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Two-dimensional transition metal carbides (MXenes) have garnered significant attention due to their distinctive
physical and chemical properties. In this study, utilizing density functional theory calculations, we introduce a
novel phase of transition metal carbide with the space group of R3m, designated as a-MXene with the chemical
formula MyCXy (M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn; X = O, F). Notably, a-MXene possesses an ABBCA
atomic layer configuration closely resembles the two-dimensional ferroelectric material a-InsSes, distinct from the
close packing ABCAB atomic stacking observed in typical MXenes. It is highlighted that a-MXene exhibits
adjustable ferroelectric properties with moderate polarization reversal energy barriers, including five rare
ferroelectric metals and one Dirac-semimetal. Moreover, a-MXenes not only enable photocatalytic reactions by
utilizing infrared light to overcome the band gap restriction of 1.23 eV, but also generate hydrogen and oxygen
gases on separate surfaces due to electric field induced by ferroelectric effect. Additionally, ferroelectric tunnel
junctions (FTJs) based on a-MXene show exceptionally high tunneling electroresistance ratios (TERs), indicating
their suitability for advanced ferroelectric memory device applications. Our research provides a viable strategy for
exploring ferroelectric materials within the expansive MXene family and exemplifies the applications of a-MXenes

in photocatalysis and spintronics.

1. Introduction

Two-dimensional (2D) materials have exhibited unique physical and
chemical properties due to the reduction in both dimension and size [1].
In recent years, as significant advances have been made in synthetic
techniques, an increasing number of 2D materials have been successfully
realized [2]. Among them, 2D transition metal carbide (MXene) has
emerged as a rapidly rising star, formed through the selective chemical
etching of A from the parent MAX phase, where M represents transition
metal atoms, A represents an IIA or IVA element, and X denotes carbon or
nitrogen [3-8]. Consequently, MXenes are typically constituted of X
monolayer sandwiched between metal M layers, terminated by oxygen
and/or fluorine surface functionalized groups. A wide variety of chemical
compositions in MXenes endow them with a plethora of fascinating
electronic, magnetic, and electrochemical properties [6]. Thus, MXenes
have been actively investigated for various applications including elec-
tronics, optoelectronics, photocatalysts, and battery anodes [9-13].
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Notably, MXene ScoCO, prefers a ferroelectric ground state with the
asymmetrical O surface groups, holding great promise for applications in
nanoelectronics and photovoltaics [14]. Additionally, based on
high-throughput screening, more asymmetrical surface functionalized
MXenes have been proposed as ferroelectric materials [15,16]. Since
typical MXenes exhibit centrally symmetric 2D structures, ferroelectricity
mainly originates from the asymmetry surface functional groups. This
ferroelectricity, however, tends to be weak and challenging to sustain
[11,17-19]. Therefore, identifying additional ferroelectric phases in
MXenes remains a significant challenge and is a demanding area of great
interest.

There are two well-established layered phases of the InsSes crystal-
line structure, named as a-InySeg and B-InySes. Coincidentally, the typical
MXenes phase can be regarded as atomic stacking configurations ac-
cording to f-InySes, where both indium atoms have octahedral bonding
configurations in the five alternating Se-In-Se-In-Se quintuple layers with
ABCAB atomic configurations. On the other hand, in a-InpSes, the
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quintuple layers show different ABBCA atomic configurations, where two
indium atoms are placed in different chemical coordinate environments:
one indium atom has a tetrahedral bonding arrangement with four
selenide atoms, and the other indium atom is bonded octahedrally to six
selenide atoms [20,21]. It is noteworthy that a-In,Ses is the stable phase
with intrinsic ferroelectric properties due to the asymmetric atomic
arrangement, which have been theoretically and experimentally
observed [22,23]. The spontaneous polarization makes it promising for
non-volatile memory device like ferroelectric random-access memory
(FeRAM) and ferroelectric tunnel junctions (FTJs) [21]. The ferroelec-
tricity of a-InySes could also be integrated with spintronics, thus could be
critical in the design of high-efficiency spin storage and spin transport
devices by controlling spin currents [21,24]. Moreover, a-In;Ses can be
utilized as a semiconductor material in field-effect transistors (FETSs), and
the ferroelectric properties broaden functionality, allowing the design of
low-power, programmable transistors [24,25]. It is noted that a-InySes
remains stable at ambient conditions below 473 K, above this tempera-
ture, a-InySes transforms to B-InySes [21]. An interesting idea come to
our mind: if MXenes follow the atomic configuration of a-InySes, can be
named as a-MXenes, the fascinating intrinsic ferroelectric characters will
be anticipated due to the asymmetry 2D atomic structure nature.
Therefore, a thorough and in-depth investigation of a-MXenes is imper-
ative, allowing the comprehend of their physical performances and
rational design of devices for various applications.

In this work, we predict a new phase for MyCXy; MXenes (termed
a-MXenes) by first-principles calculations, where M stands for Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W, Mn with X is O or F. The lattice dynamical stability
of a-MXenes has been confirmed by phonon calculations. Moreover, the
computed formation energies of a-MXenes are more negative than those
of a-InySe3 monolayers. Furthermore, a tunable electric polarization can
be achieved in these diverse a-MXenes. It is highlighted that three
a-MXenes are highly efficient ferroelectric photocatalysts utilizing solar
energy from visible to infrared light with effective separation of photo-
generated electrons and holes. In addition, FTJs based on a-MXenes
demonstrate excellent performance from atomic device simulations. Our
study presents a practical method for investigating ferroelectric materials
in the broad MXene family and highlights the application prospects of
a-MXenes in photocatalysis and spintronics.

2. Computational details

Density functional theory calculations were implemented in Vienna
ab initio simulation package (VASP) based on density functional theory
(DFT) [26,27]. The structures of two-dimensional monolayers and het-
erostructures were built by the ALKEMIE platform [28,29]. The
Perdew-Burke-Ernzerhof (PBE) functional of generalized-gradient
approximation (GGA) was employed to deal with the
exchange-correlation potential [30]. The energy cutoff was set to 500 eV,
and the k-point sampling grid was set to 12 x 12 x 1 for the structure
optimization and self-consistent calculations. The vacuum space of 20 A
was inserted along the z-direction to avoid the interaction of adjacent
layers. The energy and force convergence criterions were setas 1 x 107>
eV. The dipole correction was considered to avoid the effect of the vac-
uum electric field [31]. Time-dependent Hartree-Fock (TDHF) [32] cal-
culations on the base of HSE06 [33] were applied to obtain precise
absorption coefficient. The PHONOPY code based on force constants
gotten by the VASP-DFPT (density-functional perturbation theory)
interface [34,35] was employed to explore the dynamic stability, and a 7
x 7 x 1 supercell with k-point mesh of 3 x 3 x 1 was adopted in the
calculations.

The transmission properties of the devices were carried out based on
the non-equilibrium Green's function (NEGF) method as implemented in
the QuantumWise Atomistix ToolKit (QuantumATK) package [36,37].
The GGA-PBE functional with a linear combination of atomic orbitals
(LCAO) norm-conserving PseudoDojo pseudopotential [38] was
employed to deal with the electron exchange and correctional
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interactions. The valence electrons are expanded in a numerical
atomic-orbital basis set of double-zeta polarization (DZP) for all atoms
[39]. The cutoff energy was set to 125 Hartree, and the convergence
criterion of the force was set to 0.01 eV/A. The Monkhorst k-point
meshes are set to 8 x 1 x 1 and 8 x 1 x 165 for the central scattering
regions and electrodes. A denser 121 x 1 k-point mesh was employed in
the spin-dependent transmission calculations of FTJs.

3. Results and discussion
3.1. Structure and stability of a-MXene

It is well known that bulk In,Ses exists in a and p layered crystalline
phases, which are bonded by the corresponding 2D InySes via weak van
der Waals (vdW) forces [20]. As illustrated in Fig. S1, the 2D a-InpSes
with ABBCA atomic configurations is more stable than f-InpSes with
ABCAB atomic configurations [20,22,24,40]. Fig. 1c illustrates the top
view of atoms along the vertical direction in one of the triangular lattices.
The relative atomic coordinates of A, B, and C are (1/3, 1/3, 2), (2/3, 2/3,
z), and (0, 0, 2), respectively. As is seen, the p-Inp,Ses belongs to
face-centered cubic (fcc) crystal structures, and they are the metastable
phase of InjSes. Note that in fcc structures, the two surface Se atoms
separately align with In atoms in the opposite side, whereas the central Se
atoms are hexagonally coordinated by the neighboring six In atoms.
Interestingly, the atomic arrangements of this metastable p-InpSes
structures are in accord with 2D MXenes (referred to as f-MXene), as
displayed in Fig. 1a. On this occasion, the prototypical B-In,Se3 quintuple
atomic layer Se-In-Se-In-Se turns out to be X-M-C-M-X atomic arrange-
ment in p-MXene. Spontaneously, MXene with the a-InpSes atomic con-
figurations (called a-MXene) is presented in Fig. 1b. Similarly to a-In,Ses,
in a five-layer a-MXene structure, the third central C atoms is tetrahe-
drally coordinated by the second and fourth M atoms with the space
group of R3m. In the tetrahedron, one M — C bond is along the negative
c-axis vertically with the other three bonds along the c-axis angularly.
While the X atoms in the first and fifth layers are located on the hollow
sites of second and fourth layers, respectively. In consequence, the atomic
spacing of the third central C layer and the second and fourth M layers in
the tetrahedron break the mirror symmetry of o-MXene. This is
dramatically different from the centrosymmetric f-MXene, and makes
a-MXene endow with the emergence of the spontaneous out-of-plane
electric polarization.

In the present work, we mainly focus on carbide a-MXenes with M
elements including Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, and Mn, and termi-
nating surface groups of O and F, as presented in Fig. 2a. Firstly, we have
calculated the lattice parameters using the PBE method. The results are
summarized in Fig. 1d, from which one can see that the optimized lattice
constants of F surface groups a-MXene are smaller than those with O
surface groups, except for the Mo and W-based a-MXene. Moreover,
Table S1 illustrates the lattice parameters of f-MXene. Apparently, for the
majority of the investigated MXenes, the a-MXene phases have smaller
lattice parameters than f-MXene. Such results are consistent with the fact
that the lattice constants of p-InpSes (3.981 A) are slightly smaller than
that of a-In,Ses (4.106 A), as estimated by our calculations and previous
research [20].

In addition, the formation energy (Ef,rm) was calculated to evaluate
the stability of a-MXene, which is defined by the following equation
according previous works [17,41,42]:

Eform = (Expex, — i — He — Hy) / 5 )

where Ey,cx, stands for the total energy of a-MXene MCX», and the
chemical potentials uy, pc, px are respectively taken from transition
metal M crystal, graphite, and Oy/F2 molecule, respectively. The results
are displayed in Fig. 2b and c, with the formation energies of successfully
fabricated 2D a-InySes and CrGeTeg included as references. Generally, for
both O and F surface groups, IVB group a-MXenes show the lowest Eform
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Fig. 1. Structure of a-MXene. The atomic configurations of (a) p-MXene and (b) a-MXene. (c) The structure along the vertical direction with the atoms arranged in one
of the triangular lattices A, B or C. (d) Calculated lattice parameters of a (A) for a-MXene in different M atoms in the periodic table and O/F terminated surface groups.

and VIB group a-MXenes exhibit relatively higher Egom,. It is obviously
seen that the Eg,p, of all investigated a-MXenes are more negative than
that of a-InpSez monolayers. In comparison to 2D CrGeTes, only the
formation energy of WoCFj is slightly greater than that of 2D CrGeTes
among the explored 20 a-MXenes. Furthermore, the calculated phonon
band structures including 3 acoustic and 12 optical branches (15
branches in total) for all explored a-MXenes have been illustrated in
Fig. 2d and e, and Figs. S2 and S3. All frequencies in the phonon
dispersion curves are positive, confirming the dynamic stability of
a-MXenes. As is discussed, the evaluated thermodynamic and lattice
dynamic stabilities of a-MXenes provide a fundamental basis for future
experimental fabrication.

3.2. Ferroelectric and distinctive physical characteristics of a-MXene

As studied above, due to the crystal centrosymmetric breaking,
a-MXenes are promisingly characterized with ferroelectric nature. We
have firstly reproduced the magnitudes of the electric dipoles for
a-InySes, the estimated value by the PBE method is 0.093 eA, and 0.111
eA according to the HSEO6 approach. Such magnitudes are in excellent
agreement with the previous DFT results, with the values of 0.094 eA and
0.11 eA by the PBE and HSE06 approach [20]. The calculated electric
polarizations of a-MXenes by PBE approach are listed in the top-left panel
of Fig. 3. Herein, o-MXenes exhibit a regulable electric polarization from
0.008 eA to0 0.156 eA benefiting by the various kinds of MXenes. In detail,
for IVB groups, the O functionalized MXenes show higher magnitudes of
electric dipoles, while the VIB groups exhibit an opposite tendency, as the
F functionalized MXenes possess higher electric polarization. We have
estimated the electric polarization by the HSE06 approach as well and

the results are summed up in Table S2. Note that for all the explored
a-MXene, the HSEO6 method provides higher electric polarization than
PBE, in line with previous work [20]. However, the differences are
slightly and acceptable.

The ability to reverse electric polarization is essential for ferroelectric
materials to be useful in practical applications [20]. Therefore, we turn to
the kinetic pathways and corresponding activation energies for switching
the polarization direction in a-MXenes. The non-polar symmetric tran-
sition state (TS) and the polarization-reversing process are illustrated in
Fig. 3. The C atoms in the central layer occupy B sites aligned vertically
with the lower transition metal layer, causing the electric dipole to point
downward. In transformation process, these C atoms shift to adjacent C
sites aligned with the upper transition metal layer, resulting in a reversal
of the electric dipole direction. The activation energy barriers are sum-
med up in the top-right panel of Fig. 3. Note that the energy barrier of
a-InySes during the polarization reversal process is 1.01 eV by our cal-
culations, which is close to the value of previous work [20]. As shown in
Fig. 3, all the F terminated MXenes have a higher energy barrier than the
corresponding O terminated MXenes. Note that WoCO; exhibits the
lowest energy barrier at 0.496 eV, while Hf>CF5 has the highest at 1.941
eV. This range highlights the variability in energy barriers across these
ferroelectric materials. Clearly, the energy barriers of these structures are
compared with that of a-InpSes, which has been successfully fabricated in
experiments [40]. Thus, a-MXene has great potential to be experimen-
tally synthesized and to put into practical use in the near future.

It is well known that traditional p-MXenes exhibit a diverse range of
electronic properties, including metallicity, semiconductivity, and non-
conductivity. Because of the similar crystal structure, we propose that
our designed new structure a-MXene will endow with various electronic
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Fig. 2. Stability of a-MXene. (a) Chemical compositions of a-MXenes in the periodic table. Calculated formation energies of a-MXene with (b) O-terminated surface
group (c) and F-terminated surface group. In (b) and (c), the blue and red dashed dot lines represent the formation energies of CrGeTes and Crl; monolayers,
respectively, and the inset structures are the side views of CrGeTes and Crls, respectively. Phonon dispersion curves for (d) Ti,CO, and (e) Ti»CF, a-MXenes.

properties. We have then calculated the total and partial density of states
(DOS) and band gaps in Fig. 4. As is seen, eight semiconductors have been
found with band gaps ranging from 0.48 eV to 1.36 eV, including six [VB-
group o-MXenes, added with Nb,CO, and TayCO,. Moreover, in these
eight semiconducting a-MXenes, only Nb,CO, are characterized with
direct band gaps, both the conduction band minimum (CBM) valence and
band maximum (VBM) are located at Gamma points, as displayed in
Fig. S4. Deeply, for all the semiconductors, both the CBM and VBM are
predominantly dominated by the d states from the transition metal
atoms. It is worth mentioning that, for the O-functionalized a-MXenes in
IVB groups, the VBM are occupied by the 2p states from C and O atoms as
well. Beyond that, for all the investigated a-MXenes, 2p electrons from
the third layers C atoms are strongly hybridized with the d electrons from
the second- and fourth-layer transition metal atoms. Moreover, the
d electrons also hybridize with the 2p electrons from top and bottom

layers O or F atoms, suggesting the strong covalent bonds between them,
which is very similar to p-MXenes [18,19]. Furthermore, our results
demonstrate that V,CXs5, CroCXs, and MnyCXy a-MXenes (X = O or F)
exhibit ferromagnetic properties, with the total magnetic moment of
1.832ug, 3.975up, and 5.854up per unit cell, respectively. However, when
utilized as polar materials for device application, these three systems may
exhibit complex magnetic interactions, thereby impeding high-density
integration in nanodevices [43,44]. Consequently, we will not explore
these three ferromagnetic a-MXenes in the following discussion.
Especially, as displayed in Fig. 4, the band gap of W5CO; is 0 eV,
which is distinct from other a-MXenes. We have further calculated the
band structure of W5CO5 in Fig. 5a and b to gain a deeper understanding
of the electronic properties. As seen from Fig. 5a, the bands mainly from
transition metal atom W barely cross Fermi level, inducing to a semi-
metallic character. The three-dimensional band profiles are illustrated
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Fig. 3. Ferroelectric properties of a-MXene. Polarization reversal processes from ferroelectric phase with the electric polarization pointing downward (left) to the
ferroelectric phase with the electric polarization pointing upward (right). The top-left panel is the calculated electric polarization (eA) of a-MXene obtained by the PBE
approach. The top-right panel is the estimated polarization-reversing energy barriers (eV).

in Fig. 5b as well. Different from B-MXene Hf3C30,, for another semi-
metal proposed by Zha et al. [45], its VBM is situated at the I" point,
while the CBM is determined at another high-symmetry point (M point).
For the explored W2CO,, both the CBM and VBM located at the same
high-symmetry point I". Such CBM and VBM touch each other on the
Fermi level, leading to the so-called Dirac cone, which can induce
breathtaking properties, such as ultra-high Fermi velocity, exceedingly
high carrier mobility, fast charge transport, and zero effective mass of the
carriers [46-48]. Hence, WoCO, a-MXene may serve as a significant
Dirac material for the development of high-speed, low-dissipation de-
vices due to its intrinsic Dirac-semimetal nature.

Moreover, we found that NbyCFy, TayCFp, M02CO2, MooCFo, and
W,CF; a-MXenes are ferroelectric metal, as the Fermi level is across by
the d states from the transition metal atoms with the intrinsic ferro-
electricity of them. Ferroelectric metal is first proposed by Anderson and
Blount in 1965 [49]. Traditionally, ferroelectricity and metallicity were
thought to be mutually exclusive because metals have free electrons that
screen any internal electric fields, preventing the establishment of the
electric dipoles necessary for ferroelectric behavior. In ferroelectric
metals, the free electrons do not screen the internal dipoles completely,
enabling spontaneous polarization to persist despite the presence of
mobile charge carriers. This incomplete screening allows the structure to
maintain its polarized state, which is essential for ferroelectric behavior
[49]. Ferroelectric metals offer significant potential for a range of
advanced electronic applications, including memory storage devices,
where they could integrate the advantages of ferroelectric switching with
the electrical conductivity of metals. Additionally, these materials are
gaining interest for their possible roles in cutting-edge technologies such
as quantum computing and next-generation transistors [50,51]. Polar
metal WTe, has demonstrated spontaneous electric polarization that can
be switched by applying an external electric field, potentially marking
the first experimental observation of the coexistence of ferroelectricity
and metallicity in a 2D material [52]. Nevertheless, until now, examples
of ferroelectric metals remain exceedingly rare [50]. In our study, we
have revealed five ferroelectric metals in a-MXenes. The coexistence of
ferroelectricity and metallicity in these materials can be explained as
follows. Taking Mo2CF, as an example, the partial electron density of
Mo,CF; within an energy range of +0.05 eV around the Fermi level is

plotted in Fig. 5c. Surprisingly, the electron density mainly concentrated
on the lower surface. We have then visualized the electron density by
integrating it over the x-y plane, defined as conducting electron density,
which has successfully clarified the ferroelectricity in 2D metal systems
in previous work [53]. The integration over the x-y plane of charge
density difference between ferroelectric and paraelectric phases are
referred as polarizing electron density. The electron density of para-
electric phases make no contribution to polarization of the system,
polarizing electron density can reflect the electronic contribution to the
polarization. The conducting and polarizing electron density are dis-
played in Fig. 5d. Clearly, the polarizing electron density is distributed on
the upper surface, thus the conducting electrons and the polarizing
electron density are spatially separated, offering insights into the
fundamental mechanism of ferroelectric metallicity in these a-MXenes.

3.3. Photocatalytic applications of a-MXene

Hydrogen production through photocatalytic water splitting using
semiconductor photocatalysts under sunlight represents one of the most
promising green and renewable solutions to the depletion of fuel re-
sources and the global greenhouse effect [12,54]. In recent years, to
quickly achieve carbon peaking and carbon neutrality goals, the impor-
tance and urgency for synthesizing and developing an efficient photo-
catalyst with good catalytic activity for hydrogen production has reached
an unprecedented height. Commonly, a suitable photocatalyst for water
splitting should possess appropriate band edge levels to straddle the
redox level of water, that is, the CBM need to be higher than reduction
potential of H"/H, (—4.44 €V), and the VBM must be lower than
oxidation potential of Op/H20 (—5.67 eV) [55]. Hence, the theoretical
minimum band gap for a semiconductor to be applied as photocatalysts is
1.23 eV. However, this band gap has overlooked the infrared part of the
solar spectrum, which encompassed almost half of the solar energy.
Fortunately, Yang et al. have proposed a new for hydrogen production
mechanism by utilizing infrared light to break through the band gap
restriction [56]. In this new mechanism, the restriction on the photo-
catalyst's band gap according to the following equation [56]:

E, > 1.23-A®, 2
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Fig. 4. Electronic structure of a-MXene. Calculated DOS and PDOS of MyCX, (M = Ti, Zr, Hf, Nb, Ta, Mo, W; X = O and F) a-MXenes.

where A® is the electrostatic potential difference between the top and
bottom surfaces of the semiconductor photocatalyst. Hence, if the A® is
large enough, there is no restriction on the band gap. Meanwhile, a
moderate value of A® can reduce the band gap of the photocatalyst into
the infrared wavelength. The key issue for this proposed model is to
search a polar material with moderate intrinsic dipole. Another obstacle
that a high-performance photocatalyst must overcome is the high rate of
the photogenerated electron-hole recombination during the process of
photocatalytic water splitting. While previous researches have elucidated
that an out-of-plane built-in electric field induced by polar materials can
enhance the dielectric screening potential and weaken the excitonic
binding energy, which is beneficial for avoiding the recombination of
photogenerated electrons and holes [57]. Notably, all the ferroelectric
materials are in possession of piezoelectric or polar feature [58]. Hence,
we speculated that our designed eight semiconductors a-MXenes may
hold great potential as photocatalysts for water splitting, which not only

can utilize visible or infrared solar radiation but also have effective
separation of photogenerated electrons and holes.

To verify our hypothesis, we have firstly calculated the electrostatic
potential difference A®, as listed in Table S3, from which one can see that
various electrostatic potential differences are expected. The examined
Adare2.23eV,1.11eV,2.01eV,0.11 eV, 3.13eV,0.25€eV, 1.01 eV, and
1.08 eV for TizCOz, TizCFz, Zr2C02, ZrzCFz, HszOz, HszFg, szCOz,
and TayCOo, respectively. Thus, these eight a-MXenes are promising
candidates to match the new photocatalytic mechanism. Furthermore, to
verify the photocatalytic activity and favorable band edge positions, the
energy alignments of VBM and CBM considering electrostatic potential
difference are estimated and shown in Fig. 6a—c and Fig. S5. The esti-
mated AEg and AEq in Table S3 are respective gained by CBM minus
water reduction potential and water oxidation potential minus VBM. It is
found that, for Ti,CO4, Hf2CO2, and TasCO», the energy level of CBM lies
below the oxidation potential of water with the VBM level locating above
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Fig. 5. Ferroelectric (semi)metallicity in a-MXene. (a) Calculated band structure and (b) three-dimension band profile around the Fermi level of W,CO, a-MXene. (c)
Partial electron density within an energy range of +0.05 eV around the Fermi level of Mo,CFs. (d) The estimated conducting electron density (red lines) and polarizing

electron density (blue lines) of Mo,CFs.

the reduction potential of water, suggesting the appropriate band edge
alignments. Moreover, especially for TioCO», the AEg and AEq can reach
as high as 1.30 eV and 0.70 eV, implying its high power to drive electrons
for reduction reaction and holes for oxidation reactions during dissoci-
ating process, respectively. For TiyCFp, ZroCO2 ZryCFq, Hf5CO,, and
Nb,CO», the VBM levels are located inside the water oxidation, as illus-
trated in Fig. S5, thus cannot provide enough driving force for producing
O,. Noticeably, the band gaps of TisCO,, and TaoCO» are smaller than
1.23 eV, which preliminarily implies that our previous hypothesis are
feasible.

Thereafter, we have calculated the optical absorption spectra by
HSE06-TDHF approach to evaluate the utilization of solar energy for
TioCO,, Hf5CO4, and TapCO,. As presented in Fig. 6d, all three a-MXenes
exhibit substantially large optical absorption under visible and ultravi-
olet range. In this range, the absorption coefficients can reach as high as
6 x 10° cm L. The absorbance of bulk silicon is also plotted for reference
comparison [59]. In contrast to silicon and numerous other 2D materials
[60], where light absorbance drops sharply in the visible-light wave-
length range, these three a-MXenes show significant light absorption
across the entire visible-light spectrum. Note that TayCOy shows the
highest solar energy utilization of the three semiconductor photo-
catalysts almost in all the explored optical region. Significantly, the op-
tical absorption coefficients for TayCO, are still up to 10° cm™! level in
the infrared light region, which account for nearly half of solar spectrum.
Such results are powerful evidence that our new designed a-MXenes not
only have abundant harvest in visible and ultraviolet region but also
exhibit outstanding light absorption abilities from infrared light, which

confirmed our previous hypothesis.

As expounded before, our proposed a-MXenes are ferroelectric ma-
terials, hence the intrinsic dipole is induced, finally leading to an internal
electric field in these structures. When the photocatalytic reactions are
set off, the photo electrons and holes are generated and separated.
Meanwhile, the electric field in a-MXenes can serve as an auxiliary
booster to break up an exciton pair, thus the photo-excited electrons will
transport to the one side of the layered structure for hydrogen generation,
and holes diffuse to the other side to produce oxygen. As the band
structure and band decomposed displayed in Fig. 6e, f, and g, upon ab-
sorption of light, the electrons and holes populate on the lower and upper
zone of these three o-MXenes, respectively. As a result, the water
reduction and oxidation occur on opposite areas of the layered a-MXenes,
which is beneficail for not only efficient separations of photo-generated
electrons and holes but also spatial generations of hydrogen and oxy-
gen gas. We have then evaluated hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) on both upper and lower surfaces of
a-MXenes for a deeply understanding, the results are plotted in Fig. 6e, f,
and g. We can see that, for all the three explored structures, the Gibbs free
energy differences (AGy+) on lower surfaces are smaller than those on
upper surfaces. That is, HER reactions are most likely to occur on the
lower region of the structures, which align well with our previous anal-
ysis. In addition, under the potential provided by photoinduced electrons
indicated in Fig. 6a, b, and c, the HER can proceed upon light irradiation.
We then investigated the other half-reaction of water oxidation of these
three a-MXenes. The species of OH*, O*, OOH*, and O, are the in-
termediates and final products of the OER process, respectively. It can be
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Fig. 6. Photocatalysis properties of a-MXenes. Electronic band alignment of (a) Ti»COs, (b) Hf,CO», and (c) Ta,CO, with relative to the water redox potentials. The
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HSEO06 band structures with band decomposed charge distribution for the CBM and VBM, free energy diagrams for HER on the upper and lower surface, and OER on
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observed that for TioCO5 and Hf>CO», the formation of intermediate O*
represents the rate-limiting steps, whereas for Ta;CO5, the formation of
OOH* intermediate serves as the rate-limiting steps. Evidently, the OER
reactions occur more readily on the upper surfaces for the three

a-MXenes, as these surfaces exhibit lower activation energies for the rate-
limiting steps. Such results are completely consistent with our previous
expectations that hydrogen and oxygen gas can be generated locationally
from two opposite surfaces of the two-dimensional materials.
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Furthermore, when these three a-MXenes are subjected to light irradia-
tion, the photoexcited holes create external potentials (Uy) as Uy = AEg
+ 1.23 + pH x 0.059. For Ti,CO,, when the pH of the solution reaches 2,
the external potential can achieve to 2.05 eV. Hence, all the OER reaction
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steps exhibit a downward trend, demonstrating that O, can produce
spontaneously when pH > 2. For Hf,CO; and TayCOq, the pH values for
OER process occurring simultaneously are 7 and 13, respectively. It is can
be concluded that these three materials can be used in various acidic and
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Fig. 7. Spintronic properties of a-MXenes. The transmission curves (top-left part) and spectrums (top-right part), as well as the transmission eigenstates (bottom part)

of the (a) Zr,CO,-based and (b) Nb,CO,-based FTJs.
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alkaline environments to meet different oxygen production re-
quirements. In summary, the ferroelectric property of a-MXenes make
them efficient photocatalysts for splitting water into hydrogen and
oxygen.

3.4. Spintronic applications of a-MXene

Among various 2D materials, 2D ferroelectric materials have captured
increasing research interest due to the spontaneous electric polarization
[61,62]. Compared with three-dimensional (3D) perovskite ferroelectric
materials, these 2D ferroelectric materials can hold their ferroelectric
properties when the thickness is reduced to the single-layer limit [63,64].
These materials exhibit two distinct ferroelectric states that can be
toggled using an external electric field, a characteristic of significant
importance in practical applications. Indeed, the property that two
distinct ferroelectric states can be regarded as “0” and “1” states in binary
storage, which is suitable for applying in nonvolatile memory devices,
such as FTJs [65-67]. The recent theoretical investigations on a lateral
2D FTJ composed of graphene and ferroelectric a-InpSes have demon-
strated an impressive tunneling electroresistance ratio of approximately
1 x 108 %. This finding highlights the potential of such FTJ in the
development of ferroelectric memory devices [68]. However, the study
of integrating ferroelectrics into devices is still in its infancy, the search
for new 2D ferroelectrics with exceptional device performance remains a
pressing task. Due to the similar atomic stackings to o-InjSes, our
designed a-MXenes may endow with huge potential of novel applications
in spintronics. To investigate their possible application of a-MXenes for
the ferroelectric memory devices, we have constructed XoCO2/MoSes (X
= Nb, Zr)-based FTJs to study the electronic transport properties. The
spin-dependent conductance of the tunnel junction per unit cell area is
calculated by [69].

3

where T(E) = ZkH T(ky,E) is the k-point averaged transmission function

at energy E and T (k| , E) is the k resolved transmission function with k, =
ky. The tunnel electroresistance (TER) ratio is calculated by the formula
[70]

_ 16 =Gy

TER=—1_ 71
mln(GTv Gl)

(€]

where G; and G, are the tunneling conductances of the FTJs when the
ferroelectric layer is in the up-polarized and down-polarized states,
respectively.

Herein, 1T-MoSey/X32C0O; (X = Nb, Zr) heterostructures are utilized as
electrodes. Various configurations of XCO2/MoSe; heterostructures are
considered to determine the most stable configurations, as shown in
Fig. S6. Total energies of XoCO/MoSe; heterostructures with different
configurations are summarized in Table S4. Obviously, the most stable
stacking configurations for Zr,CO/MoSe; and Nb,COy/MoSe;, hetero-
structures are type IV from Table S4. We further construct the FTJs based
on these most stable stacking configurations, as depicted in Fig. S7. To
explore their electronic transport properties, the transmission curves and
spectrums of the FTJs from —1.2 eV to 1.2 eV, as well as the transmission
eigenstates of corresponding highest transmission areas are calculated
and plotted in Fig. 7a and b. As is shown, for Zr,CO,-based FTJ, the P;
and P| transmission curves are almost coincided in the low energy region
(less than 0.3 eV). Both P; and P, transmission curves exhibit a rapid
decline around the Fermi level and high energy region (greater than 0.7
eV). The P; and P transmission coefficients of these FTJs show a
considerable difference at the Fermi level, which could result in an
apparent TER effect. The calculated TER ratio is 1.18 x 10'2 for Zr,CO,-
based FTJ. Such huge TER ratio of both FTJs reveals that these FTJs show
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an excellent application for ferroelectric memory devices. The trans-
mission spectrum of P; state for ZroCO,-based FTJ is located at ky, = 0,
whereas that of P| is mainly located around k, = 0.26. As a result, the
transmission spectrums between different polarization states also show
remarkable differences, which also reveals the origin of TER effect. For
Nb,CO,-based FTJ, the P; and P, transmission curves are nearly aligned
throughout the entire energy range, except in the vicinity of the Fermi
level. The P; transmission curve exhibits little change around the Fermi
level and remains at a relatively high level, whereas the P transmission
curve exhibits a sharp decline followed by a rise. The calculated TER
ratios are 8.62 x 10'° for NbyCO»-based FTJ. In addition, the trans-
mission spectrum of P; state for NbyCOz-based FTJ shows that the
transmission area is mainly located around k, = 0, while the transmission
spectrum of P state for NboCOz-based FTJ is mainly located around ky =
0.44. Furthermore, the transmission eigenstates of corresponding highest
transmission area for both FTJs show that the transmission eigenstates of
FTJ in P, state fill the whole FTJ, which are much higher than that of P;
state. In summary, ZrpCOy and NbyCOs-based FTJs exhibit high TER
ratios, emphasizing their potential for use in advanced ferroelectric
memory devices.

4. Conclusions

In conclusion, based on first-principles computations, we have
discovered a new series of 2D ferroelectric materials with the composi-
tion MaCO2 from the MXene family. This phase is derived from the
previously explored hexagonal MXene phase, and is named as a-MXenes
due to the similar atomic configurations to a-In,Ses. Firstly, the stabilities
of these a-MXenes have been identified through phonon and formation
energy calculations. Moreover, a-MXenes exhibit a range of electric po-
larization and polarization reversal energy barrier from 0.008 eA to
0.156 eA and 0.496eV to 1.941 eV, respectively. Interestingly, W2CO2
o-MXene is an intrinsic Dirac-semimetal material, and Nb,CF5, TasCF,
Mo,CO3, Mo,CF;, and W5CF5 a-MXenes have been proved to be rare
ferroelectric metal by our calculations. We have theoretically concluded
that Ti,CO4, Hf;CO4, Ta3CO2 a-MXenes are promising photocatalysts for
water splitting. Particularly, they can overcome the fundamental re-
striction of the band gap, thereby extending the optical absorption range
into the visible and near-infrared region. Due to the internal electric field
induced by ferroelectric effect, these three a-MXenes demonstrate su-
perior separation of free electrons and holes, which greatly benefits the
facilitation of the photocatalytic process. Notably, a-MXenes Zr,CO, and
NbyCO9-based FTJs demonstrate an excellent performance, with the
evaluated TER ratios of 1.18 x 10'3 and 8.62 x 10'°, respectively,
highlighting their strong potential for applications in advanced ferro-
electric memory devices. Our comprehensive study not only predicts a
new ferroelectric MXene phase and uncover innovative physical char-
acteristics but also explores underlying applications in the fields of
photocatalysis and spintronics.
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