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1.0 Introduction

MXenes are 2D materials with the formula M,,,; X, T,—where M represents an early
d-block transition metal, X represents a Carbon or Nitrogen atom, and T represents the surface
terminations group—that have the potential for photocatalytic applications. Photocatalysis is the
process in which a photocatalyst absorbs light, creating an electron-hole pair which creates an
environment for oxidation, as the excited electrons are used to reduce an acceptor and the hole is
used for the oxidation of donor molecules. MXenes can be useful in many applications because
they are so customizable, as the M layer can be a variety of early transition metals and the
termination group can be changed to be F, O, OH, etc. For instance, by changing the termination
groups on a MXene, the alignment of electronic states can be adjusted. In photocatalysis,
MXenes are mainly useful for promoting photogenerated charge carrier separation due to their
Fermi level which is lower than most known semiconductors and therefore allows electrons to
flow from the semiconductor to the MXene. MXenes properties can be simulated using density
functional theory (DFT) calculations to reduce the need for laboratory testing.

In this report, we discuss the role of MXenes in photocatalysis and how DFT can be used
to model MXenes. We then present our methodology for calculating MXene properties—Ilattice
parameter, magnetic moment, density of states, band structure, work function—using VASP and
provide an analysis of our results. Finally, based on our calculations, we recommend that Cr;C,F,
may be useful for photocatalysis due to its high density of states and work function higher than
that of Si:H, a common semiconductor used in solar panels. V;C,0, may also be useful, although
it does not have an especially high density of states. Sc;C,F, was the only MXene modeled to
exhibit semiconductor properties, so this MXene could also be useful but further analysis and
calculation of more properties is recommended.



2.0 Background
2.1 What are MXenes?

MXenes, pronounced “maxenes,” are a relatively new class of 2D materials that were
discovered in 2011 and have garnered the attention of many working in the field of material
science. This is due to the set of attractive properties MXenes have that make them suitable for
many practical applications; these include but are not limited to their high conductivity, excellent
photoelectric and electrochemical properties, and highly functional surface area (Champagne
2020). Figure 1 shows the structure of one MXene, Ti;C,0,, with 1A displaying a 2-dimensional
side view and 1B showing a 3-dimensional sheet.
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Figure 1: Structure of a MXene, Ti;C,0,. (A): Side View of a MXene showing individual atoms.
(B): Side view of a MXene showing the different layers that make up the ‘sheet’.

Research into MXenes and 2D materials as a whole was brought on by the discovery of
single-sheet graphene in 2004 (Gogotsi, 2021). Single sheet graphene is composed of one layer
of carbon atoms that are sp* bonded in a hexagonal orientation. It has superior electrical and
mechanical properties compared to that of its 3D graphite precursor. Because of this
phenomenon, there has been a large recent interest in the 2D analogs of other 3D materials, with
the goal being to find more 2D materials with exceptional properties. This has led to the
discovery of many new families of 2D materials in the years since. MXenes are one of these new
materials, and they have many potential applications, while still requiring more research to be
done to fully characterize and commercialize them.

MXenes refer to a class of materials that all share a similar structure, which is related to
their name. All MXenes follow the general formula M, X,T,, where M represents an early
d-block transition metal, X represents a Carbon or Nitrogen atom, and T represents the surface
terminations group which is generally O, OH, F, or CI (Shuck, 2020) The surface terminations
are bonded to outer M layers when the MXene is derived from its precursor 3D MAX phase.
These MAX phases are layered ternary carbides or nitrides. The A in these MAX phases
represents main-group sp elements, most commonly those belonging to the IITA or IVA group.



MXenes can be synthesized by selectively etching the A atoms of a MAX phase with an
acid mixture. This etching process exposes the M atoms to the acid mixture and, depending on
the mixture, determines what function groups randomly distribute along the surface (Caffrey,
2018). The first single layer MXene that was successfully synthesized, Ti;C,T,, was produced in
2013 by etching Ti;AIC, with hydrofluoric acid. Other etchants such as HCI and LiF have also
been used to synthesize MXenes (Gogotsi, 2019). Etching time is another factor that can impact
a MXene’s structure (Cui, 2019). The etchants and method used to synthesize MXenes can vary
based on the desired surface terminations, but in general, a Lewis acidic melt etching method is
preferred. This is a top-down approach method in which a molten salt, such as ZnCl,, acts as a
Lewis acid and thermodynamically reacts with the A element of a MAX phase, stripping it from
the remaining composite. This method is generally more preferred as it does not require the use
of HF, making it a safer and cleaner method (Li, M, 2019). There have been many more MXenes
successfully synthesized since 2013. Some of these include: Ti,C, Ti;C,, Nb,C, Ti;CN, Ta,C;,
V,C, and Nb,C; (Li, X, 2018). Several new subfamilies of MXenes have also been discovered,
such as the ordered double-transition metal MXenes which follow the formula, M',M"C, or
M',M",C;, where M’ and M” are two unique transition metals (Alhabeb, 2017). The field of
MXenes is quickly growing, and as of 2020, over 30 unique MXenes have been successfully
synthesized, and even more have been modeled using computational methods (Huang, 2020).

2.1.1 Properties of MXenes

The properties of MXenes are what make them noteworthy in the field of material
science and especially in the area of 2D materials. Compared to other 2D materials, MXenes
generally have a combination of high electrical conductivity, hydrophilic properties, and stability
(Hart, 2019). The specific properties of each MXene are linked to its elemental composition and
the surface termination groups present, so while generalizations can be made for the family of
materials, individual MXenes do differ greatly from another (Zhan, 2020). When MXenes are
synthesized the specific elements and etching material are chosen to produce a desired property
(Alhabeb, 2017).

In general, the properties that make MXenes very desirable are their combination of high
electrical and thermal conductivities, various magnetic ordering, and high Young’s modulus
(Champagne, 2020). The mechanical properties of MXenes are highly dependent on the surface
termination groups present. For instance, it has been shown that MXenes with O terminated
surface groups have a higher stiffness than the same MXenes with F and OH surface
terminations (Zhan, 2020). This is due to the smaller lattice parameter of the O terminated
MXenes. The number of atomic layers—denoted by n in the MXene chemical formula—also has
been shown to have a large impact on the mechanical properties. MXenes with lower values of n
have been found to have higher strength and hardness values. Due to their inherent 2D nature,
MXenes have a large surface area to volume ratio, which is very useful for many of their
applications.

The electronic properties of MXenes are especially important as they pertain to many of
their common applications. 2D materials as a whole generally have extraordinary photoelectric
and electrochemical properties, as well as a high electric conductivity due to their inherent
physical shape (Kuang et al., 2020). Most MXenes are metallic, however, specific MXenes such
as T1,CO,, Zr,CO, and Hf,CO, have semiconducting properties due to their surface terminations
(Khazaei, 2017). Whether a MXene has the electrical properties of being a metal or
semiconductor is dependent on the chemical composition of the MXene itself, meaning an
appropriate MAX phase and etchant must be selected to synthesize them. MXenes that are



semiconductors all have an indirect bandgap, except for Sc,C(OH),, which has a direct bandgap
(Champagne, 2020). Having the properties of a semiconductor allows these certain MXenes to
perform as photocatalysts.

Semiconducting MXenes have other properties that make them suitable as photocatalysts.
The surface termination groups O and OH give MXenes hydrophilic functionalities on their
surfaces, which allow for strong interactions with water molecules (Li, X, 2018). The previously
mentioned high conductivity is also desirable for photocatalysis, as it allows for high levels of
electron mobility. The terminal metal sites, M group, exposed on MXenes allow for strong redox
properties. MXenes also can have stability in aqueous solutions such as water. Not all MXenes
are suited to act as photocatalysts, those that are can be synthesized specifically for the
aforementioned properties.

2.1.2 Applications of MXenes

The attractive physical and electrical properties of MXenes allow them to have a wide
variety of applications. Some MXenes are being considered as materials to use for sensors,
specifically sensing pressure, strain, biochemicals, temperature, and gas. 2D materials have been
being used in sensors for over a decade, as their large specific surface area and excellent
conductive properties allow them to perform well in this role (Zhan, 2020). One reason why
MXenes specifically make good sensors is that it is easy for MXenes to form composites with
other materials, allowing for further property tuning. MXene composites show enhanced
mechanical flexibility and stretchability enabling a wide application in the field of sensors (Xin,
2020). The majority of MXene applications, however, are related to energy in some way.
MXenes are being considered and tested as battery electrodes, energy storage materials, and
catalysts. MXenes are being considered as the anodes of Lithium-Ion Battery alternatives, which
utilize cheaper, more common materials. MXenes such as TiO,N,/C and K,Ti,O, have already
been tested for this application and have shown to have excellent rate performances and ideal
energy densities (Aslam, 2020). An added bonus to using MXenes as opposed to other battery
materials— such as lithium—is that MXenes are much more environmentally friendly. MXenes
are typically made out of more readily available elements such as Titanium, whereas lithium is
much less common. Lithium batteries are also toxic to the environment when they contain heavy
metals or are disposed of in large quantities (Aral 2008). This holds true for other energy-based
applications, such as photocatalysts.

2.2 What is Photocatalysis?

As mentioned previously, MXenes have many possible applications, but they have been
most widely studied in the areas of energy conversion and storage. The conversion from solar
energy to chemical fuel is a significant alternative for solving the current energy shortage and
environmental crisis. Fortunately, photocatalytic technology has the potential for obtaining
sustainable, renewable, and clean chemical fuels. This technology 1is cost-effective,
environmentally friendly, and convenient. However, the main challenge is finding materials with
high activity and stability to support this energy conversion. MXenes are a suitable material for
promoting photocatalysis because of their “flexible adjustability of elemental composition,
regular layered structure, and excellent electrical conductivity” (Cheng et al., 2019).

The focus of this project is the application of MXenes in solar energy through their role
as a component in photocatalysis. Photocatalysis is a phenomenon in which a substrate— the
photocatalyst— is exposed to and absorbs light, as shown in figure 2. This absorbed light excites



the electrons to the conduction band, which creates a hole in the valence band. This creates an
environment for oxidation and reduction on the surface of the substrate/photocatalyst, as these
excited electrons are used to reduce an acceptor and the hole is used for the oxidation of donor
molecules. Photocatalysts are all basically semiconductors (Ameta et al., 2018).
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The fate of the electron-hole pair is determined by two criteria: the position of bands of
the semiconductor and the redox levels of the substrate. There are four possible processes that
occur depending on these criteria, shown in figure 3. If the redox level of the substrate is lower
than the conduction band of the semiconductor, reduction of the substrate occurs. When the
redox level of the substrate is higher than the valence band of the semiconductor, oxidation
occurs. Nothing occurs when the redox level of the substrate is higher than the conduction band
and lower than the valence band of the semiconductor. Finally, both reduction and oxidation
occur when the redox level of the substrate is lower than the conduction band and higher than the
valence band (Ameta et al., 2018).

=L\ [

(A) Reduction (B) Oxidation (C) Redox reaction (D) No reaction

Figure 3: Four possible electron/hole transfer processes of the electron-hole pair from a
semiconductor to a molecule. The leftmost energy levels are of the semiconductor photocatalyst
and the energy levels for four possible molecules (indicated by four types of electron/hole
transfer processes) are shown on the right.



The photocatalytic process is divided into three main steps. First is the generation of
charge carriers—electrons and holes—upon exposure to light. Second is the separation and
mitigation of charge carriers to the photocatalyst surface. This is the rate-determining step, as
there is a slow transfer but a high recombination rate of electrons and holes (Ameta et al., 2018).
Recombination refers to electrons jumping down from the conduction band to recombine with
the holes generated in the valence band (Libretexts, 2021). MXenes, as will be discussed, come
into play during this step, as their properties can help prevent recombination and therefore
increase photocatalytic activity. The third and final step is the occurrence of redox reactions by
consuming the electrons and holes.

2.2.1 Role of M Xenes in Photocatalysis

As for the role of MXenes in photocatalysis, MXenes have the potential to enhance
photocatalytic activity by serving as photo-generated electron acceptors, illustrated in figure 4
(Kuang et al., 2020). This is due to their Fermi level which is lower than most known
semiconductors; when two materials are in contact, electrons will flow from the material with the
higher Fermi level to the material with the lower Fermi level, which is the MXene in this case
(Brittanica).

Figure 4: MXene-based
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MXenes can be successful in photocatalysis for three main reasons. First, they have
abundant functional groups which are beneficial for the construction of contact between MXenes
and other semiconductors. Second, the bandgap alignment of MXenes can be altered by altering
the surface chemistry of the MXene which can be useful. Thirdly, the conductive metal cores in
the layered structure allow MXenes to have excellent metallic conductivity and electron
acceptance ability (Kuang et al., 2020). However, MXenes alone have a narrow light absorption
range and uncontrollable photocatalytic stability. Therefore, coupling MXenes with other
photocatalysts helps improve their effectiveness (Cheng et al., 2019)

MXenes play a variety of roles in these photocatalytic applications, such as promoting
photogenerated charge carrier separation, acting as robust support, limiting photocatalyst size,
and enhancing reactant adsorption. Promoting charge carrier separation is essential in increasing
photocatalytic activity. Modifying a photocatalyst with a cocatalyst to make a composite
photocatalyst for separating the charge carriers is an effective way to do so. In composite
photocatalysts, one component (the semiconductor) absorbs light, while the other components
(the MXene) help separate the electrons and holes, or act as reaction centers (Figure 5).
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For example, the MXene Ti;C, exhibits metallic conductivity with a Fermi level of -0.05
eV which is more positive than the conduction band of most n-type semiconductors. This
suggests its potential as a cocatalyst for the transfer and accumulation of photogenerated
electrons. A Schottky junction could be formed between Ti;C, and CdS because electrons in the
conduction band of CdS could migrate to Ti;C, due to the lower fermi level of Ti;C..
Furthermore, the moderate H adsorption free energy of Ti;C, means that H" can be reduced to H,
(Kuang et al., 2020).

Another role MXenes can have in photocatalysis is to act as robust support for the growth
of photocatalysts. The mechanical stability and large surface area of MXenes allow them to serve
as support for uniform dispersion of photocatalysts, such as TiO,, to expose surface-active sites
for the reaction. MXenes’ many surface functional groups are growing platforms for limiting the
size of photocatalysts because aggregation into larger sizes decreases the contact area with the
reactant. The negatively charged surface absorbs cations and allows for uniform growth (Kuang
et al., 2020).

2.2.2 Applications of MXene-based Photocatalysis

The most studied applications of MXene-based photocatalysis are water splitting, CO,
reduction, pollutant degradation, and N, fixation. Photocatalytic water splitting—the breakdown
of water into H, and O,—is considered the holy grail for energy supply, but its efficiency is not
very high due to the recombination of electrons. MXenes, as mentioned prior, can help limit this
recombination by guiding the flow of charge carriers onto semiconductors.

MXenes also have potential applications in CO, reduction. Photocatalysis could be used
to convert CO, into carbon fuels and store solar energy in their chemical bond. Semiconductors
studied for this application so far include TiO,, CdS, and ZnIn,S,. MXenes are used to enhance
the photocatalytic activity of these semiconductors. The fluffy structure formed when TiO, was
grown on Ti;C, sheets had a higher specific surface area than each compound alone, which
provides more surface-active sites for photocatalysis (Kuang et al., 2020).

Photocatalysis has also shown potential in purifying water of organic pollutants. With its
large surface area and excellent conductivity, TiO,/Ti;C, showed high photocatalytic activity for
methyl orange degradation (Kuang et al., 2020). Ti;C, could also improve the capability of
Ag,WO, in adorning antibiotic pollutants. Finally, there has been recent research on



solar-powered nitrogen fixation using Ti;C,, in which nitrogen could be adsorbed on Ti;C,. There
is much more research needed in this area, but it provides another possible use for MXenes.

While there have been multiple new MXene discoveries, such as V,C, Zr,C, and Ti,C,
there is room for further research in photocatalytic applications of these MXenes. Research is
also needed for more environmentally friendly ways to make MXenes and further development
of strategies to determine the enhancement mechanism of MXenes in photocatalysis.

2.3 MXenes and DFT

Though there has been an explosion in the research of MXenes, there are many MXenes
that have yet to be synthesized, so their exact properties are unknown. When researching
MXenes, it is important to model them computationally, shown in figure 6, as it limits the time
needed to be spent in the laboratory, as well as money spent on wasteful experimental
arrangements of the material. There are many approaches to constructing a mathematical model.
In this project, we will be focusing on a model designed using ab initio methods. Ab initio
methods—also referred to as first-principles methods—are based on the laws of quantum
mechanics. When using these methods to design models, only fundamental constants of physics
are used as input parameters. These methods, therefore, provide a detailed way to determine the
properties of materials without heavy reliance on experimental parameters.

Figure 6: Side-by-side images of Ti;C,
MXene powder (left) (Research Grade
o Titanium Carbide Two Dimensional
° O, O° ° o MXene Ti3c2 Powder - Buy Ti3c2

(%)
O°O 0 0 OO °ooo O° 0o o Powder, MXene Titanium Carbide,
0 0°g° 0° 0 0 °O OO ° MXene Ti3c2 Powder Product on
o o’ o° O“O Alibaba.com) and the structure of Ti,C,
(right) visualized using VESTA software
Image of Ti;G, Computer modelled structure of Ti;C, where the blue dots represent the Ti

atoms and the brown dots represent C
atoms.
2.3.1 Density Functional Theory

In modeling materials, it is important to understand how they behave at an atomic level,
as the behavior exhibited at this level determines the properties of the material. Understanding
materials at an atomic level, however, proves challenging as the laws of classical mechanics
begin to break down. Therefore, an alternative theory is needed to account for the behavior of
matter at the atomic level. This theory is quantum mechanics, and a description of the quantum

behavior of atoms and molecules is provided by the Schrédinger equation [1] where H represents
the hamiltonian operator [2], and W represents the wave function and E the energy of the system.
This is an eigenproblem, where the energy E is the eigenvalue and the wave function is the
eigenfunction.
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m

Kinetic energy ~ Potential energy

The Hamiltonian operator described above is only applicable to a single particle system.
When expanded to account for the many-particle systems of materials we model, the
Hamiltonian operator becomes much more complex. However, with the application of the
Born-Oppenheimer Approximation, which treats the nucleus as a classical particle, the
Hamiltonian is simplified, as shown in equation [3] (Sholl et al., 2011). Even with this
simplification, the complete solution to the Schrédinger equation cannot be solved analytically.
However, the density functional theory (DFT) model provides a relatively simple means of
finding a numerical approximation to the Schrodinger equation.

R N 2, N
1 2

H--+3 V! - TY 4y

i=1 i=1

i=1A=1 Tia

N
X [3]
1 i

Kinetic energy of electron  electron-nucleus interaction electron-electron interaction

The DFT model is based on two mathematical theorems proven by Hohenberg and Kohn.
The first theorem showed that the ground state from Schrddinger's equation is a unique
functional of the electron density. In describing the quantum behavior of atoms, it is important to
define their positions. The position of an atom can be broken down into the position of the
nucleus of the atom and the position of the electrons in the atom. The configuration of electrons
and nuclei that results in the lowest energy is known as the ground state. According to the
Hohenberg and Kohn theorem, this ground state energy is a unique functional of the electron
density. A functional is a mathematical operation that when given a function as an input, gives a
number as the output. Therefore the electron density, which is a probability function that
describes the location of an electron, can be used to determine the ground state energy. The
second theorem by Hohenberg and Kohn showed that the electron density that minimizes the
overall energy of the functional is the true electron density, corresponding to the full solution of
Schrodinger’s equation. For each electron density, there exists a corresponding energy value. If
the exact form of the functional used to determine the energy were known, the electron density
which results in the lowest energy value would be the true electron density (Sholl et al., 2011).

The exact form of the functional described by the Hohenberg-Kohn theorem is unknown,
but the Kohn-Sham equations allow for an approximation of this functional in terms of a single
electron, shown in equation [4].

[‘Thzvz + V(@) + V() + VXC(r)]‘}’i(r) =W () [4]

The terms described in the functional above from left to right are the kinetic energy of the
electrons, the potential of the interaction between electrons and the nuclei, the Hartree potential
which defines the electron-electron interactions, and the exchange-correlation potential. The
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exchange-correlation potential is an unknown contribution that functions as a correction factor to
account for effects that are ignored in defining the other terms of the functional and therefore
must be approximated. Many approximations are available to define the exchange-correlation.
One of the simplest and most common exchange-correlation functionals is the local density
approximation (LDA). As the name suggests, the LDA approximation uses the local electron
density, or the probability of finding an electron in a specific area, to define the approximate
exchange-correlation functional. Another popular approximation wused to define the
exchange-correlation functional is the generalized gradient approximation (GGA). The GGA
approximation uses information about local electron density and the local gradient in the electron
density to define the exchange-correlation functional. The local gradient can be incorporated into
the GGA functional in various ways, and thus gives rise to many different GGA functionals. The
most common are Perdew-Wang functional (PW91) and Perdew-Burke-Ernzerhof functional
(PBE) (Sholl et al., 2011).

Though the DFT model is a popular approach for finding solutions to the Schrodinger
equation, there are some well-known inaccuracies, such as the underestimation of calculated
band gaps in semiconducting and insulating materials. Despite this inaccuracy, the DFT model
remains a popular approach due to a multitude of reasons. It is relatively simple, applicable to a
wide range of materials, and is generally reliable (Giustino, 2014). It is for these reasons that we
used the DFT model in calculations involving MXenes.

DFT calculations are often used in the analysis of the electronic properties of MXenes
due to their relatively high reliability and low computational power requirements. These
calculations can range from predicting the stability of different MXene arrangements (Anasori et.
al, 2015) to exploring the use of MXene quantum dots as an electrocatalyst (Kong et al., 2021).
In general, computational software is required to perform DFT calculations. A common software
used is the Vienna Ab Initio Simulation Package (VASP) (“The VASP manual”, n.d). In using
this package, the k-point values must be specified. The k-point values describe certain points in
the Brillouin zone, which is located in reciprocal space. The space represents the Fourier
transform of the direct lattice, and certain properties of the material can be related to the
Brillouin zone which allows for the understanding of electronic energy bands. Moreover,
choosing, or sampling, an appropriate number of k-point values is necessary for an accurate
simulation. Ultimately, the understanding of these electron energy bands is important to the
electronic properties of the material, as the bands describe the behavior of electrons within the
material, which is the basis of the material’s electronic properties. For example, the presence of a
band gap would indicate the material is an insulator or semiconductor while the absence of a
band gap indicates it would be a metal. In general, it can be seen that DFT provides a relatively
simple and reliable way to simulate the structure of MXenes and predict their properties.
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3.0 Methodology

In this project, different MXenes with the formula M;C,T, were modeled and visualized
using VESTA (see Figure 7), where T represents a termination group which in this case was F, O,
and OH. This was done in an effort to determine the different physical, chemical, and electronic
properties of the MXenes. These different properties were determined by performing different
calculations such as calculating the band structure, work function, and lattice parameter
optimization. The main tool used to perform these calculations was DFT.

v@ Figure 7: Top (top) and side (bottom) view of the
triclinic unit cell of Mn;C, modeled using
VESTA software where the purple dots represent
the Mn atoms and the brown dots represent C

atoms. The model represents a 1x1 cell with a
vacuum space of 18.03562 A.

DFT calculations were performed with the Vienna Ab initio simulation package (VASP)
based on the Kohn—Sham density functional theory (Kresse and Furthmiiller, 1996). The
electron-nuclei interactions were described using the projector augmented wave (PAW)
potentials (Kresse and Joubert, 1999)— recommended by VaspWiki—and the
exchange-correlation was accounted for using generalized gradient approximation (GGA) by
Perdew—Burke—Ernzerhof (PBE) (Perdew et al., 1996). During relaxation, the convergence of
total energies and forces was specified to 0.01 meV and -0.01 eV/ A, respectively, using a wave
cutoff energy of 450 eV. A gamma-centered 8x8x1 Monkhorst—Pack k-point grid was used. A
sigma value of 0.04 eV was used for all calculations except for the density of states. For the
density of states, sigma was chosen to be 0.25 eV, as this value gave plots with little noise in the
data. For structure optimization, tetrahedron smearing was used. Gaussian smearing was used for
the density of states (DOS) and band structure calculations. All of the above parameters
mentioned—k-point grid, EDIFF, EDIFFG, wave cutoff energy, and ISMEAR—except for
sigma, were optimized by Emily Sutherland, a Ph.D. student at WPI, by increasing the value
until it did not change the results significantly. POSCAR files were generated from structure files
downloaded from the Computational 2D Materials Database (C2DB) (Haastrup et al., 2018)
(Gjerding et al., 2021). The vacuum spaces recommended by C2DB were used for each MXene,
which differed between each but overall was around 20 A. The POSCAR files were exported to
fractional coordinates using VESTA (Momma and Izumi, 2011). Vaspkit was utilized for band
structure and density of states calculations (Wang et al., 2021). See Appendix 1 for sample input
files used in the calculations.
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4.0 Results and Analysis

This section will present our results based on the methodology detailed in the previous
section. We performed lattice parameter and functional group optimization calculations which
also provided us with the magnetic moment for each MXene. We also calculated the total and
projected/partial density of states, band structure, and work function of each MXene which
provided us with information on which of the MXenes modeled could be useful in
photocatalysis. We compared our results to those that were available in the C2DB database and
noted any trends in the data.

4.1 Lattice Parameter and Functional Group Optimization

Lattice parameters represent the physical dimensions of the unit cell which make up the
MXene lattice. In this project, a total of forty-eight MXenes were modeled. The optimized
lattice parameters were calculated using coordinate data from C2DB and input parameters
optimized by a graduate student researcher. The files were then inputted into VASP which
generated lattice constant energy values for the range of lattice parameters. The lattice parameter
which gave the lowest energy value was taken as the optimized lattice parameter. The resulting
lattice constants can be seen in Figure 8. In assessing the validity of these results, the lattice
parameters obtained were compared to C2DB as shown in Figure 9. This figure shows that the
lattice parameter values obtained were in accordance with those in C2DB.
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Various trends occur when looking at the lattice parameter values. As shown in Figure 8a,
across the rows, the transition metal with the lower atomic number has a larger lattice parameter,
with the exception of Row 5 where Mo,;C,0,H, has a larger lattice parameter than Nb;C,0,H,.
The decrease in lattice parameters across the row can be attributed to the decrease in the radius
of the transition metal within the MXene (see Figure 10). Generally, in a given row, as the size of
the transition metal decreases, the unit cell volume and therefore the lattice parameters also
decrease. The correlation between the size of the transition metal and the lattice parameter is also
noted when looking at Figure 8b. Here, one can see that the lattice constant generally increases
down the group, with the exception of the OH terminated MXenes in group three, which
corresponds to the increase in the size of the transition metal as one progresses down a group. It
should be noted, however, that the differences between the lattice parameters of the latter
elements within a group are much smaller than that between the first element and the other
elements of the group, with the exception of group four transition metals. A similar trend is also
noted by Luo et al (2020) where they describe the fourth period elements (smallest atomic
number) within the same group as having a smaller lattice parameter, while the fifth and sixth
row elements have similar lattice constants. They attribute this smaller variation in lattice
parameter size between the fifth and sixth row elements to a similarity in electronegativity.

Trends also emerge when looking at the different termination groups for the MXenes. In
general, O terminated MXenes have a smaller lattice parameter, while OH terminated MXenes
have a larger lattice parameter. The smaller lattice parameter exhibited by O terminated MXenes
may be attributed to the presence of a covalent bond between the oxygen termination and the rest
of the MXene. Covalent bonds are typically shorter and stronger, therefore, resulting in a more
compact structure and ultimately a smaller lattice parameter. The larger lattice constant exhibited
by OH terminated MXenes when compared to F terminated MXenes may be a result of a
difference in electronegativity. As O is less electronegative than F, the resulting bond between
OH and the rest of the MXene may be weaker when compared to F and the rest of the MXene.
This weaker bond may result in a less compact structure and ultimately a larger lattice parameter.
The overall comparison between lattice parameters obtained in this project and by Luo et al
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(2020) can be seen in Figure 11. Figure 11 showed more variation in results when compared to
Figure 9.
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We also utilized lattice parameters to determine the most stable configuration of the
MXenes. There are three possible configurations for terminated MXenes: Type I, Type II, and
Type III which are shown in Figure 12. In Type I configurations, the termination groups are
above the second closest metal layer, in Type II the termination groups are located above the
closest X layer (carbon in this project), and Type III configurations have a Type I configuration
on the top and a Type II configuration on the bottom, or vice versa. In determining the optimized
lattice parameter, all three configurations for the terminated MXenes were modeled.

o | Figure 12: Type I (a),
Type II (b), and Type III
(c) configurations of
Mn;C,F, modeled using
VESTA software where
the purple dots represent
the Mn atoms, the brown
dots represent C atoms,
and the light blue dots
represent F atoms.

Of the thirty-six terminated MXenes modeled, twenty-eight had Type I configuration as
their most stable and eight had Type II as their most stable. No MXenes exhibited Type III
configuration as its most stable form. When analyzing the MXenes that displayed the different
configurations, it was noted that some transition elements displayed the same configuration
irrespective of the termination group, while others changed configuration with a change in the
termination group, as shown in Figure 13. Tantalum (Ta), the only metal to display multiple
configurations, exhibited Type I configuration for the O terminated MXene and Type II for the
other terminations. The results of our calculations varied from the work done by other
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researchers such as Luo et al (2020) whose findings showed F and OH terminations of Vanadium
(V), Niobium (Nb), and Ta to have Type two configurations while F terminated Molybdenum
(Mo) and Tungsten (W) had a configuration which was not studied in this work. We used an
8x8x1 k-point mesh to determine the lattice parameter, whereas Luo et al used a 12x12x1 k-point
mesh.
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4.2 Magnetic Moment

The magnetic moment refers to the sum of all spins of the electrons in an atom. For
instance, if the number of spin-up electrons and the number of spin-down electrons are equal, the
net magnetic moment would be zero. If there is one more spin-up electron compared to
spin-down electrons, the magnetic moment would be one. The magnetic moment was determined
during the lattice optimization process. The optimization process yielded a file over a range of
lattice parameter values with a corresponding energy value and magnetic moment. Once the
optimized lattice parameter was determined, the corresponding magnetic moment of the most
stable structure was used. Generally, Manganese (Mn) and Chromium (Cr) exhibited the highest
magnetism (see Figure 14). The high magnetism of Cr and Mn can be attributed to the presence
of 3d orbitals. The 3d orbitals weakly overlap producing narrow d-bands which results in
magnetic properties. This weak overlap becomes more pronounced as one progresses across the
transition metals in the fourth row (Libretexts, 2021).

’ Figure 14: Magnetic moment results
for MXenes.
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In terms of termination groups, F terminated and OH terminated MXenes generally
exhibited the highest magnetic moments. Titanium (T1), V, Zirconium, Nb, and Hafnium (Hf) did
not exhibit this trend. For V, the O terminated MXene had the highest magnetic moment and for
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the other elements, the bare MXenes have the highest magnetic moment. Similar to the lattice
parameters, our magnetic moment results were compared to C2DB and results reported by Luo et
al (2020) (see Figure 15). The results were generally in agreement with the exception of Cr;C,.
Luo et al reported a significantly higher value for Cr;C, than we calculated. The exact cause of
this discrepancy is unknown.
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4.3 Density of States

Density of States (DOS) refers to the number of electronic states at an energy level that
electrons can occupy (Density of States, 2022). For most MXenes, the density of states near the
Fermi level is mostly governed by the transition metal’s d-electrons (Hantanasirisakul and
Gogotsi, 2018). A higher DOS at the Fermi level—which is a measure of the energy of the least
tightly held electrons within a solid—means there are more states available for occupation,
which should result in high conductivity of the metal. High conductivity is favorable for
photocatalysis because electrons will flow to the surface of the MXene and enhance change
carrier separation which increases photocatalytic activity, as discussed in section 2.2,
(Brittanica). Insulators, on the other hand, have no electrons at the Fermi level and are not good
conductors.

The partial or projected density of states (PDOS) is the relative contribution of each
element to the total density of states (TDOS) (Ma et al., 2011). We calculated both TDOS and
PDOS for each MXene. Figures 16 and 17 below show our results for terminated MXenes. Each
color represents a different element and the key is shown in the left-hand corner. Cr, F, and O
contributed the most to the PDOS of the MXenes. Figure 16a below shows the density of states
(DOS) for Cr;C,F, from C2DB, rotated so the axis are aligned with our results. Figure 16a-c
shows our calculated PDOS and TDOS for Cr;C,F,, respectively. Our results are generally
similar to C2DB, as the DOS comes to a peak at the Fermi level (see Appendix 2 for a plot of our
results as compared to C2DB). Figure 17a shows the C2DB DOS for the OH terminated Cr
MXene, and figures 17b-c show our calculated results. Again, this generally matches C2DB, as
the DOS has the strongest peak at the Fermi level and decreases on either side. It also shows a
peak after -4.
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Figure 16: (a) The PDOS of Cr;C,F, from the C2DB database. Each colored line represents the
contribution of each element in the MXene to the DOS. As the green line shows, chromium’s d
electrons contribute the most to the DOS. (b) Our calculated PDOS for Cr;C,F,. The key is
shown in the upper left corner. The dotted grey line represents the Fermi Level, set to 0. (¢) Our
calculated TDOS for Cr;C,F,. The DOS is highest at the Fermi level for this MXene, at around
15 states/eV.
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Figure 17: (a) The PDOS for Cr;C,(OH), from C2DB. Each colored line represents the
contribution of each element in the MXene to the DOS. As the green line shows, chromium’s d
electrons contribute the most to the DOS. (b) Our calculated PDOS for Cr;C,(OH),. The key is
shown in the upper left corner. The dotted grey line represents the Fermi Level, set to 0. (¢) Our
calculated TDOS for Cr;C,(OH),. The DOS is highest at the Fermi level for this MXene, at
around 12 states/eV.

Of the top 10 overall DOS at Fermi level we calculated, 3 were bare MXenes, 3 were OH
Terminated, 2 were O terminated, and 2 were F terminated. Bare, F, and OH Terminated
Chromium MXenes exhibited especially high DOS at the Fermi level. According to the
literature, this is due to Chromium's large magnetic moment due to its half-filled 3d and 4s
electron shell (Zhang and Li, 2017). Terminated Y MXenes accounted for 3 of the top 10 DOS,
as well as bare and OH terminated V MXenes. A high density of states is favorable for
photocatalytic applications because it means there are more states available for electron
occupation and therefore result in high conductivity of the metal. See Appendix B for the graph
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of all MXenes and their calculated DOS, as well as a scatter plot of our calculated DOS

compared to C2DB.

Top 10 Calculated Density of States
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Figure 18: MXenes
with the 10 highest
calculated density of
states at the Fermi
level. Chromium (Cr)
and Yttrium (Y) each
accounted for 3 of the
highest DOS, meaning
they have many states

available for
occupation and
therefore have good
conductivity.

As for trends observed, we found that the density of states generally decreased down a
column/group. The density of states increased across a row for Hf, Ta, W for OH terminated, F
terminated, and bare MXenes, as can be seen in Figure 19 below. Overall, the DOS of F
terminated MXenes was generally lower than the bare, O, and OH terminations, but it was
especially lower than O and OH. See appendix B for separate plots of DOS for each termination.
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Figure 19 (a-b): Comparison of DOS at the Fermi level for terminations down a group (with the
exception of Mn which was the only MXene in its group). Each row (from left to right)

represents a group on the periodic table.
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Figure 19 (c-d): Comparison of DOS at the Fermi level for terminations down a group (with the
exception of Mn which was the only MXene in its group). Each row (from left to right)
represents a group on the periodic table.

As figure 19 shows, for Y, Mn, Nb, Ta, Cr, W, terminations provided a higher DOS, while
the rest of the elements had a higher DOS for the bare MXene than any terminations. Bare DOS
is typically higher because termination causes new bands to form below the Fermi level, and the
Fermi level shifts lower. This leads to lower DOS at the Fermi level due to electron transfer from
the transition metal to electronegative surface termination (Hantanasirisakul and Gogotsi, 2018).
It is important to note that as figure 20a shows, the DOS for Sc¢;C,F, was found to be zero which
would suggest it is a semiconductor, as its band structure (discussed in section 4.4) also exhibits
a small band gap. The rest of the MXenes modeled are metals.
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The band structure of each MXene was analyzed to determine if any band gaps were
present. A band gap indicates that the MXene would behave like a semiconductor, while the lack
of a band gap indicates the MXene would act like a metal. In figure 20, the three types of band
structures are shown. A conductor or metal is when there is no band gap present and electrons
can move freely. A semiconductor has a small band gap that still allows for electron transfer, and
an insulator has a band gap large enough to prevent any transfer of electrons.
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Figure 21 shows the band structure of Sc;C,F, which is the only MXene modeled that
exhibited a band gap and therefore is a semiconductor. Many of the OH terminated MXenes have
a large area of unoccupied space as shown in figure 22. Out of the MXenes we modeled, we
expect all of them to behave as metals except for Sc;C,F,. None were insulators.

SciCoF;

Energy (eV)
(=]

—— Spinup 4
—— Spin Down

Energy {(eV)

'/\_/_\_/—\
-3 T T
GAMMA M K GAMMA
Figure 21: Band Structure of MXene
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4.5 Work Function

The work function is the minimum amount of work required to emit one electron from a
solid point to a vacuum immediately outside the surface (Kittel, 1996) It is often used as a
reference to align the electron levels between different materials. For instance, if the work
function is higher in energy for material one compared to material two, then the electrons will
spontaneously move from material two to material one because material one’s energy levels are
lower in energy compared to material two’s energy levels, shown in figure 23. Therefore, we
want to look for MXenes with high work function values so less energy is required to emit
electrons from the semiconductor to the MXene. The work function for each MXene was
calculated by finding the difference between the vacuum and Fermi level, as seen in Figure 24.
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After the work function was calculated for each MXene, the values were then compared
to the work function values found in the C2DB database (when available). The work function
values calculated were generally in agreement with the values found on the database. It should be
noted that, on average, there was a greater difference between the calculated and C2DB values
for the Bare terminated MXenes than for the other termination groups. The average work
function differences for the Bare, F, O, and OH terminations were found to be; 0.368 eV, 0.0518
eV, 0.055 eV, and 0.107 eV respectively. From this, it can be seen that the O terminated M Xenes
had calculated values that were the closest to the values found in the database.
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Figure 26: Work function values for MXene terminations down a group (with the exception of
Mn which was the only MXene in its group). Each row (from left to right) represents a group on
the periodic table.

Figures 25 and 26 above display the work functions of each MXene we calculated,
further separated by the termination group, and from this several trends can be identified. The
general order of the work functions by termination groups from least to greatest is OH, Bare, F,
and O terminated. This trend is present in the majority of the MXenes but not all. The transition
metals where this trend is not present are Zr, Hf, V, and Nb. In the case of these MXenes, the
Bare termination was greater than the F terminated. However, in all cases, the OH terminated
MXenes had the lowest work function value, often by a factor of two to three times. Sc;C,(OH),
had the overall lowest work function value of 1.54 ev and Hf;C,0, had the largest value of 8.6
eV.
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Figure 27: Calculated work function values of MXenes separated by termination group.

Figure 27 shows the same work function values as in Figure 26 but each graph shows one
set of termination groups arranged in increasing order. From this, we can see that no MXene has
the highest or lowest work function value across all four termination groups. However, it should
be noted that transition metals with higher work function values tend to have consistently higher
values across termination groups, such as Mo which is in the top half of the work functions in all
four terminations. The MXenes with these generally higher work function values are those with
transition metals lower in their respective column. This is not a rule but a general trend, and there
are exceptions.

Hydrogenated silicon (Si:H) is a common material used as a semiconductor in solar
panels, and is the material the work function results will be compared against. The work function
value of Si:H can vary between 3.90 and 4.47 eV (Aliani). Recall that electrons move in the
direction of low work function to high work function, and so MXenes with a work function value
higher than that of Si:H are preferred for use in solar applications. Using the upper range of
Si:H’s possible work function values of 4.47 eV removes many of the MXenes we looked at
from consideration, as all the (OH),, some of the F, and most of the Bare terminated MXenes
have work function values that fall below the threshold. All of the O terminated MXenes except
for Y;C,0, have work function values that are greater than 4.47 eV. Of the Bare terminated
MXenes only Mn;C,, W;C,, and Mo;C, have work function values greater than 4.47 eV. Finally
about half of the F terminated MXenes, Ta,C,F,, Ti,C,F,, W,;C,F,, Cr;C,F,, Mn;C,F,, Sc,C,F,,
and Mo;C,F, have work function values higher than Si:H.
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5.0 Recommendations and Conclusions

There are several key takeaways about the structure and electromagnetic properties of the
MXenes modeled that allow for the recommendation of specific MXenes for use in
photocatalytic applications. When it comes to the group of MXenes modeled M,C,T,,
twenty-eight of thirty-six were type I terminated, while the remaining 8 were type II terminated.
This leads to the statement that generally type I is the most stable MXene configuration, although
other MXenes such as Nitrogen based MXenes or MXenes with different stoichiometry should
be analyzed before generalizing this statement further. None of the MXenes modeled featured a
band gap in their band structure apart from Sc;C,F,, which is ideal for fast charge transport.
However, it should be noted that the band structure of several OH terminated MXenes were close
to having band gaps, so it would not be surprising if these MXenes did behave like
semiconductors.

The other two properties that are very important when considering materials for use in
photocatalysis are their work function value and density of states at the Fermi level. A high
density of states is favorable, as a higher density of state near the fermi level implies that there
are more states available for electron occupation which in turn means the MXene could be more
conductive. The MXenes with the highest density of state values were those with, Cr, Y, or V
transition metals. Cr MXenes are of special note because they featured a high magnetic moment.
However, across the board, F terminated MXenes had a lower density of states and may not have
the fastest charge transport. A work function value higher than 4.47 eV, the work function value
corresponding to hydrogenated silicon (Si:H), is desired as Si:H is a common semiconducting
material in solar panels. Many MXenes had a work function value larger than 4.47 eV, however
the O and F terminated MXenes are of especial note as the higher work function MXenes in
these termination groups (Sc, Mo, Mn and Cr) had work functions values upwards of 3.0 eV
larger than Si:H. When a MXene is in contact with a semiconductor, electrons will flow from the
semiconductor to the MXene if the MXene work function is higher. This is desirable for charge
carrier separation as discussed in section 2.2.1.

Based on the results gathered Cr;C,F, is recommended for use in photocatalytic
applications over the other MXenes modeled. The combination of Cr transition metal MXenes
having high magnetic moments as well as a high density of states, the F termination of Cr having
a high work function is what led to this conclusion. An alternative MXene that may be
recommended is V;C,0, as it also has a fairly high density of state and work function value,
although notably it lacks a strong magnetic moment. Sc;C,F, was the only MXene modeled to
exhibit semiconductor properties, so this MXene could also be useful for photocatalysis and
further analysis of this MXene and calculation of more properties is recommended.
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APPENDIX 1: Sample Input Files for Lattice Constant Optimization

INCAR

SYSTEM=Ti3C2F2

ENCUT = 450.000000
SIGMA = 0.040000
EDIFF = 1.00e-05
EDIFFG = -1.00e-02
PREC = accurate
ISPIN =2

ISMEAR =0
LREAL=A

ISTART =0

NSW =300
IBRION =2
ISIF =2

LCHARG = .TRUE.
LWAVE = .TRUE.
LDAU = .FALSE.

KPOINT

Ti3C2F2
0
Gamma
881
000

POSCAR

Ti3C2F2:

1.0
3.0699999332 0.0000000000
-1.5350000407 2.6579999754
0.0000000000 0.0000000000

Ti C F

3 2 2

7.0 Appendices

0.0000000000
0.0000000000
22.2409992218
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0.000000000
0.666621387
0.666621387
0.333376348
0.333376348
0.000000000
0.000000000

0.000000000
0.333376348
0.333376348
0.666752696
0.666752696
0.000000000
0.000000000

0.499992788
0.606140435
0.393845320
0.558794677
0.441190839
0.662892878
0.337092638
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APPENDIX 2: Additional Density of States Figures
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Figure 28: Calculated DOS at Fermi Level for F terminated MXenes.
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Figure 29: Calculated DOS at Fermi Level for OH terminated MXenes.
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Figure 30: Calculated DOS at Fermi Level for O terminated MXenes.
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Figure 31: Calculated DOS at Fermi Level for bare MXenes.
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Density of States at Fermi Level
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Figure 32: Overall calculated density of states for all MXenes
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Figure 33: Plot of our calculated DOS at fermi level against the DOS reported by C2DB.



