig. 2), whereas Zr2B2 is nonmagnetic. Focusing on the systems
with magnetic properties, the electronic configurations of Cr and Fe
are [Ar] 3𝑑4 4𝑠2 and [Ar] 3𝑑6 4𝑠2, respectively. Following the Pauli
exclusion principle and Hund’s rules, the magnetic moments of the
freestanding metals are 4 and 3 𝜇B for Cr and Fe, respectively. In
contrast, the magnetic moments of Cr and Fe in Cr2B2 and Fe2B2
are 3.55 and 2.64 𝜇B, respectively, which are however close to the
values for isolated atoms. It is also important to mention that the Bader
analysis shows that some charge (more than half of an electron) is
transferred from the transition metal to the boron atom. Consequently,
some magnetic moment is also localized on the B atoms. This induced
spin polarization is around 0.02 and 0.07 𝜇B in Cr2B2 and Fe2B2,
respectively.

Figs. 10a and 10b show isosurface plots for the difference be-
tween the electronic densities corresponding to spins up and down
for Cr2B2/molecule and Fe2B2/molecule, respectively [the isosurfaces
are taken at 0.3 𝑒∕Å3 (0.05 𝑒∕bohr3)]. The blue areas show predomi-
nantly minority spin regions, whereas the yellow areas show majority
spin regions. Table 4 summarizes the total magnetic moments of the
MBene/molecule system (per unit cell) and the resulting magnetic
moment on the molecule upon its adsorption on the surface of the
MBene. In most cases, the magnetic moment induced in the molecule is
small. On the other hand, important changes arise in the magnetism of
the MBene/molecule system, with an increase in the values from 0.00
𝜇B for the AFM pristine MBenes to −0.30, 1.64, −0.28. −0.45 and −0.26
𝜇B for CO, NH3, NO2, SO2, and O2, respectively, on the Cr-based MBene
and −0.28, 0.33, 0.45, 1.23, 1.30, and 1.68 𝜇B for CO, H2O, NH3, NO2,
SO2, and O2, respectively, on the Fe-based MBene.

We have performed spin-polarized calculations of all the isolated
molecules, concluding that all the molecules present a net magnetic
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Fig. 10. Spin density difference, 𝜌↑(𝑟) − 𝜌↓(𝑟), for (a) Cr2B2/molecule and (b) Fe2B2/molecule [the isosurfaces are taken at 0.3 𝑒∕Å
3

(0.05 𝑒∕bohr3)].

Table 4
Total magnetic moment, 𝜇𝑡𝑜𝑡., and molecular magnetic moment, 𝜇𝑚𝑜𝑙 ., in 𝜇B, for each
MBene/molecule system.

CO CO2 H2O NH3 NO2 SO2 O2 N2

Cr2B2 𝜇𝑡𝑜𝑡. −0.30 0.00 0.11 1.64 −0.28 −0.45 −0.26 0.09
𝜇𝑚𝑜𝑙 . 0.01 0.00 0.00 −0.01 0.00 −0.2 0.00 0.02

Fe2B2 𝜇𝑡𝑜𝑡. −0.28 −0.01 0.33 0.45 1.23 1.30 1.68 0.00
𝜇𝑚𝑜𝑙 . −0.04 0.01 0.01 0.01 0.05 0.07 0.15 0.00

moment equal to zero, except NO2 and O2, whose ground states are
magnetic (with total magnetic moments of 1 and 2 𝜇B for NO2 and O2,
respectively). On Cr2B2, all the molecules show an almost negligible
magnetization, with some exceptions like SO2 whose magnetic moment
increases from zero to −0.20 𝜇B on the surface of Cr2B2. This type of
magnetization induced in a molecule has been reported before, as is the
case of the NO molecule on borophene [58]. The magnetic moment of
the Cr atom just below the CO molecule has decreased from 3.55 to
3.16 𝜇B, which is, in turn, the atom that has lost more charge in the
transfer towards the molecule. Conversely, C and O show a polarization
of −0.02 and 0.02 𝜇B respectively. The molecular magnetic moment
equals zero for NO2 and O2 (their behavior changes from paramagnetic
to nonmagnetic). In the NO2 molecule, the nitrogen and oxygen atoms
bonded to the Cr atoms have 0.05 and −0.05 𝜇B respectively, while the
remaining atom has only 0.002 𝜇B. The total sum results almost null.
The same can be said for O2, where each atom in the molecule adopts
an opposite sign with respect to the other, canceling the total magnetic
moment of the molecule (the starting magnetic moments per atom are
aligned in the isolated molecule).

In summary, from the perspective of magnetism, Fe2B2 is more
interesting than Cr2B2 given that not only the resulting total magnetic
moments are in most cases larger in absolute value (see Table 4) but
also the molecules result more polarized (e.g., −0.04, 0.05, 0.07, and
0.15 𝜇B for CO, NO2, SO2, and O2, respectively). At a glance at Fig. 10,
the most significant differences in magnetism between the pristine
systems and the systems after the interaction happen for the molecules
showing strong chemisorption to the MBene, a fact that is reflected in
Table 4.

4. Summary and conclusions

We have demonstrated that the studied MBenes can be potentially
used as sensors or adsorbents for hazardous molecules. The large cohe-
sive energies and dynamical stability of the pristine sheets make them
suitable materials for capture, reduction, and sensing purposes. Their
metallic nature, mainly derived from the 𝑑-orbitals of the metal atoms,
makes them ideal for these applications. In most cases, the studied
MBenes exhibit high adsorption energies and significant charge transfer

from the surface to the molecule. However, some challenges may arise,
such as structural deformation in Cr-based MBenes after the adsorption
of specific molecules and large adsorption energies that could limit
their reusability as gas sensors. Despite these challenges, our theoretical
results could provide valuable insights for future experimental work, as
experimental studies in sensing, conversion, and capture using MBenes
are still limited.

Regarding magnetic properties, the molecular magnetic moments
are almost zero when attached to the MBene surface, except for the
SO2 molecule on Cr2B2. However, the total magnetic moments of the
MBene/molecule systems have significantly increased in most cases,
particularly in those experiencing a stronger chemisorption.

Based on our findings, Cr/Fe/Zr-based MBenes could be considered
as potential substrates for the detection/capture of gas molecules,
potentially paving the way for designing sensor nanodevices based on
these materials.
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Appendix A. Total energy convergence

See Fig. A.11.

Appendix B. Starting magnetic configurations

See Fig. B.12.
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Fig. A.11. Total energy convergence with respect to the cut-off energy (top) and 𝑘-point grid (bottom). For all the pristine systems, convergence is achieved with a cut-off energy
of 50 Ry and a 𝑘-point grid of 6 × 6, ensuring that the chosen parameters in the calculations are reliable.

Fig. B.12. Four different starting magnetic configurations have been considered: one
ferromagnetic (FM) and three antiferromagnetic (AFM).

Table C.5
Adsorption energies (in eV) of the eight considered molecules on Cr2B2 for four different
positions. The smallest energy values are highlighted in bold.

Molecule TopM TopB Bridge Hollow

CO (C facing surface) −4.76 −0.46 −4.75 −3.75
CO (O facing surface) −0.09 −0.09 −0.09 −0.09
CO2 −0.14 −0.02 −0.18 −0.36
H2O −0.26 0.12 −0.33 −0.37
NH3 −3.49 −0.28 −3.49 −3.78
NO2 −5.90 −1.86 −5.77 −5.92
SO2 −4.81 −2.07 −4.59 −3.70
O2 (vertical) −5.48 −5.83 −5.27 −5.21
O2 (horizontal) −2.31 −2.57 −2.68 −2.21
N2 (vertical) −0.79 −0.08 −0.10 −0.18
N2 (horizontal) 0.08 −0.08 −0.09 −0.09

Appendix C. Adsorption energies for the studied configurations

See Tables C.5–C.7.

Table C.6
Adsorption energies (in eV) of the eight considered molecules on Fe2B2 for four different
positions. The smallest energy values are highlighted in bold.

Molecule TopM TopB Bridge Hollow

CO (C facing surface) −0.76 0.15 −0.88 −0.89
CO (O facing surface) −0.85 −0.03 −0.13 0.00
CO2 −0.01 −0.15 −0.20 −0.16
H2O −0.27 −0.31 −0.49 −0.06
NH3 −0.50 −0.20 −0.66 −0.61
NO2 −1.28 −1.60 −1.94 −1.59
SO2 −0.54 −0.85 −1.50 −0.65
O2 (vertical) −0.35 −1.81 −1.89 −0.11
O2 (horizontal) −0.31 −1.81 −1.34 −1.39
N2 (vertical) −0.05 −0.08 −0.25 −0.02
N2 (horizontal) 0.11 −0.11 −0.24 −0.11

Table C.7
Adsorption energies (in eV) of the eight considered molecules on Zr2B2 for four different
positions. The smallest energy values are highlighted in bold.

Molecule TopM TopB Bridge Hollow

CO (C facing surface) −1.38 −3.36 −3.37 −1.73
CO (O facing surface) −0.12 −0.07 −3.36 −0.07
CO2 −2.12 −3.27 −3.22 −2.12
H2O −0.78 −0.33 −1.01 −0.46
NH3 −1.11 −0.85 −1.10 −1.10
NO2 −2.47 −5.06 −11.06 −3.38
SO2 −1.38 −5.64 −3.93 −1.40
O2 (vertical) −1.99 −3.07 −8.42 −2.39
O2 (horizontal) −3.21 −9.01 −8.89 −3.96
N2 (vertical) −0.66 −0.07 −0.66 −1.04
N2 (horizontal) −0.24 −1.97 −2.31 −1.04

Appendix D. PDOS for each configuration

Fig. D.13 shows the projected density of states (PDOS) on the M
atoms (M = Cr, Fe, or Zr) in blue, boron atoms in green, and the
molecules in red. The first column corresponds to Cr2B2, the second
to Fe2B2, and the third one to Zr2B2.

Appendix E. Components of the conductivity tensor

Fig. E.14 describes the values of the conductivity tensor components
(𝜎𝑥𝑥, 𝜎𝑦𝑦, and 𝜎𝑧𝑧) for each MBene/molecule system. In general, the
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Fig. D.13. Partial density of states (PDOS) of the MBene/molecule systems. The Fermi energy in the PDOS plots has been set to zero.

Surfaces and Interfaces 56 (2025) 105665 

10 



I.M. Arias-Camacho and N. Gonzalez Szwacki

Fig. D.13. (continued).
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Fig. E.14. Components of the conductivity tensor for the Cr2B2/molecule,
Fe2B2/molecule, and Zr2B2/molecule systems in (a), (b), and (c), respectively.

Cr (see Fig. E.14a) and Fe-based (see Fig. E.14b) MBenes maintain the
predominance of the 𝜎𝑦𝑦 and 𝜎𝑥𝑥 components of the conductivity tensor,
respectively, before and after the adsorption of the molecules. There is
a clear difference between 𝜎𝑥𝑥 and 𝜎𝑦𝑦 when the carbon dioxide and
water molecules interact with the Cr-based MBene, and the same can
be said when the ammonia molecule interacts with the Fe monoboride.
However, in the case of Zr2B2 (see Fig. E.14c) seems to happen an
inversion of this behavior, namely the 𝜎𝑦𝑦 component, larger in the
pristine sheet, is replaced by the 𝜎𝑥𝑥 after the molecular adsorption.
As expected, the out-of-plane 𝜎𝑧𝑧 component is always negligible.

Data availability

Data will be made available on request.
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CHAPTER IV

MAIN CONCLUSIONS, CHALLENGES AND

OUTLOOK

The particular election of the two-dimensional borophene and MBenes is
based on the idea that they could exhibit an exceptional sensing potential
because their entire surface is exposed to adsorb the gas molecules, maximiz-
ing their interaction with the surface. Moreover, their stability in the natural
environment, intrinsic metallicity, and large conductivity are advantageous
compared with similar materials that are excellent for multiple purposes but
limited for sensing applications because of their poor electrical conductivity
and Young’s modulus, instability under ambient conditions, and high sur-
face energy that provokes a reduction of their electrochemically active sites
by restacking.

The novelty of this work lies in the study of selected borophene layers
(α-sheet, honeycomb-like) and MBenes (Fe2B2 and Zr2B2) whose potential as
sensors has not yet been explored for such a set of molecules, while some
other layers (buckled borophene, Cr2B2), with already well-known proper-
ties, have been chosen as a reference to reinforce and validate the results.

As has been mentioned throughout this thesis, most of the possible
structures of these two-dimensional boron-based materials are theoretically
predicted but those experimentally achieved represent only a small subset.
Compared with graphene, the fabrication and characterization of these ma-
terials is quite expensive and the available funding is, to date, almost negli-
gible. An important challenge to narrow the gap between theory and exper-
iments is the correct selection of the underlying substrate to take advantage
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of this richness in structures. It is demonstrated that there is a connection
between the substrate morphology and polymorphism, and that control of
this circumstance paves the way for tuning the electronic and/or surface
properties of these boron-based compounds. In addition, in the particular
case of MBenes, the typical etchant used is hydrofluoric acid, which is highly
toxic, corrosive, and hazardous to human health. To avoid this impact on
the environment, new techniques must be developed, and in this direction,
sputtering, chemical vapor deposition, mechanical and chemical exfoliation,
thermal fragmentation, and even fluorine-free hydrothermal-assisted alka-
line solution etching methods [129] can not only avoid the possible risks as-
sociated with their synthesis, but can also reduce manufacturing times and
costs [130].
Once their stability and excellent conductivity are out of question, both MBenes
and borophenes are ready to be tested as the basis of sensing electronic de-
vices, and in this regard, they have demonstrated an exceptional capability
for adsorbing molecules. Yielding the highest adsorption energies among
similar 2D materials, their ability to capture and reduce specific harmful
molecules has also evidenced that the diversity of these compounds leads
to an unexplored range of possible and unexpected applications.
Another drawback that must be addressed is the distortion suffered by some
layers after strong interactions with specific molecules, which can limit their
reusability as sensors. It is a general trend that the CO2 molecule mani-
fests physisorption instead of chemisorption and is for this reason easy to
detect and track. For example, the α-B and buckled-B sheets are more suit-
able for sensing purposes than the honeycomb-shaped sheet because they
show moderate adsorption energies with the analyte and preserve their orig-
inal structure better.
Another peculiarity arising from MBenes is their magnetism, which origi-
nates in the transition-metal elements. Although it was not the main focus,
this work has also dedicated a separate description of their magnetic prop-
erties, proving that some of them can behave as robust magnets with high
critical temperature. These properties open the window to further investiga-
tion in spintronics or memory storage.

Despite these findings, it is not the end, but only the starting point, and
there is much room left for further research. This work has shown that the
orthorhombic and hexagonal phases are both feasible and close in energy
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and, according to other works [26, 35], orthorhombic MBenes could trans-
form into hexagonal MBenes by controlling environmental conditions. Al-
though orthorhombic MAB phases have been the subject of study in recent
years, the synthesis and characterization of hexagonal MAB phases have un-
dergone notable advancements, with 133 phases predicted as synthesizable,
81 of them that can be potentially exfoliated into 20 stable hex-MBenes [131]
and three of them successfully obtained (Hf2InB2, Hf2PbB and V3PB4). The
next step of this work must then go in the direction of the exploitation of
the unique electronic, transport, structural, and magnetic properties of these
MBenes with a graphene-like boron layer. The different arrangements of
their active sites are expected to lead to substantial differences in compari-
son with those of the studied ortho-MBenes. Functionalization with several
terminal groups (-H, -O, -OH, -Cl, -F) has shown that the robustness of the
material [131] improved but also that it is the origin of changes in electronic
behavior. Besides, a common way of tuning the chemical and physical prop-
erties of 2D materials is the application of strain to the sample, which is jus-
tified as most of the materials are grown on a substrate that does not always
fit perfectly, which is another line of research. An example of combining the
two former effects is that hexagonal TiBF undergoes a transition from a metal
to a semiconductor and from a semiconductor to a metal under biaxial com-
pressive strain.

Beyond the dedicated use of these boron-based materials, there is still
room to explore their combination in hybrid heterostructures, or even dop-
ing: heterojunctions exhibiting a synergistic effect with novel and challeng-
ing properties and doping that improves the performance of the electrodes.
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