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In this paper, the hydrogen storage properties of the Li-decorated stable Hf;CF; MXene layer, obtained by the
exfoliation of Al from Hf>AIC and F-termination, are considered by using first-principles calculations based on
Density Functional Theory. First, the stability characteristics of the host structure (Hf»CF3 layer) are examined by
investigating bulk Hf5AIC. To enhance the adsorbed number of Hy molecules, the well-defined initial Hy co-
ordinates are constructed by CLICH (Cap-Like Initial Conditions for Hydrogens) and Monte Carlo-based algo-
rithms. After the geometry optimizations of the designed Hs systems on the Li/Hf>CF; layer, the adsorption
energies of nHy/Li/Hf>CFy n = 1-10, 15, 20 and 25 systems are calculated, and the suitable values (0.2-0.6 eV/
Hy) are obtained up to 15H,. For n = 20 and 25 systems, which have adsorption energies of 0.15 eV/H; and 0.16
eV/H,, respectively. The structural properties and adsorption geometries of these molecules are analyzed.
Additionally, the partial density of the states, electron density difference maps, and Mulliken atomic charges are
presented to identify the actual binding mechanism of the systems. The results reveal that the Li-decorated
Hf>CF, MXene layer can be preferred for the hydrogen storage applications due to its stable nature and the
convenient adsorption characteristics.

1. Introduction

Nowadays, energy consumption worldwide is steadily increasing
owing to continuous industrial and technological developments. Such
energy consumption calls for new resources; in this sense, fossil fuels still
remain the most popular of all despite their limitations and drawbacks,
namely the greenhouse effect and the global warming [1]. To tackle this
problem, different alternatives, mostly renewable ones, are constantly
sought after [2]. In this sense, the hydrogen-based energy has proved to
be a promising source among the others because of its abundance, high
density, environmentally friendliness, and other benefits [3]. However,
one of the limitations of the hydrogen energy is storage of hydrogen
since this gas has a very low density at ambient conditions. To solve this
problem, several methods have been considered, namely gas storage,

liquid storage and solid-state storage[4-8]. The gas hydrogen storage
method requires high pressure tanks which necessitates advanced safety
precautions [9]. As for the liquid hydrogen storage, extra energy is
necessary to liquefy and keep the hydrogen at cryogenic temperature,
after which stage another problem may arise known as boiling [9]. Be-
sides these storage methods, hydrogen can also be stored physically or
chemically in the solid-state method which is reversible and secure
technique [10].

The physically solid-state hydrogen approach begins with hydrogen
adsorption on the surface of a material; whereas, the chemical approach
conducts hydrogen absorption in the material. Both of these methods
should satisfy certain requirements such as high gravimetric storage
capacity, reversible storage, hydrogen release at ambient conditions,
etc. [11]. The US Department of Energy sets targets for these conditions.
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Accordingly, the gravimetric storage capacity for light-duty vehicles is
targeted as 5.5 wt% for 2025 [12]. Also, the average binding energy
should be 0.2-0.6 eV/H; at room temperature for suitable adsorption
and desorption processes [13]. In order to achieve these targets, several
material groups have been investigated, such as magnesium based ma-
terials [14], complex hydrides [15], porous materials [16], nanotubes
[17], graphene [18], two dimensional materials [19], and others. The
chemically solid-state hydrogen storage method requires high temper-
ature to release the stored hydrogen due to strong bonds between
hydrogen and the material [20]. However, hydrogen release in the
physically solid-state storage method occurs at low temperature due to
the weak van der Waals force between the hydrogen atoms and the
surface of the material.

The graphene [18], porous carbon material [16], and metal organic
frameworks [21] groups have all been considered in the literature and
meeting the high surface area requirement to store hydrogen while
demanding low temperature due to the weak binding energy between
the hydrogen and the surface of the material for practical applications
[22]. In order to tackle this problem, metal decorations have been
employed to increase the binding force and eliminate the low temper-
ature requirement [23-25]; however, these decorations are prone to
clustering [26]. Li and Na decorated graphdiyne was investigated and
the binding energies of Li and Na atoms show that these atoms are
dispersed on the graphydine and these systems are promising candidates
for hydrogen storage applications [27]. In addition, the Li decorated
Boron Hydride (BH) system was studied using DFT and it was found that
Li decorated BH system has high storage capacity and reversible storage
at ambient conditions [28]. Khosossi et al. studied the Li and Na doped
boron phosphide and they found that Li binds strongly on the boron
phosphide than Na with higher storage capacity [29]. As a result, the
search for an efficient material for physically solid-state hydrogen
storage continuous. In this vein, MAX phases having both metallic and
ceramic properties are popular materials with high electrical and ther-
mal conductivity, excellent damage tolerance, high oxidation resistance
[30-32]; moreover, they could be exfoliated to 2-D materials as a new
family called MXenes [33] which have unique properties such as a large
surface area, high electronic conductivity, to mention a few [34-37]. As
an example study from the literature, the CroC MXene was investigated
for hydrogen storage using Density Functional Theory [36] and the
hydrogen atoms adsorbed various sites on the CryC layer with suitable
adsorption energies and high hydrogen storage capacities. Recently,
TioCTx MXene [38] has been synthesized with different terminations as
—F, —O and —OH and the hydrogen storage of this MXene has been
analyzed and it shows the potential of this material for hydrogen storage
applications due to high hydrogen storage capacity ~ 8 wt% under ~
50-60 bar pressure. Generally, MXenes are obtained by the exfoliation
of the A elements from the MAX phases [39]. Experimental studies
reveal that this process results in surface terminations such as O, -F or
—OH [33].

The motivation of the present study comes from the Hf;C MXenes
which, according to the literature, have the potential for obtaining
surface terminations as O, -F or —OH with formation energies as
—2.307 eV [40], —2.260 eV [41] and —1.439 eV [42] respectively.
Because more negative values of formation energy imply more material
stability, the O and F terminations can be considered when studying
Hf5C for their close formation energies. In the light above-mentioned
background, the Li-decorated Hf>C in the present work is considered
for improved hydrogen storage capacity, and the surface termination is
chosen as F due to the more stable bond between the F termination and
Li decoration. In this sense, this work does not consider O termination
due the strong bond between O and H preventing the latter’s release.
The results of the hydrogen adsorption on HfsCF, with Li decoration 2-D
material are presented using geometric algorithms for hydrogen
adsorption sides.
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2. Calculation details

The density functional first-principles calculations were performed
using the Vienna Ab-initio Simulation Package (VASP) [43,44] and the
Cambridge Serial Total Energy Package (CASTEP) package [45]. The
stability considerations and the band structure calculations of the bulk
and layered systems were performed using VASP, and the hydrogen
adsorption studies were executed using CASTEP and the Adsorption
Locator module which supply effective tools and graphical interface. In
addition, van der Waals correction was included in this study. For VASP
calculations, the electron-electron interactions were considered using
Perdew-Burke-Ernzerhof functional [46] within the Generalized
Gradient Approximation (GGA) and the electron—-ion interactions were
considered using the Projector Augmented Wave (PAW) method
[47,48]. Also, the energy cut-off was set to 600 eV, and k-point sampling
was done with an 18 x 18 x 1 gamma-centered grid [49] for the unit
cells. The energy and force convergences were performed up to 10 eV
per unit cell and 10 eV/A, respectively. In addition, the phonon
dispersion curves were determined using Phonopy package [50] using
the linear response method. For the CASTEP package calculations
including the hydrogen adsorption processes, the Local Density
Approximation (LDA) [51] functional is applied, since the van der Waals
contributions and Coulombic interactions for metal-graphene systems
can be modeled more efficiently using LDA [52-56]. The calculations
were performed with 500 eV cut-off energy and 4 x 4 x 1 k-points for
the 3 x 3 x 1 supercell including 45 atoms. Also, the ultrasoft pseudo-
potentials were used to describe the ion—electron interactions. The c axis
was taken as 40 A in all calculations to prevent any interactions between
the layers. The initial Hy positions were determined using the CLICH
(Cap-Like Initial Conditions for Hydrogens) algorithm [57], by which
the Hy bond length is taken as 0.74 A asthe experimental value [58], 0 is
taken as 45° and z,,x is taken as 3 A. Also, rypissetto 1 Aforthen=1-6
systems to trigger interactions between the hydrogen molecules and Li.
For the n > 7 systems, the radial distance between the Hy molecules is
fixedtoh =1.3 ./°\, instead of the fixed radius (ryp).

3. Results and discussions
3.1. Construction of Hf>CF> layer

As shown in Fig. 1, Hf3C could be obtained with the exfoliation of the
Al element from Hf5AlC (space group-P63/mmc, no:194). In this study,
Hf>C is considered with F termination due to the stability of Hf,CF; (164
space group — P-3 ml). Table 1 lists the results of optimization for
Hf,AIC, all of which are consistent with the literature. After optimizing
Hf5AIC, Al is removed from the structure and F termination is added,
resulting in crystal Hf;CFo. Hf»CF5 is optimized, the determined lattice
parameters and formation energies appear in Table 1 as well. In the
literature, Momeni Feili et al. [59] obtained the lattice parameter (a)
and internal parameters for Hf and F. As can be seen from Table 1, the
calculated parameters are consistent with Momeni Feili et al. [59].

Formation enthalpy is crucial in determining the thermodynamic
stability and the synthesizability of a compound. For this purpose,
Equation (1) is used for Hf5CF, where E¥£§CF2 is the total energy for
Hf,CF», and EX ;, is the ground state energy for X element. According to
Table 1, the negative formation energies of Hf;AlC and Hf,CFy com-
pounds indicate thermodynamic stability and experimental synthesiz-
ability. It is also evident that the formation enthalpy of Hf>CF5 is more
negative than that of Hf;AlC, implying that Hf5CF5 is thermodynami-
cally more stable than the latter.

AEf = E%ZCFZ - (2 x Eg‘z/tvlk + Egu[k +2x Egu/k) 1

The dynamical stability factor is crucial for hydrogen storage mate-
rials as well as their thermodynamic stability. In order to decide the
dynamic stability of the material, the phonon dispersion calculations
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(a) HRAIC
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Fig. 1. Schematic representation of (a) 3x3x1 Hf,AIC supercell (b) exfoliation to Hf,C, and (c¢) Hf>CF; layer obtained by F termination. Blue, gray, pink, and light

green spheres stand for Hf, C, Al, and F atoms, respectively.

Table 1
Lattice parameters (a and c), formation energies (AEs) and internal parameters
(z) of the 3-D bulk Hf5AlC and 2-D Hf,CFo.

Compound  a(A) c(A) AE(eV/ z
atom)

Hf,AIC 3.273 14.416 —0.756 0.086
3.312 14.363 0.089 [60]
[60] [60]
3.212 14.383 0.086 [61]
[61] [61]

Hf,CF; 3.268 20.094 —2.463 0.440 (Hf)

0.626 (F)

3.203 0.0303 (Hf) [59]0.564
[59] (F) [59]

must be performed. Fig. 2 shows the phonon dispersion curves and
phonon density of states (PDOS) along the high symmetry points in the
first Brillouin zone obtained by using the 2 x 2 x 1 and 3 x 3 x 1
supercells for Hf,AIC and Hf,CF,, respectively. As can be seen from the
figure, there are no negative frequencies, namely soft modes; in this
way, both compounds are dynamically stable. In addition, there are
more phonon branches for Hf;CF; due to the higher number of atoms in
its structure. Moreover carbon, as the lightest element in the structure,
contributes to more to the higher frequencies of both compounds.
MAX-phases are metallic compounds, and MXenes as their 2-D de-
rivatives also have metallic properties [62]. Fig. 3 shows the band
structure and partial density of states (DOS) for HfAlC and Hf>CFs.
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Accordingly, some bands are seen to cross the Fermi level thus indi-
cating the metallic character of the compounds.

3.2. Hydrogen adsorption properties of Li-Decorated Hf>CFo

Because alkali decoration [23,63-66] enhances Hy adsorption, the
Hf>CF; layer was decorated with a Li atom, and the 3 x 3 x 1 supercell
of the Hf»CF;, layer including 18 Hf atoms, 9C atoms and 18F atoms was
used to supply enough surface area for the adsorption processes. The Li
element was chosen for this purpose due to its light mass. Fig. 4(a) and
(b) show the side and top views of Li-decorated Hf>CF, referred to here
as Li/Hf»CF». The top of the F atom (F1 site) was chosen as the initial Li
position due to the stable bond between the layer/surface and the Li
atoms. For metal decoration, the binding energy (Epiq)[67,68] is used to
determine the stability of the metal atom on the surface, and it can be
calculated by

Epina = ELijnf,cr, — (Engyor, + ELi)

where Epy, cr, is the total energy of Hf>CFa, Ey; is the total energy of the
isolated Li atom, and Ey; /gy, c, is the total energy of Li decorated Hf>CFo.
The binding energy of Li to the Hf>CF; surface is calculated as —1.498
eV. The negative binding value shows the energetic stability, indicating
that the Li atom is stable on the F1 site. In addition, the bond length
between the F atom, which is terminating the surface, and the Li atom is
1.637 A.

After Li decoration, the hydrogen adsorption properties were stud-
ied. For computational purposes, the construction of the initial co-
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Fig. 2. Phonon dispersion curves and phonon density of states (PDOS) of Hf,AIC (left) and Hf,CF, (right).
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Fig. 3. Electronic band structures and density of states (a) Hf5AIC and (b) Hf>CF»,. The horizontal dashed red line represents the Fermi level set to 0 eV.

(a) Side view

> F-up layer
>

o
> C-layer

>
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(b)

Top view

Fig. 4. Side view (a) and top view (b) of Li/Hf>CF, with the site labels used in Mulliken charge analysis. The color representation for the atoms is the same as Fig. 1,
and the purple sphere representing the Li atom. The F1 site is the bottom of the Li atom. The Hf, F and C atoms establish a filled hexagonal geometry in their own
layers marked as solid green and red hexagons. The NW and NE holes are represented by dashed orange and purple hexagons.

ordinates of the system in point can be problematic, and poorly chosen
coordinates can make the calculations and convergence difficult. Here,
different solutions can be applied such as one-by-one addition, express
calculations including different manual optimizations, and Monte-Carlo
and adsorption locators [69-71]. A practical way to construct the initial
coordinates of the Hy molecules is to use the CLICH (Cap-Like Initial
Conditions for Hydrogens) and RICH (Rotational Initial Conditions for
Hydrogens) algorithms. See Aydin and Simsek [57] for the details and
advantages of these two algorithms. Using CLICH, the nHy/Li/Hf>CF5 (n
= 1-10) systems were designed. Alternatively, some systems were
designed manually: one Hy molecule was added to the optimized nHj-
adsorbed system, and new (n + 1) Hj systems were constructed for n =
3-6 because there are a large number of adsorption scenarios as a result
of possible interactions between H; molecules and the surface.
Furthermore, to construct higher Hy-systems for n = 15, 20, and 25, the
Adsorption Locator module in Materials Studio 6.0 was used [71] suc-
cessfully to different physical problems [72-74]. All the designed sys-
tems were optimized using CASTEP. The adsorption energy is crucial for
the hydrogen storage applications, and it should be in the range of
0.2-0.6 eV/Hy for the system to be rendered acceptable [13,75,76]. For

the optimized nHy/Li/ Hf>CF5 (n = 1-10, 15, 20, and 25) systems, the
adsorption energy (Eq4) [67,68] was calculated by

Eui = — |[E(nH,/Li/Hf,CF,) — E(Li/Hf,CF,) — n x E(H,)]/n

where E(nH,/Li/Hf,CF>) is the total energy of the Hy-adsorbed system,
E(Li/Hf ,CF,) is the total energy of the Li-decorated Hf>CF; layer, E(Hs)
is the total energy of the Hy molecule, and n is the number of Hy mol-
ecules in the system. The calculated adsorption energies (E,45, €V/Hy),
and the structural properties including the distances between Li and
Hf,CF5 [d(Li)], between Hj and Li [d(Li-H5)] in A of the nHy/Li/Hf5CFy
systems were listed in Table 2. Also, the distances between Hy and
Hf>CF; [d(Hf>CF2-H5)] and d(Hy) bond length in Aof the nHy/Li/Hf5CFo
systems were listed in Supplementary Material Table S1. There, the Li/
Hf,CF; systems can be seen to adsorb almost up to 15H; owing to the
adsorption energies in the required range of 0.2-0.6 eV/Hj. In the
literature, Li and Na decorated graphydine could adsorb up to 5Hjy
molecule [27], Li decorated boron hydride could adsorb up to 4H;
molecule [28] and one sided Li and Na decorated boron phosphide could
adsorb up to 4H; molecule while double sided decorated boron
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Table 2

The adsorption energies (Eqgs, €V/Hb), the location of Li atom, and the distances
d(Li) between Li and Hf,CF,, d(Li-H,) between H, and Li (in /‘-’\) of nHy/Li/
Hf,CF; systems. Then + 1 (n = 3, 4, 5, 6) systems are constructed manually with
the adsorption of 1H, to nH; system.

nH, d(Li) d(Li-Hp) Eads Li location
Min Max

1 0.904 2.020 2.119 1.06 NW-hole
2 0.929 2.052 3.109 0.59 NW-hole
3 0.938 2.055 3.736 0.46 NW-hole
3+1 0.968 2.100 3.817 0.39 NW-hole
4 0.943 2.008 3.902 0.38 NW-hole
4+1 0.964 2.037 4.030 0.34 NW-hole
5 0.956 2.079 4.139 0.34 NW-hole
5+1 0.966 2.074 4.230 0.30 NW-hole
6 0.980 2.006 4.516 0.27 NW-hole
6+1 0.982 1.985 4.486 0.25 NW-hole
7 1.647 4.313 4.422 0.04 F1 site
8 0.965 2.100 5.414 0.26 NW-hole
9 0.970 2.059 5.560 0.23 NW-hole
10 0.967 2.063 5.798 0.23 NW-hole
15 0.969 2.077 6.138 0.19 NE-hole
20 1.720 2.060 5.493 0.15 F1 site
25 1.705 2.031 6.049 0.16 F1 site

phosphide could adsorb up to 16H; molecule [29]. Therefore, the adsorb
15H; is a high hydrogen adsorption capacity in the Li/Hf>CF, system.
The adsorption energy decreases with the climbing number of H,.
Because the electrostatic interactions among the Hy molecules due to
increased Hj concentration caused them to be dispersed over the layer,
this distribution is supported by the increased d(Li-Hy) and d(Hf>CFo-
H,) with the increased number of Hs. Therefore, these Hy molecules
begin to interact with the open surface states, which are relatively
weaker than the actual metal-Hy bonds. However, 1Hy/Li/Hf5CF, has
the highest adsorption energy, while nHy/Li/Hf5CF2 (n = 20 and 25)
systems have lower adsorption energies: thus, these do not satisfy the
requirements. It was observed that the 7Hy/Li/Hf>CF5 system designed
by CLICH has a considerably low adsorption energy (0.04 eV/Hj),
whereas the manually developed (6 + 1)Hy/Li/Hf;CFy system is
acceptable with 0.25 eV/H,. Also, other manually constructed (n + 1)
Ha/Li/Hf2CF; systems have suitable adsorption energies. These lower
adsorption energies obtained with CLICH could be explained with the
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interaction between the Hy molecules that are repulsive electrostatic
interactions and the H, molecules interaction with the decorated metal
atom. These interactions are originated from the controlled initial co-
ordinates and play a role in the adsorption process. However, in
manually developed (n + 1)Hy/Li/Hf5CFy systems, an additional H,
molecule individually interacts with the metal atom after the nH,
adsorption. Also, the repulsive interactions with the other Hy molecules
should not be as strong as in CLICH case. As a result, the latter can
describe the alternative adsorption states. Furthermore, the d(Li) dis-
tance is 0.93-0.98 A for the suitable systems. The lower distances (for
the n = 1 system) correspond to the higher adsorption energy, while the
higher ones (for the n = 7, 20 and 25 systems) correspond to the lower
adsorption energy. The d(Hy) bond length is almost constant as 0.77 A as
can be seen from Table S1, indicating that the stretching of H-H bond
due to the polarization is negligible, and the hydrogen atoms remain in
the molecular state. Moreover, with the increased number of Hy mole-
cules, the Li atom moves to different locations on the layer due to the
changing of the actual interactions and charge transfer. The Li atom
located at the center of NW hole in nHy/Li/Hf;CF5 [n = 1-(6 + 1), 8-10]
systems, while it is located at the top of the F1 site for the n = 7, 20 and
25 systems. Finally, this atom remains only at the center of the NE hole
for in the n = 15 system. Furthermore, Li atom energy profile for evenly
spaced steps along the linear path from F1 to NW hole are shown in
Fig. 5 to investigate Li atom migration on the layer in the presence of Hy
molecules. The NW hole is more stable than F1 site for Li atom as can be
seen from Fig. 5. For the more detailed Hy adsorption trends on the
layer, and to examine not only metal interactions but also the effect of
stable surface states such as NW hole on the Hj adsorption process, Li
atom was initially decorated to F1 site instead of the NW hole. Thus, in
some cases, the Hy molecules can interact with the empty NW hole. Also,
the energy barrier of 5.0 meV between F1 and NW hole is very low. Thus,
the Li atom can move from the initial F1 site to NW hole with Hy
adsorption.

To support the structural analysis presented above, the optimized
geometries of the nHy/Li/Hf>,CFy (n = 2-10, 15, 20, and 25) systems
appear in Fig. 6. It is easily seen that some Hy molecules accumulate
around the metal atom, and interact with it. Some of them interact with
the layer states as a result of increased repulsive interactions among the
Hj molecules, and prefer to diffuse over the surface. However, the d(Li-
Hy) distance for the n = 1 system can be used as an adsorption criterion
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Fig. 5. Calculated Li atom energy profile along the linear path from F1 site to NW hole.
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adsorption of 1H, to nH, system.

for Li [77]. For example, the adsorbed maximum number of Hy mole-
cules per Li atom is 2 for n=(3, 4, and 9), 3 for n=(5, 8, and 10), and 5 for
n=(20 and 25) systems.

Moreover, the partial density of states (PDOS) curves of Li/Hf>CFy
and the selected nHy/Li/Hf>CF2 (n = 4, 6 and 8) systems are depicted in
Fig. 7 to clarify and discuss the binding mechanism of Hy on the Li-
decorated Hf»CF, layer. In addition, the adsorption processes are
closely related to the possible charge transfers [55,63,78-80]. Therefore,

the Mulliken atomic charges of the Li atom and Hy molecules, as well as
the transferred charge to the F-up and Hf-up layers in the nHy/Li/Hf>CFy
systems were calculated, and the results were appeared in Table 3. From
Fig. 7, the total PDOS of the down layers of the systems, named C+(F-
down)-+(Hf-down), almost remain unchanged with different numbers of
Hp. This situation is supported by the Mulliken atomic charge analysis,
and it is seen that the values of Q(F-up), Q(Hf-up), Q(F-down), Q(C) and
Q(Hf-down) are —4.50e, 8.46e, —4.50e, —8.01e, and 8.46e, respectively.



A. Gencer et al.

Applied Surface Science 551 (2021) 149484

0.03 ] N J
Li/Hf,CF, } g 4H,/Li/Hf,CF, |
0.02 - — g ‘ b —— 2H,-close |
‘ 24 —— 2H,-far /\ |
0.01 ‘ \
B B T B B o o e o L
000 +——— LA ‘ }
| ‘ 0.02 - — Lis \
o B F-up layer / J ‘ s \
S @ 0.01 4 |
D 4 | 2
L — Fs \ % 0.00 +——+—+—F+—+——+—+—+ A Pl Ly
S 2 — Fp \ 2 4l \
8 /\ ‘ i F-up layer |
@ 0 J P e w
a) T T T T T T T T T T T T T ’ T T O 4 - ‘
@ \ i — / ‘
Q 6 1 Hf-up layer | 24 —Fp J\
o 7/\} 0+ i —r— —T e =5 ™
64 Hf-up layer /\ N{[J
4 /'
b 21 i A A [ \ /,J }
L B e LI A = J”\ t l/\ +
80 - 1"
bl C+(F-down)+(Hf-down) ‘
40 4 “
20 4 ” |
; 0+ A A N e
-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 6 4 -2 0 2 4
Energy (eV) Energy (eV)
61 6H,/Li/Hf,CF, } 6 8H,/Li/Hf,CF, }
| | ] |
& —— 3H,-close | @ —— 3H,-close |
2.4 —— 3H,far | 2 4 —— 5H,far k |
| |
I N T B B B e e 0 ey
0.03 - ‘ 0.03 - |
| |
0.02 4 e iiits | 0.02 1 — Liss |
2 | g |
% 0.00 e p A S\ *J\""\ } g 0.00 +———————+—+—D oyl *J\r‘/\ ;
$ e F-up layer | } 3 61 F-up layer \ |
[%2] 4 4 | Q 4 |
§ —— F-s ' | g ——F-s |
24 —— Fp | | | 2 1 — Fp |
0 Al / SLVANPEASN 0t j : ‘/\ﬁ‘l(ﬁ .
61 Hi-up layer /\ }. J \ 61 Hf-up layer \ /\
44 j\ 44
1 == ALV o = y
Lt A 2 ALV A
0 Sttt Z\ =4 .l-’,\ Pt 0 el M A
80 - i 80 - “
o0 C+(F-down)+(Hf-down) } 80 1 C+(F-down)+(Hf-down) }
40 4 ‘ 40 |
=l | =1 A T
od—— N 4+ v+ AN A ey R /\ ; e

-28 -26 -24 -22 -20 -18 -16 -14 12 -10 -8 -6 4 -2 0 2 4

Energy (eV)

-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10

Energy (eV)

Fig. 7. The PDOS curves of Li/Hf,CF, and the selected nH,/Li/Hf>CF» (n = 4, 6 and 8) systems.

Table 3
The hydrogen desorption temperatures (Tp in K) for nH,/Li/Hf,CF, systems that
have required absorption energy between 0.2 and 0.6 eV/Hg,

nH, 2 3 4 5 6 8 9 10 15

Tp 762 591 485 435 351 338 300 289 243

These values remain almost constant in all systems, implying that the
down layers of Hf;CF, system have no mature contributions to the
surface interactions and Hy adsorption processes. Additionally, from the
computational perspective, these layers can be fixed for easier and faster
convergence. However, the F-up and Hf-up layers are responsible for the
actual interactions with the metal and Hy molecules. From the PDOS of
the Li/Hf>CF; system, some resonant peaks for the Li and F-up layer are
observed between —4 eV and the Fermi level, revealing possible hy-
bridization between the Li and Hf>CF; layer. There are also some reso-
nant peaks of PDOS for the Hf-up-d states and F-up-p states between —8
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eV and —6 eV with small contributions from the F-up-s and Hf-up-p
states, indicating binding between the Hf-up and F-up layers. With
hydrogen adsorption, the PDOS curves for Li and F-up changes due to
the charge transfers. There are some small amplitude resonant peaks for
the Li-s and s-states of the close Hy molecules around —8 eV. These peaks
indicate a weak hybridization between Hy and Li. At the same time, the
F-up-p states contribute to this hybridization with higher amplitude,
thus concluding that the Li atom plays a bridging role between the
Hf;CF, layer and Hy molecules. Also, there are some resonant peaks for
the F-up-p and s-states of the Hy molecules between —6 eV and —10 eV.
These peaks indicate possible hybridization and strong binding between
the Hy and F-up layers, defining the binding of H, molecules that are not
attached to metal and spread on the layer.

To present a detailed binding and charge transfer analysis from the
Mulliken atomic charges listed in Supplementary Material Table S2, the
Li atom transfers the charge and becomes a cation. The F layers are
negatively charged, while the Hf layers are positively charged. Consid-
ering the charge deviations of the Li atom, F-up and Hf-up layers, T(F-
up) and T(Hf-up), when the Li atom is attached to the layer, it gains
+ 0.76e, F-up layer gains —0.21e and Hf-up layer gains —0.54e charge.
There is also a charge flow from Li to the F-up and Hf-up layers. A careful
analysis of Table S2 reveals that the highest charge transfer to the F-up
and Hf-up layers occurs in the 1Hy-adsorbed system, resulting in the
highest adsorption energy value. With the increased number of Hy
molecules, the transferred charge to the Hy molecules increases, and the
charge flow to the layers drops. This trend continuous up to the (6Hz +
1) system, after which, the induced electric field between the layers and
the Li atom drops again; thus, the adsorption energy declines, i. e. the
polarization mechanism of the Hy molecules worsens. Furthermore, it is
remarkable for the n<(6H, + 1) systems that the transferred charge to
the Hf-up layer, although it is geometrically farther away, is higher than
the transferred charge to the F-up layer. This situation can be explained
by the higher electron affinity of the Hf atoms and the lower ionization
potential of the F atoms. For the 7H; system, the transferred charge to
the Hy molecules is very low, therefore the adsorption energy is the
lowest. With the 8Hj system, the transferred charge to the layers de-
clines, and the transferred one to the Hy molecules improves. This means
the adsorption energy increases, thus satisfying the requirements. For
the n = 15, 20 and 25 systems, the charge trend is a little different
because the Hf up layer is more positive and the direction of the charge
flow changes. This layer begins to transfer the charge to the upper side of
the system. In this case, the total charge of the H, molecules becomes to
increase, but the adsorption energy declines due to the reduced electric
field.

Moreover, the given charge transfer mechanism between the layers
can be expanded by the individual Mulliken atomic charges of the
labeled sites, as defining in Fig. 4. It is noted here that the F1, F2, and F3,
Hf1, Hf2 and Hf3 sites define the NW hole; while F1, F2/, and F3', Hf1
and Hf4 define the NE hole. When all the individual atomic charges are
considered, it is observed that Q(F2) and Q(F3), Q(F2') and Q(F3') are
the same. Q(C1) and Q(C2) are the same as —089e in all systems. Only
the different charges are listed in Table S2, where Q(F2') is the same in
terms of charge with the host structure, only changing in the 15H,
adsorbed system. This is because the Li atom prefers to move to the NE
hole. Q(F1) is higher than the other F sites in the Li/Hf,CF; and n = 7,
20, and 25 systems because the Li atom is located at the F1 site, and also
the actual interactions between the Li and F1 atom are stronger than the
other interactions. Furthermore, the charges of all Hf atoms shift with Li
decoration and Hy adsorption, exhibiting various trends due to the
different binding mechanisms. Finally, it is concluded from the PDOS
and Mulliken analysis mentioned earlier that there are two possible
adsorption mechanisms for the Hy on the Li/Hf>CF3 system: (i) hybrid-
izations between the Li and Hy molecules, and those between the F-up
layer and Hy molecules, (ii) polarization mechanism caused by the
charge transfer between the Li and the Hf,CF layer, namely the induced
electric field, which is one of the main interactions in this type of

Applied Surface Science 551 (2021) 149484

systems [53,63,78,79,81,82].

On the other hand, the discussed charge transfers can be easily
supported by electron density difference (EDF, py). The EDFs of the Li/
Hf>CF9 and nHy/Li/Hf>CF; (n = 4, 6, and 8) systems were calculated by

Pdiff = PnH, /Li/HfyCFy — PLi/Hf,CFy — PLi — P,

where puy, 1i/mf,cr, @nd pripp,cr, are the charge density of the nHy-
adsorbed system and the metal-decorated system, respectively. p;; and
pn, are the charge density of the metal atom and the adsorbed nH»
molecules, respectively. The calculated 3D EDFs were depicted in Fig. 8
where the blue-colored regions represent electron accumulation (- re-
gions) while the yellow-colored regions represent electron depletion
(+regions). The metal Li creates a spherical positive charge distribution
(the yellow region in Fig. 8(a)), and there is a charge transfer between
the Li and F-up and Hf-up layers (the blue colored regions). With the H,
adsorption, one side of the Hy molecules is blue colored, and the other
side is yellow colored, see Fig. 8(b)-(d). This indicates the polarization of
the Hy molecules. The F-up layer is negatively charged, and it can be
interacted with the polarized Hy molecules.

3.3. Hydrogen storage characteristics of Li-Decorated Hf>CF5

The previous sections present the hydrogen adsorption on Li deco-
rated Hf;CFy MXene and the hydrogen storage characteristics are crucial
consideration for the practical applications. For the hydrogen adsorb
systems, the desorption temperature being one of the characteristics
could be estimated using van’t Hoff equation [83,84] as

Tp = @(ﬁ —InP)™!

kp
where Tp, is the desorption temperature, E,4; is the adsorption energy, kg
is the Boltzmann constant, R is the universal gas constant, P is equilib-
rium pressure taken as 1 atm and AS is the entropy change of hydrogen
taken as 75.44 Jmol 'K ! [84]. In order to have a desorption at ambient
conditions, the adsorption energy is crucial. and should be in the range
of 0.2-0.6 eV/H, for hydrogen storage systems. As listed in Table 2, all
the nHy/Li/Hf>CF, systems do not have the adsorption energies in this
required range, therefore the nHy/Li/Hf>CF; systems that have suitable
adsorption energies are considered for the desorption temperature
determination. Table 3 lists the estimated desorption temperatures for
nH,/Li/Hf>CF5 systems. As can be concluded from Table 3, the hydrogen
release could occur at ambient conditions with the increasing number of
Hj molecules on the nHy/Li/Hf>CF5 systems due to the lower adsorption
energy for the Hy molecules and the 9H» system has a desorption tem-
perature close to the room temperature.

The gravimetric storage capacity is another characteristic of the
hydrogen adsorb systems related to the adsorption capacity and it is the
amount of hydrogen storage per unit mass of the material. In order to
have a high storage capacity, the number of adsorb H; should be high.
For nHy/Li/Hf5CF; systems, the highest capacity is obtained for n =
15H, system. But these two characteristics should be considered at the
same time for practical applications. The n = 15Hj system has a low
desorption temperature despite having high storage capacity and it is
not a feasible system for real-life applications. The 9H; system could be a
potential candidate for real-life application with having suitable
desorption temperature and a high storage capacity.

4. Conclusion

After the stability of the Hf,CF; layer was checked by the calculated
formation enthalpy and phonon dispersion curves, the nHy adsorption
characteristics of the Li-decorated Hf>CF5 layer for n = 1-10, 15, 20 and
25 were investigated by first-principles density functional calculations.
From the calculated adsorption energy values, it can be seen that the Li/
Hf5CF9 systems can adsorb almost up to 15H; with the acceptable
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(a) Li/HECF,

(b) 4H,/Li/Hf,CF,

Fig. 8. Top view of the calculated electron density differences for the Li/Hf,CF, and nH,/Li/Hf>CF; (n = 4, 6, and 8) systems. The isosurface value is 0.004 e/A3. The
blue colored regions represent electron accumulation while the yellow-colored regions represent electron depletion.

adsorption energies (0.2-0.6 eV/Hy). With the increased number of Hy,
the Li atom moves to different locations on the layer, and the adsorption
energy decreases due to changes in the actual charge transfer mecha-
nism and different Hy interactions with the layer. Some Hy molecules
interact with the metal, while some of them spread over the surface and
interact with the F layer. To reveal the key binding/adsorption mecha-
nisms and to support them, partial density of states, Mulliken atomic
charges and electron density differences were calculated. It is concluded
that there are two possible mechanisms, calling one is the hybridizations
between the Li and H molecules, as well as between F-up layer and Hy
molecules; the other one is the well-known polarization mechanism
caused by the charge transfer between the Li and the layer, namely the
induced electric field. Finally, this type of MXenes exhibits high struc-
tural stability and effective ionic surface and charge transfer capability,
thereby leading to enhanced Hj adsorption qualities. Considering the
popularity of the MXene systems recently, hydrogen storage can be a
new research area for this family of materials.
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