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Hybrid Orbital Formation and Multicenter Bonding of
Hydrogen Atoms and Molecules in Ti;C, MXenes

Norbert H. Nickel

The formation and stability of solids and molecules is not possible without
chemical bonds, which are divided into covalent, ionic, metallic, and van der
Waals bonds. A special type of intermolecular bond is hydrogen bonding,
which plays a crucial role for chemical, biological, and physical processes.
However, hydrogen shows a far more complex behavior when it is present in
solids. In this paper, it is shown that the chemical bonding of hydrogen atoms
and molecules extends far beyond the simple picture of conventional, ionic,
covalent, and multicenter bonds. The interaction of H with its host material is
particularly important for hydrogen storage in metallic materials such as Ti;C,
MXenes. Hydrogen atoms and H, molecules form multicenter bonds in Ti;C,.
On the surface and between two Ti;C, sheets this is limited to the formation
of H-Ti bonds. However, H and H, on interstitial sites form multicenter
bonds not only with nearest neighbor Ti atoms but also with carbon atoms.
Interestingly, the H-C bonds are characterized by the formation of s—p hybrid
orbitals. For H, molecules, multicenter bond formation is accompanied by an
increase of the bond length to 2.07 and 1.85 A for H, on the surface and at the
interstitial site, respectively. On the other hand, placing H, between two
sheets of Ti;C, leads to dissociation. For all H and H, complexes the

occurs because of an attractive force be-
tween the positively charged atoms and
the quasi-free electron gas. In addition,
there are types of weak bonds such as Van
der Waals bonds and hydrogen bonding
that rely on dipole—dipole forces.
Compared to these bonding modes,
hydrogen shows a far more complex be-
havior. For example, in p-type crystalline
silicon, H atoms can occupy a bond-
center site between two Si atoms. In this
case, the charge of the H atom is do-
nated to the conduction band and the H
complex acts as a donor.?! In molecules
H can also form 3-center bonds. An ex-
ample is B,H,; where each boron atom
is tetrahedrally surrounded by four H
atoms.l*] The bonding behavior of H be-
comes even more interesting when hy-
drogen is present in wide bandgap ox-
ides. When hydrogen substitutes oxygen
atoms it forms uniform bonds to all near-

vibrational eigenmodes are calculated. Their frequencies are in the range of
890 to 1610 cm~, which indicates that the bonds are remarkably strong.

1. Introduction

Chemical bonds enable the formation of molecules and solids
due to the attraction of valence electrons of atoms. The simple
representation of a covalent bond depicts a pair of electrons that
is occupying the space between the two atoms. In ionic bonds the
electrons are not equally distributed between atoms but attracted
to the more electronegative atom. In metals the bonding mech-
anism is different. Each atom of the solid gives up its valence
electrons, which then form a quasi-free electron gas. Bonding
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est neighboring metal atoms. Hence, in
zinc oxide and magnesium oxide substi-
tutional H becomes fourfold and sixfold
coordinated, respectively.!]

In this paper, it is shown that the chemical bonding of hydro-
gen with other elements is more complex than has been thought
previously. Bonding extends far beyond the simple picture of con-
ventional, ionic, covalent, and multicenter bonds. The formation
of multicenter H bonds is a property characterized by the pres-
ence of metal atoms and their ability to interact with the s-orbital
of hydrogen atoms. However, the formation of multicenter bonds
is not limited to isolated H atoms. Here it is shown that even
molecular H, forms stable multicenter bonds.

The structural and electronic properties of H were investi-
gated for Ti,C,, which belongs to a class of 2D materials known
as MXenes. These 2D materials are composed of early transition
metals, M,,,, that alternately bind to n layers of carbon or
nitrogen. Hence, the basic formula is given as M, X, T,, where
X is replaced by C or N and the last term denotes a possible
surface termination.]

MXenes combine properties of metals and ceramics.[’!
They exhibit excellent mechanical strength, high thermal con-
ductivity, and the bandgap can be tuned from metallic to
semiconducting.>”#] The variety of properties and the combina-
tion of different MXenes open up the way for a multitude of po-
tential applications. For example, MXenes can be used to harvest
energy in the form of solar energy, thermoelectric energy, piezo-
electric energy, and more.’! Due to their chemical and structural
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diversity, some MXene layers are suitable for energy storage in
Dbatteries or super capacitors.!'% Recently, the use of MXenes in
biomedicine opened up one of the most exciting areas of research
spanning topics such as dialysis, photothermal cancer therapy,
and neural electrodes.l!"12]

For future energy security, photo and electro catalysis will play
an important role. In particular, hydrogen evolution reactions are
of increasing interest, since H is considered as an energy alter-
native due to its high calorific value. MXenes also score in this
area with their exceptional electronic, structural, and chemical
properties. An overview of the performance of several MXenes as
electrocatalysts for the hydrogen evolution reaction can be found
in ref. [13]. An interesting new application of MXenes is the idea
of using them for hydrogen storage.'* In fact, the presence of
H, in Ti;C, MXenes was confirmed using neutron scattering
experiments.!'>] Moreover, Molecular dynamic simulations indi-
cate that 3.4 wt% H, can be adsorbed and released under ambi-
ent conditions.'®! In this context, an important question arises
regarding the nature of the interaction and bonding of hydrogen
with MXenes.

The exposure of MXenes to hydrogen is not limited to hydro-
gen storage. Many applications of MXenes are based on the inter-
actions of devices and sensors with chemicals that can lead to the
generation of hydrogen atoms and molecules. Besides hydrogen
storage, this also applies to photo- and electrocatalysis.

Once H atoms or molecules are present, there is a high prob-
ability that they will interact with solids. In semiconductors and
metals the properties of hydrogen have been extensively inves-
tigated. Hydrogen is known to adsorb on surfaces, passivating
dangling bonds, migrate into solids where it can neutralize dop-
ing atoms and dangling bonds, and even create new structural
and electronically active defects.['-1%]

Here it is shown that the formation of hydrogen multicen-
ter bonds also occurs in metallic materials such as Ti;C, MX-
enes. Furthermore, multicenter bond formation also occurs for
H, molecules in Ti,C, MXenes, which is accompanied by a sig-
nificant increase of the H-H bond distance. In addition to the for-
mation of metal-H bonds, monatomic and molecular hydrogen
accommodated at interstitial sites form further bonds to near-
est neighbor carbon atoms. These bonds are characterized by
the formation of s—p hybrid orbitals. Calculations of the vibra-
tional eigenmodes shows that resulting multicenter H and H,
complexes are stable.

The interaction of H and H, with MXenes can affect the phys-
ical and chemical properties of its host. This can manifest itself
in changes in the crystal structure and influence mechanical
properties such as hardness and elasticity, as well as chemical
stability. The latter could, for example, manifest itself as a
degradation effect in hydrogen storage applications. Therefore,
understanding of the chemical bonding of hydrogen in MXenes
is of great interest.

2. First-Principles Calculations

The results presented in this section were obtained by placing
H atoms and H, molecules on top, inside, and between sheets of
Ti,; C,. For monatomic H and molecular H, the equilibrium struc-
tures and corresponding density-of-states distributions are de-
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scribed in Sections 2.1 and 2.2, respectively. Section 2.3 is focused
on the vibrational eigenmodes of the multicenter H complexes.

2.1. Monatomic Hydrogen

Ti,C, belongs to the hexagonal space group P6 3/mmc and
forms a 2D sheet-like structure. Since the surfaces of these
sheets are terminated with Ti atoms they are susceptible to ox-
idation. On the other hand, hydrogen is one of the most well-
known elements for passivating surfaces and has been used ef-
fectively to passivate surfaces of semiconductors such as silicon
and germanium.[?*?!l When H is placed on top of Ti;C, its low-
est energy site is in a hexagonal center of the surface with three
surface Ti atoms as nearest neighbors (see Figure 1a). In addi-
tion, the electronic charge density distribution of the H ad-atom
is shown in Figure 1a in a top and edge-on view. The data clearly
show that the H ad-atom binds to the three nearest neighbor
Ti atoms. Hence, the H atom exhibits a threefold coordination
despite the fact that H has an electronic structure of 1s! and is
widely believed that it forms only one single chemical bond. The
bond length of the three Ti—-H bonds amounts to 2.04 A, which
is only slightly shorter than the Ti~C bond length of 2.08 A.

The nature of the hydrogen chemical bond was further in-
vestigated by analyzing the density-of-states (DOS). In Figure 1b
the total DOS of Ti;C, with and without an adsorbed H atom is
shown by the black and red curves, respectively. Comparing the
two curves reveals a shoulder in the DOS at E = —5.5 eV for H ad-
sorbed on the surface of Ti;C, (see arrow in Figure 1b). The pro-
jection of the DOS on the H atom and the three nearest neighbor
Ti atoms shows that the shoulder originates from a superposition
of the s-orbitals of the H and Ti atoms (see Figure 1c). Second
nearest and further distant neighbor Ti atoms do not contribute
to the peak located at E = —5.5 eV. Hence, this clearly shows that
H atoms form multicenter bonds on the surface of Ti;C,. The
character of the multicenter H bonds can be classified as covalent
within the density-functional theory (DFT) model approximation,
excluding Van der Waals interaction.

A further position that can accommodate H atoms is the in-
terstitial site in the center of Ti,;C,. The complex is depicted in
Figure 2a in a top and edge-on view. In addition, the electronic
charge density distribution is shown. The interstitial H atom
forms bonds to three nearest neighbor Ti atoms and to the near-
est neighbor C atom, which is located directly below the inter-
stitial site. All three Ti-H bonds have a bond length of 1.88 A,
which indicates that the interstitial site is highly symmetrical.
The fourth bond of the H atom extends to the nearest C atom
with a bond length of 1.22 A. This is ~ 7% longer than the C-H
bond length on a diamond surface.??]

The total and local DOS projected on the H, Ti, and C atoms
are shown in Figures 2b and 2c, respectively. In the total DOS two
peaks emerge thatarelocatedat E = —6.77eVand E = —12.99 eV.
Both peaks originate from a projection of the density-of-states on
the H atom and its nearest neighbor Ti and C atoms. For intersti-
tial H an hitherto unexpected behavior is observed. The s-orbitals
of the involved atoms split and the superposition of the s-orbitals
of the H, Ti, and C atoms occurs at E = —6.77 eV and E = —12.99
eV. This split of 6.22 eV is too large to be caused by a state or sym-
metry breaking degeneracy. A closer look into the s- and p-orbitals
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Figure 1. Depiction of the equilibrium position of atomic H on top a) of a Ti;C, layer. The depicted iso-surface corresponds to the lowest energy bonding
state of the hydrogen atom. The cutoff amounts to 8 x 1073 eV A=3. b) The total density-of-states (DOS) for a pristine Ti;C, (red curve; wjo H) and
an adsorbed H atom on the surface (black curve; w/ H). c) Shows the projected DOS of the H atom and its nearest neighbor Ti atoms. Note that the
spectra for the total and local DOS are shifted vertically for clarity. The Ti, C, and H atoms are depicted by purple, black, and white spheres, respectively.

provides insight into the origin of the two states associated with
interstitial H. In Figure 2d the projected DOS of the s-orbitals of
C and H and the projected DOS of the p-orbitals of C are shown.
While the p, and p, orbitals do not contribute to the observed
peaks in the local DOS, the carbon p, orbital exhibits a significant
contribution to both peaks. For comparison, in pristine Ti,C, the
two peaks are not observed in the local DOS (see Figure 2e). Thus,
this result clearly establishes that the s-orbital of interstitial H
forms a hybrid orbital with the p,-orbital of the adjacent C atom.

A third stable position for H atoms is located between two
Ti;C, sheets (Figure 3a). The H atom forms three bonds to sur-
face Ti atoms of the lower Ti,C, sheet with Ti-H bond lengths
of 1.96, 1.96, and 2.02 A. This is similar to H on the surface of
Ti;C, (see Figure 1la). In addition, a fourth bond with a bond
length of 1.91 A is formed with a surface Ti atom of the sec-
ond Ti;C, sheet. The formation of chemical bonds between the
H atom and 4 surrounding Ti atoms is further supported by the
DOS. The total density-of-states (Figure 3b) exhibits an additional
peak at E = —6.3 eV that is attributed to a superposition of the s-
orbitals of the H atom and its four nearest neighbor Ti atoms (see
Figure 3c).

2.2. Molecular Hydrogen-

The most stable configuration of hydrogen are molecules. Their
electronic configuration is 1s?> and the dissociation energy
amounts to 4.516 eVl which renders H, inert under ambi-
ent conditions. However, the reactivity of molecular hydrogen
changes significantly as the molecules approach Ti;C,. When H,
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reaches the surface the molecule forms six chemical bonds with
4 Ti atoms (see Figure 4a). The bond length of the H, molecule
increases from 0.75 to 2.07 A. The Ti—-H bond lengths vary be-
tween 1.95 A for the Ti-H bonds in [1210] direction to 2.02 and
2.14 A for the remaining four Ti-H bonds. The Ti~H bonds give
rise to an additional peak in the total DOS located at E = —5.95
eV (Figure 4b). The local DOS projected on the H and Ti atoms
shows that the additional peak is a due to a superposition of the
s-orbitals of the H and Ti atoms (Figure 4c).

Within a Ti,C, sheet stable positions for H, molecules are in-
terstitial sites. The configuration is similar to that for monatomic
H. However, the H-H bond length increases from 0.75 to 1.85 A,
since both H atoms reside exactly above or below a C atom with
which they form chemical bonds (see Figure 5a). The bond length
of both C—H bonds amounts to 1.22 A and is thus the same as for
monatomic H at the interstitial site (see Figure 2). In addition,
both H atoms form chemical bonds to the nearest neighbor Ti
atoms. This is similar to the configuration of H, on the surface
of Ti;C, (see Figure 4).

For interstitial H, the density-of-states shows a uniqueness
compared to the DOS of interstitial H. Similar to interstitial H
(Figure 2), there are two additional peaks in the DOS. However,
for molecular hydrogen both additional peaks split into two peaks
each. The local DOS projected on the H, Ti, and C atoms re-
veals that the origin of the peaks located at E; = —13.69 eV and
E, = —12.50 eV originate from a superposition of the s-orbitals of
the H, Ti, and C atoms, while the two peaks located at E; = —7.11
eV and E, = —6.67 eV are caused by a superposition of the H s-
orbitals and the C p,-orbitals (Figure 5c). Note that the p, and p,
orbitals do not contribute to the additional peaks in the DOS.

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85UB017 SUOLUWIOD dA1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO ‘8sn JO Sa|nl 1oy Akeuq18UIIUO AS]IAN UO (SUOTHPUOD-PpUR-SUWLBIALI0D" A3 1M AT.q [BuUO//SIL) SUONIPUOD PUe SIS 1 8L 88S *[¥202/90/.T] Uo ARiqiauljuo AS|IMm Ind Uljeg wniusz-zyoywpH Ad TT000v202 dpue/Z00T 0T/I0p/wW0d A8 1M AeIq1jeuluo//Sdny WoJj pepeojumod ‘9 ‘#Z0g ‘688ETZST


http://www.advancedsciencenews.com
http://www.ann-phys.org

ADVANCED
SCIENCE NEWS

= physik

www.advancedsciencenews.com

(b)

Total DOS (states/eV)

s
(c) 2
2
)
@
Q
(a]
T
o
3

— T
3 4 (d) interstitial H >
8 Cs 2
2 8
8 2t Hs /\ 1 8
a A Cpy R a
g JAY Cp. |\ S
- B . S

-15 -10 -5
E (eV)

www.ann-phys.org

100

50

H
T
—_—
()
L

-10 -5
E (eV)

Figure 2. a) Depiction of atomic H in the interstitial site in the center of Ti;C,. Also shown is the iso-surface that corresponds to the lowest energy
bonding state of the H atom. The cutoff amounts to 8x10~3 eV A=3. The total DOS is plotted in b). The asterisks mark the new peaks due to the
presence of the H atom. The projected DOS of the s-orbitals of the H atom and its nearest neighbor Ti and C atoms are shown in c). In addition, the
projected DOS of the carbon p-orbitals is shown for d) interstitial H and e) for H-free Ti;C,. Note that the spectra are shifted vertically for clarity.
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Figure 3. a) Depiction of atomic H between two layers of Ti; C,. The iso-surface shown for a cutoff of 8x1073 eV A=3 corresponds to the lowest energy
bonding state of the H atom. b) Shows the total DOS. The asterisk marks the new peak due to the presence of the H atom. c) Shows the projected DOS
of the s-orbitals of the H atom and its nearest neighbor Ti atoms. Note that the spectra are shifted vertically for clarity.
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Figure 4. a) Depiction of the equilibrium positions of molecular hydrogen (H,) on top of a Ti; C, layer in a surface and edge-on projection. The depicted
iso-surfaces correspond to the lowest energy bonding state of the hydrogen atoms. In order to better distinguish between the two atoms, their iso-
surfaces are shown in different colors. The cutoff amounts to 8x10~% eV A=3. b) Shows the total density-of-states (DOS). The asterisk marks the new
peak due to the presence of the H molecule. c) Shows the projected DOS of the H, molecule and its nearest neighbor Ti atoms.

3

3 100

®

3

n

o

[a]

s

'9 0=
-15

S\ 10

()

)

L

©

2

8 5

D 3

Tg [ M H's

3 0__/\_A_,u—l : ITIS
-15 -10 -5 0 5

E (eV)

Figure 5. Depiction of the equilibrium positions of molecular hydrogen (H,) in a Ti;C, layer. Shown are an edge-on and top view projection a) including
iso-surfaces corresponding to the lowest energy bonding state of the hydrogen molecule. To better distinguish between the two atoms, the iso-surfaces
are shown in different colors. The cutoff amounts to 8 x 10~3 eV A=3. b) Shows the total density-of-states (DOS). The asterisks mark the new peaks due
to the presence of the H, molecule. ¢) The projected DOS of the s-orbitals for Ti, H, and C, are shown together with the projected DOS of the carbon
p-orbitals, p,, and p,. Details on the origin of the peaks labeled 1-4 are given in the text.

To elucidate the origin of the peak splitting in the density-of-
states, the partial charge densities of the bands labeled 1 to 4 were
calculated. Figure 6a,b show the partial charge densities that are
attributed to the peaks located at E; = —13.69 eV and E, = —12.50
eV, respectively. For peak 1 the charge distribution extends from
the C atoms over the H, molecule and exhibits a minor contribu-
tion from the central Ti atoms (Figure 6a). Peak 2 resides 1.19 eV

Ann. Phys. (Berlin) 2024, 536, 2400011 2400011 (5 of 11)

higher in energy. It is characterized by the fact that the orbitals do
not span the H-H bond (Figure 6b). Both charge densities reflect
the s-like character of the bonding between the involved atoms.
For the energetically shallower peaks a similar behavior is ob-
served. The partial charge density corresponding to peak 3 (E; =
—7.11 eV) shows that the orbitals are extend along the H-H bond,
while for the peaklocated at position 4 (E, = —6.67 eV) the charge
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density does not extend along the H-H bond. A closer examina-
tion of the charge densities shows the typical dumbbell structure
along the C-H bonds and the s-like orbital on the far side of the
C atoms.

The final investigated position for H, molecules is the space
between two Ti;C, sheets. Interestingly, both H atoms move into
equivalent positions next to each other (Figure 7a). However, this
results in a distance of the two H atoms of 3.11 A, which is beyond
the distance where a stable bond will form. Hence, placing H,
between Ti,; C, sheets results in a dissociation reaction. The pres-
ence of the two H atoms between the Ti,C, sheets gives rise to
two additional peaks in the total DOS at E = —6.73 and —6.30 eV
(Figure 7b). Projection of the DOS on the H and nearest neighbor
Ti atoms reveals that the peak located at E = —6.73 eV originates
mainly from a superposition of the s-orbitals of nearest Ti atoms
and the H atoms. One of the two nearest Ti atoms is indicated in
Figure 7a. Note that the partial charge densities of both H atoms
overlap at the nearest Ti atoms (Figure 7a). The second peak in
the DOS originates mainly from the interaction of the s orbitals
of the six outer Ti atoms with the H atoms (Figure 7c).

The stability of the hydrogen multicenter bonds was analyzed
by calculating the formation energies. For this purpose the en-
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E,=-6.67¢eV

Figure 6. Atomic positions of H, in Ti;C, together with the partial charge densities of the bands labeled 1 to 4 in Figure 5c. The energy values of the
peaks in the DOS are indicated in (a—d). The value of the iso-surfaces amounts to 0.05 eVA=3.

ergy required to add an H atom or molecule from a reservoir
into the solid was determined. For H atoms accommodated at
the surface or between layers the formation energies amount to
E; = —1.304 and —0.87 eV, respectively. In case of H, molecules
E¢ decreases further to —2.035 and —1.585 eV. The formation en-
ergies for interstitial H and H, amount to 1.036 and 2.546 eV,
respectively, which allows these complexes to be formed at mod-
erate temperatures. The obtained values of formation energy are
summarized in Table 1.

2.3. Vibrational Modes

For the six different configurations of monatomic and molec-
ular H in Ti;C, the vibrational frequencies and intensities for
all 3N modes were calculated using density-functional perturba-
tion theory (DFPT). The derived intensities were normalized to
unity. A spectral distribution was calculated for each configura-
tion by broadening the intensity eigenvalue data with a Gaussian
resolution function with a width of 8 cm™ and a scaled normal-
ized intensity of 0.95. In (Figure 8a—c) the vibrational spectra for
monatomic H on the surface, in the layer, and between two Ti, C,
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Figure 7. Depiction of the equilibrium positions of molecular hydrogen (H,) between two Ti;C, sheets. Shown are an edge-on and a top view projection
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Table 1. Formation energies for monatomic and molecular hydrogen in
TiyC,.

Surface Interstitial In between
Ef(H) (eV) —1.304 1.036 —0.870
Ef(Hz) (eV) —2.035 2.546 —1.585

sheets are shown, respectively. For H on the surface the largest
amplitude is observed for the wagging modes at 953.1 and 955.5
cm™'. This mode is degenerate. Most likely, the small difference
in frequency is due to a numerical error. The contribution of the
stretching vibrational mode at 934.6 cm™" is negligible. The vibra-
tional frequencies and the corresponding normalized intensities
are summarized in Table 2 for all configurations.

For interstitial hydrogen two peaks are observed at 1300.2 and
1551.9 cm™ (Figure 8b). The vibrational mode located at 1300.1
cm™! is attributed to a degenerate wagging mode while the dom-
inant vibrational mode is attributed to a C-H stretching mode
(see Figure 9).

When H atoms are accommodated between Ti, C, sheets, three
peaks are observable in the vibrational spectra at 992.9, 1106.6,
and 1374.6 cm™ (Figure 8c). The degeneracy of the first two
modes is lifted because one of the three tetrahedral bond angles
amounts to 126.3°, while the other two angles measure 109.6°.
The third vibrational mode located at 1374.6 cm™" corresponds to
a stretching vibration of the H atom with respect to the Ti atom in
the top Ti;C, sheet (see Figure 9). Compared to H at the surface,
its frequency is shifted to a larger value by 440 cm™ indicating
that this configuration is more stable.

For H, the number of vibrational modes doubles. The Gaus-
sian broadened spectrum for H, adsorbed on the Ti,C, sur-
face exhibits 3 main peaks located at 287, 913, and 1147 cm™!

Ann. Phys. (Berlin) 2024, 536, 2400011 2400011 (7 of 11)

(Figure 8d). The corresponding eigenmodes are shown in the top
row of (Figure 10). With respect to the outermost Ti along the
H-H bond the modes are classified as follows. The vibrational
modes at 287.3 and 906.7 cm~! are H wagging modes. The lower
frequency mode is attributed to the motion of the H atom that
resides higher above the Ti; C, surface. The vibrational modes lo-
cated at 892.2 and 913.3 cm ™! are caused by an asymmetric and
symmetric bending vibration, respectively. Finally, the modes lo-
cated at 1147.1 and 1263.7 cm™! are due to an asymmetric and
symmetric stretching vibration, respectively (see Figure 10).

Interstitial H, shows only one relevant vibrational mode
that is located at a wavenumber of 1431.9 cm™! (Figure 8c). The
intensities of the other 5 modes are zero (see Table 1). The promi-
nent vibrational mode corresponds to an asymmetric stretching
vibration of the two H atoms with respect to the neighboring Ti
atoms in the direction of the H-H bond (see Figure 10).

When H, is introduced between two Ti;C, sheets, the
molecule dissociates and forms two hydrogen centers that are
identical to monatomic H between two sheets of Ti,C, (see
Figures 3a and 7a). Consequently, the vibrational spectra are ex-
pected to be similar, which is indeed the case (see Figure 8c,f).
Most likely, the small shift of the peaks to lower wave numbers
for two H atoms is due to subtle structural variations caused by
the proximity of the two H atoms. The vibrational modes located
at973.8,977.6,1035.9, and 1039.8 cm™! correspond to symmetric
and asymmetric wagging modes. Two groups of wagging modes
are observed since the H atoms form asymmetric centers with
the nearest neighbor Ti atoms. The symmetric wagging mode
located at 1035.9 cm™' shows the largest contribution to the vi-
brational spectrum. The local vibrational modes located at 1369.0
and 1372.3 cm™! are attributed to the symmetric and asymmetric
stretching mode of H with respect to the single Ti atom in the
bottom Ti;C, sheet (see Figure 10).

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85UB017 SUOLUWIOD dA1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO ‘8sn JO Sa|nl 1oy Akeuq18UIIUO AS]IAN UO (SUOTHPUOD-PpUR-SUWLBIALI0D" A3 1M AT.q [BuUO//SIL) SUONIPUOD PUe SIS 1 8L 88S *[¥202/90/.T] Uo ARiqiauljuo AS|IMm Ind Uljeg wniusz-zyoywpH Ad TT000v202 dpue/Z00T 0T/I0p/wW0d A8 1M AeIq1jeuluo//Sdny WoJj pepeojumod ‘9 ‘#Z0g ‘688ETZST


http://www.advancedsciencenews.com
http://www.ann-phys.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Absorbance

1.5

1.0

0.0

= physik

www.ann-phys.org

-

955

(a)

B T 287
on top I

L I L I L l 1 1 I 1
[ | ! I ! | h | !

(b)
B 1552 ¢ | _

1300
in layer ] in layer
L I L I 1 I 1 I I 1 I L
n ) ' I ' I 0T I ' I ' I '_
btw. 2 layers btw. 2 layers
1107 (c) 1036 1360 1)
B 1375 1 |
977

993

500 1000 1

500

500

wave number (cm™)

Figure 8. a—c) Calculated vibrational spectra of atomic (left column) and d—f) molecular hydrogen (right column) in Ti;C,. The data points represent
the calculated frequencies and the solid lines represent Gaussian broadened spectra with a width of 8 cm™". The indicated frequencies correspond to
the Gaussian broadened spectra. The exact frequencies of all modes are summarized in Table 2.

1000

1500

Table 2. Calculated vibrational properties for monatomic and molecular hydrogen in Ti;C,. The data were derived by employing density-functional

perturbation theory. @ and A denote the vibrational frequency and amplitudes, respectively. The amplitudes are normalized to unity.

Surface H In between Surface H, In between
Interstitial Interstitial
w, [em™] 934.6 1300.2 992.9 2873 1252.2 9738
Ala.ul] 0.06 0.07 0.06 0.26 0.0 0.01
@, [em™] 953.1 1301.1 1106.6 892.2 1260.4 977.6
Ala.ul] 0.35 0.14 1.0 0.26 0.0 0.14
w; [em™] 955.5 1551.9 1374.6 906.7 1431.9 1035.9
Alaul] 1.0 1.0 0.42 0.2 1.0 1.0
w, [em™] 913.3 1571.7 1039.8
Alaul] 0.63 0.0 0.01
ws [cm™] 1147.1 1594.7 1369.0
Ala.ul] 1.0 0.0 0.94.
wg [em™1] 1263.7 1607.1 13723
Ala.u] 0.04 0.0 0.14
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Figure 9. Eigenvectors of the vibrational eigenstates of atomic H for a) surface H, b) interstitial H, and c) H atoms between two Ti;C, sheets. The

numbers are the eigenfrequencies of the vibrational modes in cm™".

3. Summary monatomic H assumes a stable position in a hexagonal center,
o ) ) which results in the formation of 3 Ti—H bonds. A similar stable
In summary first-principles calculations based on density-  position was found for H, molecules bonding with 6 nearest

functional theory were perforrped to investigate the interaction neighbor Ti atoms. Within MXene layers the interstitial site
of H atoms and molecules with Ti;C, MXenes. At the surface 3 accommodate H atoms and H, molecules. In addition
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Figure 10. Eigenvectors of the vibrational eigenstates of molecular H a) on the surface of Ti;C,, b) at the interstitial site, and c) between two Ti;C,

sheets. The numbers are the eigenfrequencies of the vibrational modes in cm™'.

to the formation of s-like bonds with neighboring Ti atoms,
hydrogen also forms bonds with the nearest neighbor C atoms
that are characterized by the formation of s—p hybrid orbitals. It
is interesting to note that the H-H bond length is increased by a
factor of 2.67 and 2.47 for H, on the surface and at the interstitial
site, respectively. Hydrogen also tends to migrate into the space
between two Ti;C, sheets. The H atoms form three bonds with
the surface Ti atoms of one Ti;C, sheet and a fourth bond with
a Ti surface atom of the second sheet. Interestingly, the H,
molecule dissociates and forms two separate H-Ti, complexes.
For all hydrogen configurations the vibrational frequencies and
intensities were calculated using DFPT. All frequencies occur
between 892 and 1607 cm™' except for one bending vibration
of H, at the surface of Ti;C,. The relatively high vibrational
frequencies indicate that the H complexes are stable. The re-
sults show that the interaction of monatomic and molecular
hydrogen with MXenes is beneficial from an energetic point of
view. The observation that H, molecules between MXene sheets

Ann. Phys. (Berlin) 2024, 536, 2400011 2400011 (10 of 11)

1

dissociate into monatomic H may potentially lead to enhanced
in-diffusion. This effect may be beneficial for H storage appli-
cations. On the other hand, the interaction of H with MXenes
may lead to material failure due to the formation of H-related
complexes. Such a behavior is well-known in metals as hydrogen
embrittlement.[?*]

4. Computational Details

The calculations and the derived results were obtained from a
first-principles approach based on DFT. Ti, C, layers and surfaces
were modeled in a slab geometry using hexagonal and rectangu-
lar supercells of 45 and 60 atoms, respectively. MXene double lay-
ers were modeled in hexagonal supercells with up to 90 atoms.
The vacuum region amounted to 10.34 A. The Vienna ab initio
simulation package (VASP)[252 was used for the calculations us-
ing the generalized gradient approximation in the formulation of
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Perdew, Burke, and Ernzerhof.[*’) The s and d electrons of Ti were
treated as valence electrons in the projector augmented wave
method. For the calculations the local density approximation
(LDA) + U was employed. U describes the onsite Coulomb inter-
action and amounts to 2.8 eV for titanium.[?®! For the calculations
a plane-wave cutoff of 700 eV was chosen. A I'-centered k-point
mesh of 3 x 3 x 1and 4 x 4 x 1 was used for the large and small
supercells, respectively. To obtain equilibrium structures ionic re-
laxation calculations were carried out until the forces acting on
the atoms reached a value of 10~ eV A~'. The Van der Waals
interaction was not taken into account for these calculations, be-
cause its influence is negligible on the binding of hydrogen.
The properties of H and H, were further analyzed by calcu-
lating the vibrational eigenmodes and their intensities. For this
purpose DFPT as implemented in VASP(?>2%] was employed.
This model provides a connection between the ground state
electron density and the second derivative of the total energy and
accounts for the linear response of the charge density to the dis-
placement of the ions by an external applied field. The intensities
of the infrared vibrational modes, A, are calculated from the Born
effective charges, Z , and the eigenvectors ¢, (i) according tol***!

3 N 3 2
A=) (Z 2 Z: e, 1)> 1)

a=

Here, a and b denote the Cartesian polarizations and the num-
ber of atoms present is accounted for by the sum over i.
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