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Investigation on hydrogenation
performance of Mg,,Al;, by adding
Y
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The mechanism of Y on H/H, adsorption performance of Mg,,Al,, were studied by the density
functional theory. We obtained that for the Y-adsorbed systems, Y tended to occupy on the bridge

site between adjacent Mg atoms. For the Y-substituted surfaces, Y atoms inclined to replace Mg
atoms on the surfaces. We found that hydrogen (H/H,) absorption on the Mg,,Al;,(110) systems

were improved by addingY, the order of adsorption energy was as follows: clean Mg,,Al;,(110) > the
Y-substituted surfaces >the Y-adsorbed surfaces. In addition, H, molecules could dissociate on the
Y-containing systems without barrier energy. Electronic properties showed that for H, adsorption, the
s states of atomic H mainly hybridized with the d states of Y. The formations of the Y-H bonds and the
interactions betweenY and H atoms could expound the mechanism for the promoted hydrogenation
performance of the Y-containing surfaces.
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Magnesium-based hydrogen storage materials have been studied extensively in past twenty years. However, the
high dehydrogenation temperature limits their application on mobile energy devices. Researchers have found
that adding transition metals (TM) could promote the hydrogen storage of Mg-based materials'~'°. In details,
magnesium was coated by transition metals to form core-shell like structures’. The desorption temperatures and
dehydrogenation kinetics of these core-shell structures were improved. Moreover, de/hydrogenation properties
of MgH, with doping 8 mol % TM (TM=Al, Ti, Fe, Ni, Cu and Nb) have been studied by Shang et al.?. Their
results indicated that the MgH, + Ni mixture had the optimal thermodynamic and kinetic performance for
dehydrogenation at 300 °C. Lee et al.” have found that the hydrogen capacities and kinetic properties of Mg;,;Al,,
with adding Ni were increased at 300 °C. Following, the Mg,,Al,, + TM (TM=Tij, V, and Ni) samples have been
synthesized by sintering and ball milling methods'’. The experimental results reported that the Mg,,Al,, +V
mixture showed the best performances, and desorbed H, at 244 °C. Compared with the Mg,,Al,, the activation
energy of Mg,,Al, +V alloy was evidently decreased.

The 4d TM yttrium (Y) belongs to early 4d elements, which are lighter than other 4d transition metals.
Moreover, Y belongs to rare earth elements, compared with other rare earth elements (La, Ce, Pr, Nd, and Sm),
Y has a smaller atomic mass. The researches on improving the de/hydrogenation performance and hydrogen
storage kinetics of magnesium-based hydrogen storage materials using Y as a catalyst have been reported!'~'.
It has been found that Mg-Y-TM (TM=Nj, Cu, Ti, and Fe) ternary or quaternary alloys showed better hydrogen
storage performances®~?*. Such as de/hydrogenation kinetics of magnesium-based materials by adding Y have
been studied by Zhang et al.'’. They indicated that the addition of Y significantly promoted the kinetics perfor-
mances of the materials. At 380 °C during 12 min, the Mg,,Y; could desorb 5.4 wt.% of hydrogen. Moreover,
Pourabdoli et al.'? have prepared the Ni-Mg-Y samples and reported that dehydrogenation temperatures of
MgH, were improved with addition of 10 wt.% 9Ni-2Mg-Y alloy. Subsequently, Pourabdoli et al.'* have stud-
ied the effects of Ni-Mg-4Y on dehydrogenation of magnesium hydride. They found that decreased hydrogen
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desorption temperatures of magnesium hydride were obtained by adding 10 wt.% Ni-Mg-4Y. Recently, hydro-
genation of magnesium/magnesium hydride adding by 5Ni-TM (TM=Ce, Nd, Pr, Sm, and Y) alloys have been
investigated'®. It was reported that formed Mg,Ni and YH, played the role of an effective catalyst. Yong et al.'®
have investigated the hydrogenation of Mgy,Y, ;Ce, sNi, mixture and obtained that the mixture had excellent
reversible cycle performance and lower hydrogen adsorption temperature (200 °C). It is reported that Y,O; is an
effective catalyst for improving the hydrogen storage performance of Mg. The decreased stability of MgH, and
hydrogenation enthalpy of the Mg-Y,0; composite were obtained'®. In addition, Lan et al.'” have synthesized
the Y,0;-decorated graphene nanocomposite via impregnation processing, and reported that de/hydrogenation
temperatures of Mg-Al alloy reduced after adding Y,0;-decorated graphene. Following, the hydrogen storage
performances of magnesium hydride with doping YH, and Co-decorated C catalyst have been investigated'®.

In theory, catalytic effect of Al and Y co-doped MgH, was studied by density functional theory (DFT)®. In
the co-doped case, the hydrogen dissociation energy and dehydrogenation enthalpy were decreased due to strong
interaction of Y with Mg and Al. Following, the role of Ni and Y atoms on de/hydrogenation of magnesium
hydride was calculated®. Their results showed that the hybridization between TM and Mg (H) atoms could
obviously weaken interactions of Mg-H bonds.

The above experimental and theoretical results show that the Y and compounds/complexes containing Y
doped Mg-based hydrogen storage materials can reduce the thermodynamic stability and promote the kinetics
performance, however, the effect of Y on the hydrogen storage properties of Mg-based alloy remains unknown.
As a classical Mg-based hydrogen storage materials, the effect of Y doped Mg,,Al, is scarcely reported. In order
to comprehend the role of Y doping on hydrogenation of Mg,,Al,,, theoretical investigation of the hydrogen
storage performance of Y-doped is very necessary.

In this paper, Y is selected to add in Mg-Al alloy to improve the hydrogen storage performance. For the sake
of study on the positive effect of Y, the role of Y on hydrogenation of Mg,,Al,, are investigated. The hydrogen
adsorption and dissociation properties on the Mg,,Al,,(110) surface with addition of Y are calculated in detail.
Moreover, their interrelated electron densities, projected density of states (PDOS), and electron density differ-
ence are discussed.

Calculation model and method

In this paper, the space group structure of Mg,,Al,, was I43 m, lattice parameter was a=10.554, a=f=y=90°.
The model of bulk M g,,Al,, contained 34 magnesium and 24 aluminum atoms, which was plotted in Fig. 1a. The
magnesium atoms in the bulk model occupied at three different positions, which were 2a, 8¢, and 24g, labeling
Mg,, Mg,, and Mg, respectively, and the aluminum atom occupied at 24g position?’. X-ray diffraction results of
Mg,,Al,, alloy displayed that the (660), (550) and (330) surfaces showed significant diffraction peaks, and the
peaks with high index numbers had strong diffraction intensity**?. Thus, the (110) surface was used to explore
the hydrogenation process of Mg, ,Al,, alloy comprehensively. For Mg,,Al,,(110) surfaces, the structure contained
17 magnesium and 12 aluminum atoms. Three layers for the Mg,,;Al ,(110) surface were defined (shown in
Fig. 1b). We fixed atoms at the 2nd gnd 31 layers, and the rest of atoms were released. For Y-substituted systems,
the three labeled Mg (Mg1, Mg2, and Mg3) and Al (Al Aly;, and Alg,, on surface) atoms in the bulk Mg,,Al,,
and the (110) surfaces were substituted by one (or two) Y atoms, and the corresponding structures were named
Mg;;YAL,, Mg;,Aly;Y, Mg YAl ,(110), Mg,5Y,Al ,(110), and Mg;,Al;Y(110), respectively. The related cohesive
energy (E ) of the Mg,,Al,, with doping Y, as well as the formation energy (E,,) and adsorption energy (E,q,)
of the Mg,,Al,,(110) with adding Y surfaces were defined as following formulas.

Ecoh (Mg33YAlys)=Eqor — 33Enmg — 24E5 — Ey
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Figure 1. (a) The structures of bulk Mg,,Al,, and (b) the Mg,,Al,,(110) surface (side view).
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Ecoh (Mg34Al23Y) =Eqor — 34Enmg — 23E5 — Ey
Efor=35 (Etot-12Ea] — (17-b)Eng-bEy)

Eads:Esurface/adsorbate — Esurface — Eadsorbate

where the E,, represented the total energies of the Y-containing structures, Eyy, E4, and Ey denoted the total
energies of the single atom, respectively. The Eq, f.ce/adsorbate @1d Equrface represented the total energies of systems
with adsorbates and clean systems, respectively. The E,gqorac T€presented the total energies of Y or H (H,).

In our calculation, geometry and electronic structures of the Mg;,Al;,(110) surfaces with adding Y were
calculated with the Cambridge Serial Total Energy Package (CASTEP)*!. Exchange correlation potential was
used the generalized gradient approximation (GGA) with Perdew, Burke, Ernzerhof (PBE)*% The 6 x 6 x 6 Monk-
horst-Pack was used for the Mg;,Al,, alloy, and the 6 x 6 x 1 Monkhorst-Pack was used for Mg,,Al,,(110) sur-
faces. 330 eV was chosen for cutoff energy, the residual force was 0.05 eV/ A, the maximum stress was 0.1Gpa,
the displacement was 0.002A, and the maximum energy change was used to 2.0 x 10~ eV/atom™. To include the
vander Waals interaction, the DFT-D correction®* was used. Furthermore, the linear synchronous transit and
quadratic synchronous transit calculations were chosen to calculate barrier energies of H, dissociation.

Results and discussion

Y-containing Mg, Al,, and Mg, Al,,(110) surfaces

For alloy, the cohesive energies and lattice constants of Mg,,;Al,, with doping Y are listed in Table 1. We obtain
that the cohesive energies of Mg;;YAL, are lower than the Mg;,Al,,Y, indicating that Y is easier to replace Mg in
the Mg,,Al,, alloy. The doping of Y increases the volumes of the Mg,,Al,, alloy. The lattice constants of 4, b,
and ¢ for bulk Mg,,Al,, are all extended by Y substituting for Mg (or Al) on the bulk. The cohesive energies of
Mg YA, are about — 2.45 eV, which is lower than that of Mg,,Al,,Y system (- 2.38 eV). Our results show that
the lattice parameter, equilibrium volume, and heat of formation energy of bulk Mg,,Al,, are 10.57 A, 1173.97
A3, and - 0.050 eV/atom, respectively, which are in agreement with the experimental results (10.55 A, 1173.80
A% and - 0.048 eV/atom) and other theoretical values*>-**. Furthermore, the computed surface energy (656 mJ/
m?) of Mg,,Al;,(110) surface is in line with Ref.*® (662 mJ/m?).

In cases of the Y-containing Mg,,Al,, (110) surfaces, two types of structures are considered, including the
Y substitution for Mg (or Al) on the surfaces and Y adsorption on the surfaces. In details, for the Y-substituted
surfaces, we use one or two Y atom(s) instead of one Mg (or Al) atom on the surfaces.

For the Y-adsorbed surfaces (labeled by Mg,,Al,,(110)/Y), the adsorption sites, including top sites of the
magnesium and aluminum (A, B, C, D, E, and F), and bridge sites between Mg and Mg (Al) (G, H, 1, ], K, M, and
N), and bridge site between Al and Al (L), are displayed in Fig. 2. In Table 2, the adsorption energies (E,4) of Y
adsorption on the Mg;,Al;,(110) surfaces as well as the formation energies (Ef,,) of the Y-substituted surfaces
are presented.

For the Y-adsorbed systems, one Y tends to occupy on the bridge sites of Mg-Mg bonds (such as F and I sites),
or the top sites of Al atom (such as E sites), the distance between the Mg and Y atoms are in the range from 2.95
to 3.36 A. The best adsorption site for Y on the Mg,,Al,,(110) surfaces is the E site with the minimum adsorption
energy. For the Y-substituted systems, the formation energies of the Mg, YAl ,(110) surfaces are lower than those
of the Mg,,Al;,Y(110) surfaces, suggesting that one Y atom is easier to replace one Mg atom on the surfaces. The
structure of Mg YAl ,(110) (Mg,) has the lowest formation energy. The models of two Y atoms replacing two
Mg atoms on the surfaces are discussed and the substitution atoms are labeled Mg, _,, Mg, ;, Mg, 3, and Mg; 5,
respectively. It is seen that compared with the Mg YAl ,(110) systems, the formation energies of Mg,5Y,Al;,(110)
systems are lower, suggesting that the Mg,5Y,Al,,(110) surface is more stable.

One H atom adsorption on the Y-containing surfaces

Atomic hydrogen adsorption on the Mg,,;Al|,(110) systems with Y are studied in this section. The bridge sites
of the Mg-Mg and Mg-Y bonds as well as the top sites of Mg and Y are considered for adsorbing H. Ini-
tial adsorption height of one H on the surfaces is set to 3.0 A. The E,q, and structural parameters of atomic
H adsorption on the surfaces with adding Y are listed in Table 3. Calculations suggest that the E, 4, of one
H absorption on the Mg,,Al;,(110) systems are improved by adding Y, the order of adsorption energy is

Lattice constant (A)
Systems E,u(eV) |a b c
Mg, Al, —237 |1055 |10.55 |10.55
Mg, YAL,(Mg,) | —245 [1068 |10.68 |10.68
Mg,,YAL,(Mg,) | —245 [1070 | 1070 |10.70
Mg, YAL,(Mg,) | —244 |1071 | 1071 |10.74
Mg, Aly;Y (Al) -2.38 10.74 | 10.74 | 10.80

Table 1. Cohesive energies and lattice constants of the Y-substituted Mg;,Al,,.

Scientific Reports |  (2024) 14:18115 | https://doi.org/10.1038/s41598-024-69189-7 nature portfolio



www.nature.com/scientificreports/

- Mgi~ ,'("'\
-7 Mg e, A .G
’ & o (¥
. “Mg2 Mg2 . o7 @r P s,
7 Alsub2 \\\ //f .Q o] \\\
N ) Sa . @ . @c"-
. N Al > - 1 sC b
(‘.«\ Alsubt M(gas M(ng b > QA L L K L!A
Mgl ™ .7 Mgl At o0 ° s
~ > \t} (,/
Mg2™ < (- . “Mg2 S () .L@D *N.WB
" Alsur Alurr B P
A L7 S ™M ¢
Mgt - S H
: ©

Figure 2. Top views of (a) Mg,,Al;,(110) surfaces in the topmost layer and (b) adsorption sites of Y.

Surfaces Systems adsorption sites | substitution atoms | E . (eV)
clean Mg,,Al,(110)* | - - -2.11
E - -4.01
F - -3.88
I - -3.74
Y-adsorbed Mg,;Al,(110)/Y L - ey
M - -2.96
K - -2.70
- Mg, -223
Mg, YAl ,(110) | - Mg, 222
- Mg, -2.20
- Al ~2.11
Y-substituted MegAlyY (110) | - Algi -
- Al —2.12
- Mg,, -235
Mg;5Y,AL,(110) Msis ~23
- Mg, 5 -232
- Mg, , —231

Table 2. Adsorption energies (E,4;) of Y adsorption on the Mg,,Al,,(110) systems and formation energies
(Efor) of the Y-substituted Mg,,Al;,(110) surfaces.

Systems +one H Adsorption sites E.q4 (eV) dyvigvg A) dyig-al A) dygy A) dyy (A) dyig A) dy i () dyn (A) i qurface (A)
Mg,,Al,(110)* ] ~0.18 3.13 3.03 - - 1.91 - 343 1.10
Mg,,Al,/Y(110) E -121 2.97 3.07 321 2.96 1.99 2.18 3.38 1.38
Mg, YAI,(110) G -0.27 3.12 3.20 3.29 3.19 1.89 2.18 3.51 1.15
Mg,sY,Al,(110)(Mg,-5) G -0.76 3.34 3.19 3.40 3.20 4.50 2.18 3.52 1.34
Mg,sY,Al,(110)(Mg,-5) ] ~0.90 3.04 3.04 3.88 3.20 4.83 2.19 3.64 1.32
Mg,sY,Al,(110)(Mg;-;) I ~0.75 3.46 321 321 3.14 431 221 3.37 1.25

Table 3. Adsorption energy(E,q4,) and the distances between different atoms on the various surfaces with H.

Mg,,Al;5(110) > Mg cYAL,(110) > Mg,5Y,Al;,(110) > Mg;,Al,,/Y(110). In details, compared with the clean sur-
face, the Mg;,Al,,/Y(110) system with -1.21 eV adsorption energy is the optimal surface to capture H atoms. In
the Mg,,Al,/Y (110) surface, atomic H occupies on the bridge site of the Mg-Y bond, the length of the Mg-H
bond (dy, ) is 1.99 A, suggesting the formation of Mg-H. That is because the lengths of Mg-H bonds for bulk
MgH, was 1.94 A%, Next the second preferable surfaces are the Mg,sY,Al,,(110) systems. In the Mg,;Y,Al,,(110)
surfaces, atomic H adsorbs on the bridge site of the Y-Y bond, the distances between Y and H atoms (dy.y) are
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from 2.18 to 2.21 A, which is in agreement with those in YH, (2.24 A)*. It is noted that the Mg,;Y,Al,,(110)
(Mg,-3) surfaces (— 0.90 eV) have lower adsorption energies than Mg,;YAl,,(110) surfaces (- 0.27 eV).

Following, the electronic structures of atomic H on the Mg,,Al,,(110) surfaces with doping Y are calculated.
Figure 3 shows the electron densities of the various Mg;,;Al,,(110) surfaces with H. It is seen that H likes to
occupy on the bridge sites of the Mg-Y bonds in the Mg,,Al,,/Y(110) and Mg;sYAl,,(110) systems, the interaction
of the H and Mg atoms is stronger than that between Y and H. It can be seen in Fig. 3 (a) and (b), the overlap
charge density between Mg and H atoms are more obvious than that between Y and H, indicating the stronger
interaction between H and Mg atoms.

Next, Fig. 4 displays the related projected density of states (PDOS) and electron density differences of atomic
hydrogen adsorption on various systems. For Mg,,;Al,,(110)/Y with H systems, the s states of Mg atom hybridize
with the s states of H atom at -6.5 eV below the Fermi level. The related electron density differences show that a
large amount of charge accumulate (deplete) around the H (Mg) atom, indicating that the H receives charge from
Mg. For H on the Mg YAl,, (110) surface, the peak of hybridization between the Mg s states and H s states is
observed in at -6.0 to -3.0 eV below the Fermi level. The H atom accepts most of charge from the surface Mg. In
the Mg,5Y,Al ,(110) system, Fig. 4c illustrates that the Y d states hybridize primarily with the H s states at -3.5
eV below the Fermi level. The results of PDOS and electron density differences indicate that H receives parts of
charge from the Y, the distance between Y and H is 2.19 A, the Y-H bonds are formed.

Furthermore, the Mulliken population analysis of atomic H on the various surfaces is displayed in Table 4.
It is gained that atomic H obtain 0.36-0.44 e after adsorption on the surfaces with Y. In the Mg,,Al,,/Y(110)
and Mg YAl ,(110) systems, a large amount of charge on the H atoms comes from the Mg and Y, while on the
Mg,5Y,Al,.

surfaces, the H atoms receive most of charge from Y, these results are consistent with the results of the electron
density differences. Such as in case of the H on the Mg,,;Al,,/Y(110) surface, the Mg (Y) transfers 0.24 (0.12) e
to H, and the H gains 0.38 e from Y in the Mg,;Y,Al,,(110)(Mg,-5) surface.

H, molecules adsorption on the Y-containing systems
Based on results of the H adsorption, H, adsorption on the Mg,,Al;,/Y(110), Mg,YAl;,(110), and
Mg, 5Y,Al (110) systems are discussed.

The computational models of one vertical and parallel H, molecule on the bridge sites of Mg-Y and Y-Y bonds
are considered. The E, 4 and structures of one hydrogen molecule on various systems with Y are presented in
Table 5. Calculations show that the adsorption energy of one hydrogen molecule on the Mg,,Al,,(110)/Y system
is—0.79 eV. H, molecules tend to adsorb around Y atoms in the various systems. It is found that the H-H bond
lengths are elongated in our calculations. Such as, for the H, adsorption on Mg,,Al;,/Y(110), Mg,sYAI,,(110),
and Mg;;Y,Al;,(110)(Mg, ;), the H-H bonds are increased from 0.75 to 0.78 A.

In addition, more than one H, molecule (nH, (n=2, 3, 4)) adsorption on the surfaces with adding Y are inves-
tigated and displayed in Fig. 5. Table 6 shows adsorption energies and structural parameters of nH, (n=1-4) on
the Y-containing Mg,,Al,, (110) surfaces. With increasing the numbers of hydrogen molecules, the adsorption
energies of nH, on the various systems are gradually decreasing. Hydrogen molecules are easy to locate on the
Y-adsorbed systems than on the Y-substituted systems. In details, there is — 0.51 eV adsorption energy of 4H, on
the Y-adsorbed surface, however the adsorption energy of 4H, on the Mg,,YAl,,(110) (Mg;5Y,Al,,(110)) system
is only — 0.04 (- 0.16) eV. The Y-adsorbed surface has strong 4H, adsorption capacity, while 4H, adsorbed on
the Y-substituted surface are almost saturation.

Following, the PDOS of one hydrogen molecule on the various systems are showed in Fig. 6. We find that in
the different systems, Y d states mainly hybrid with H s states at — 10.0 to — 8.5 eV, suggesting the strong inter-
action between Y and H. Furthermore, Table 7 shows the Mulliken population analysis of the various systems
with one hydrogen molecule. It is gained that H atoms receive 0.13-0.17e from Y atoms, indicating their strong
interaction, which are consistent with the results of the PDOS.

Finally, the dissociation process of one hydrogen molecule on the systems with adding Y are computed and
drawn in Fig. 7. Here, for the initial states (IS), the geometries of a H, adsorption on the Y-containing surfaces
with the lowest adsorption energies are considered. The models of two H on the various surfaces are chosen for
the final states (FS). The calculations suggest that there is 0.87 eV dissociation energy for one H, on the Mg,,Al,,
(110) system, while one H, can dissociate automatically on the Y-containing systems without any barrier energy.

~ 5.000e1
= 3.750e-1
~ 2500e1
~ 1.250e-1
~ 0,000

(a) Mg7AlL1,/Y(110) (b) MgisYAl»(110) (c) Mg5Y,Al5(110) (Mgs-3)

Figure 3. Electron densities of hydrogen on the Mg,,Al,,(110) surface with adding Y.
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Figure 4. The PDOS and electron density difference of one H adsorption on the Mg;,Al,,(110) systems with Y
(with 0.01 e/A3 isosurface value.

The addition of Y evidently assists hydrogen molecule dissociation. In the final states, the distances between
two H atoms are elongated from about 0.78 A to 3.31, 4.08, and 2.57 A in Mg,;YAl,,(110), Mg;;Y,Al;,(110),
Mg,,Al ,(110)/Y systems, respectively, indicating that the H-H bonds are completely broken. Furthermore, the
H atoms prefer to adsorb around Y, the distances between Y and H are from 2.14 to 2.21 A, forming Y-H bonds.

Compared with other similar materials, for TM-adsorbed systems, we find that the Mg;,Al,,(110)/Y system
has better hydrogen adsorption and dissociation performances than Mg,,Al,;,(110)/(Ti, Ni, V, or Li) systems.
For example, the adsorption energy of single H atom on the Mg;,Al,,(110)/Y surface is — 1.21 eV, which is lower
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Surface Surface + one hydrogen atom
Systems Mg |Y Al Mg |Y Al H
Mg,,AlL,/Y(110) 0.53 | —0.06 | —0.46 |0.77 |0.06 | —049 | —0.43
Mg,YAL,(110) 031 | 027 |-057 |059 |054 | —056 | —0.44

Mg,sY,Al,(110)(Mg,-,) [040 | 020 | -049 |0.39 |054 | -053 | -0.37
Mg,sY,AlL,(110)(Mg,-5) | 027 | 007 | -051 |025 |036 | —056 | -0.38
Mg,sY,AlL,(110)(Mg;-;) | 0.32 | 0.03 | -049 |0.33 |0.26 | -0.50 | —0.36

Table 4. The Mulliken population analysis of a hydrogen atom adsorption on the Mg,,Al,,(110) systems with

adding Y.
System +one H, E, 4 (€V) dyigvg 4) dMg—Al(A) dMg-Y(A) dyy (A) dygn (A) dy (A) dy.g (A) dir i (A) itz gurtace (A)
Mg,,Al,(110) ~0.13 - 2.96 - - 3.19 - - 0.76 2.97
Mg,,Al,(110)/Y ~0.79 2.93 3.07 327 2.94 321 479 2.51 0.78 1.74
Mg, YAI,(110) -0.17 3.01 3.01 3.35 3.19 3.84 4.61 2.57 0.78 2.20
Mg,sY,Al,(110)(Mg,-,) ~0.19 343 312 3.15 320 4.22 3.55 2.55 0.80 1.75
Mg,Y,Al,(110)(Mg,-;) ~0.18 3.44 3.03 3.49 3.15 451 3.73 2.50 0.82 1.70
Mg,sY,Al,(110)(Mgy-5) ~0.25 327 3.07 332 318 3.68 3.78 245 0.78 2.10

Table 5. Adsorption energy (E,4) and the distances between different atoms on the various surfaces with H,.
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Figure 5. The top views of nH,(n=1,2,3,4) adsorption on the Mg,,Al,, (110) surfaces by adding Y.

than that on the Ti (- 0.70 eV)*, Li (- 0.68 eV)*, V (- 0.75 eV)*, and Ni (- 0.21 eV)* adsorbed Mg;,Al,,(110)
systems, respectively. Meanwhile, the adsorption energy of H, on the Mg,,Al,,(110)/Y surface is -0.79 eV, which
is also lower than that on the Ti (- 0.74 eV)*2, V (- 0.73 eV)*, and Li (- 0.48 eV)* adsorbed systems. Further-
more, one H, can dissociate on the Y-adsorbed surface without barrier, while the barrier energies of one H,
dissociation on the Ti, Li, and V adsorbed surfaces are 0.16*, 0.14*, and 0.13 eV*, respectively. Therefore, the
Y-adsorbed system is easier to capture H/H, and it has better adsorption and dissociation performances than
Li, Ti, Ni, and V-adsorbed systems.

Finally, the positive role of Y on hydrogenation of Mg,,Al,, are comprehended. Compared with other metals
(Li, Ti, Ni, and V), the 4d transition metal (Y) is expanded for the catalytic effect on the Mg,,Al,,(110) surface,
providing theoretical support for potentially excellent catalysts in experiments.
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Systems nH, | E. (eV) | dygmg A dyg.ar 4) dygy A) |dyy @A) dygn A) | dyy @A) |dyy (D)
H, |-079 [2093 3.07 327 2.94 321 479 251
2H, | -062 | 293 3.06 327 2.95 327 471 233
Mg,,Al,(110)/Y
3H, | -056 | 2.93 3.06 3.26 2.98 2.98 458 235
4H, | -051 2.93 3.06 325 3.01 3.01 458 234
H, |-023 327 3.13 320 314 2.88 418 2.47
2H, | -019 |3.29 313 3.19 3.16 3.56 3.74 247
Mg,;6YAl5(110) (Mgs)
3H, | -0.06 |3.47 327 3.15 3.17 2.62 3.90 252
4H, | -004 |347 325 323 318 273 4.90 245
H, |-025 |327 3.07 332 3.18 3.68 378 245
Mg ¥ AL(110) (Mg 2H, | -020 |3.27 3.60 3.20 312 461 1.92 2.44
Bis T2 &9 T5h, [ Zor7 3.29 3.59 3.18 3.14 337 4.00 244
4H, | -0.16 |3.29 3.62 3.15 3.10 330 3.60 2.48

Table 6. Adsorption energy (E,4) and the distances between different atoms on the various surfaces with nH,
(n=1-4) molecules.
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Figure 6. PDOS of one hydrogen molecule on the systems by adding Y.
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Based on density functional theory, hydrogenation of Mg,,Al,,(110) surfaces by adding Y was investigated. Calcu-
lations suggested that addition of Y promoted the hydrogenation of the Mg,,Al,,(110) systems. The order of adsorp-
tion energy from high to low was as follows: Mg,,Al,,(110) > Mg, YAl ,(110) > Mg,5Y,Al,,(110) > Mg,,Al,,/Y(110).
For multiple hydrogen molecules adsorption systems, there was — 0.51 eV adsorption energy for 4H, molecules
on the Y-adsorbed system, more than 4H, could adsorb on the surface, while the Y-substituted surfaces adsorbed
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Surface + one hydrogen
Surface molecule
Systems Mg |Y Al Mg |Y Al H
Mg,,Al,,/Y(110) 0.53 | -0.06 | -0.46 |0.53 |022 | -045 | -0.13
Mg,cYAL,(110) 031 | 027 | -057 |031 |054 | —-057 | —0.16
Mg,sY,AL,(110) (Mg,-,) | 040 | 0.1.99 | —0.49 |04l [039 | -049 | —0.17
Mg,sY,Al,(110) (Mgy-;) [032 | 003 | -049 |032 |024 | -049 | -0.14

Table 7. The Mulliken population analysis of one hydrogen molecule adsorption on various systems.
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Figure 7. Dissociation process of one hydrogen molecule on the systems with adding Y.

4H, were almost saturated. Our results obtained that H, spontaneously dissociated on the Y-containing surfaces
without barrier energy. Compared with other similar metal (Li, Ti, Ni, and V) -adored systems, the Y-adsorbed
system had the better adsorption and dissociation performance. Furthermore, the electronic structure calcula-
tions revealed that for a H atom adsorption on the Mg;,Al,,/Y(110) and Mg, YAl,,(110) systems, the interactions
between s states of Mg and H atoms were obviously below the Fermi level, while for H, molecules adsorption,
the hybridization between d states of Y and s states of H atom was strong in various surfaces.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data
are not publicly available due to privacy or ethical restrictions.
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