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ABSTRACT

Ammonia decomposition is a critical process in the production of renewable hydrogen
energy. Although many studies have concentrated on ammonia decomposition, little is
known about the effect of the spinel support on the activation of NH3. The adsorption
and dissociation of NH; on low-index (100), (110), and (111) MgAl,O4 surfaces were
investigated using density functional theory. The interaction between NHj3; and
MgAl,O4 was structure dependent, with the surface geometry and electronic
structures determining the active sites and adsorption stability. The NH; was likely to
point toward a surface protruding metal site with the formation of a hydrogen bond.
For dissociation, the adsorption energy of the (111) surface was much more favorable
than the energies of the (100) and (110) surfaces. The surface Alj.-sp state at the
Fermi level and the formation of the H-O;. covalent bond of this surface were the
main reasons for the higher adsorption energy in NHj dissociation. In particular, the
hybridization between the Als.-sp state and N-p state on the (111) surface was larger
than those of the other two surfaces. In view of the thermodynamics and dynamics,
the (111) surface was more favorable for NH; adsorption and reaction. For the

defective surfaces, the existence of an oxygen vacancy lowered the adsorption ability
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on metal sites. This was due to the destroyed surface symmetry structure and the
reduced charge of the metal site. In addition, only on the (111) surface could the
oxygen vacancy act as an active site for adsorption. The energy barrier of NHj
dissociation on the Vos. (111) surface was the lowest, which indicated that the NHj
reaction on this defective surface was dynamically the most favorable. These findings
have an important implication for the decomposition of NH; on MgAl,O4 surfaces
and could provide theoretical guidance for other catalytic reactions.
Keywords: NHj, reaction, spinel MgAl,O4, density functional theory (DFT),
structure dependent
1. INTRODUCTION

Ammonia has been used as the hydrogen source and storage material in fuel cells
[1-6]. The catalytic decomposition of ammonia could produce a clean hydrogen fuel,
which could be an effective way to solve the current energy problems, although
ammonia (NH3) is a toxic gas that could cause environmental pollution. Therefore, the
catalytic dissociation of ammonia has important significance for solving energy and
environmental problems. Composite catalysts have often been used for heterogeneous
catalytic reactions. These materials have included transition metals (active
components) and supports. Generally, the support of the catalyst has been a base
material providing dispersion, support, and stability to the metal active phase. It has
also been reported that the support played an essential role in the activation between
the catalyst and adsorbate. For example, an alumina support could improve the
reaction activity of a metal catalyst in the catalytic process [7-8]. However, some
reports have indicated that the support could participate in the reaction without a
metal phase: the alumina could directly activate the CO, CH4 [9-10], and ethanol [11]
molecules. These reports indicated that the catalysis was complex. They also
suggested that it was necessary to systematically investigate the interaction in the
heterogeneous catalytic reaction in order to understand the catalysis mechanism,
optimize the catalytic system, and design a highly efficient catalyst.

The spinel MgAl,O4 material, which shows much more stability and mechanical

strength than some other oxides, was an effective support for an ammonia reaction [12,
2
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13]. Szmigiel et al. investigated ammonia decomposition over Ba- or Cs-doped Ru
catalysts deposited on the MgAl,O4 support [13]. A multi-composite oxide possesses
a complex surface structure in comparison with a single oxide, which would allow
better properties. Thus, the microscopic surface structure of MgAl,O4 was
controllable for the ammonia reaction. It is well known that the surface atom
arrangements and active sites are different for different surfaces, which would likely
result in different adsorption behaviors [14-18]. In addition, the establishment of
oxygen vacancies would change the atomic and electronic surface structure, resulting
in different adsorption behaviors [19]. The surface chemical properties of an oxygen
defective surface would be different from those of a perfect surface [20-22].
Moreover, oxygen vacancies have been found to be important reactive sites on a
surface [19, 23]. Besenbacher et al. demonstrated that the oxygen vacancies of a TiO,
surface were active sites for water dissociation. Thus, it was necessary to pay
attention to the ammonia reaction properties on oxygen defective MgAl,O,4 surface.

In this work, we concentrated on the ammonia adsorption and decomposition on
perfect and defective MgAl,O4 (100), (110), and (111) surfaces. The surface
structure-activity relationship was complicated, and it was necessary to perform a
detailed investigation. Three low-index stoichiometric MgAl,O4 surfaces were
selected to explore its structural sensitivity and surface electronic structure. This paper
is organized as follows. Section 2 describes the computational methods used. Section
3 presents and discusses the results of a theoretical analysis of NHj3 adsorption on
perfect and defective MgAl,O4 surfaces. Section 4 summarizes the main conclusions.
2. COMPUTATIONAL METHODS AND SURFACE MODELS

The calculation of the NHj reaction with MgAl,O4 was performed with density
functional theory (DFT) [24] calculations using CASTEP [25]. The core-electron
interaction was described using ultrasoft pseudopotentials [26]. For Mg, the 2p and 3s
states (8 electrons) were treated as valence states. For Al, the 3s and 3p states (3
electrons) were treated as valence states, and for O, the 3s and 3p states (6 electrons)
were treated as valence states. After the NH;3 adsorption, for N, the 2s and 2p states (5

electrons) were treated as valence states, whereas for H, the 1s state (1 electron) was
3
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treated as a valence state. The generalized gradient approximation (GGA) proposed
by Perdew and Wang in 1991 (PW91) [27, 28] was employed for the exchange and
correlation functional. The self-consistent convergence accuracy was set at 2.0 X 10°
eV/atom, and the convergence criterion for the maximal force between atoms was
0.05 eV/A. The maximum displacement was 0.002 A, and the stress was 0.1 GPa. The
wave functions were expanded in a plane wave basis set, while the specified cutoff
energy was set at 340 eV, and this cutoff energy was used throughout the calculations.
Monkhorst—Pack [29] grids of 3 x 3 X 3 k-points were used for the bulk unit cell, and
grids of 2 x 2 x 1 k-points were used for the (100), (110), and (111) surfaces.

The bulk crystal structure of the spinel MgAl,O4 was calculated, along with the
results of the lattice parameters (a = b = ¢ = 8.20552 A, a = B = y = 90°), which
remained consistent with the experimental parameters (a =b =c = 8.08060 A, a = p =
vy = 90°) [30]. The main exposed low-index surfaces of MgAl,04 included the (100),
(110), and (111) surfaces. A careful convergence test had to be conducted to choose
the proper slab terminations and slab thickness. After this calculation, we found that
the Mg-O-Al terminated surfaces had lower surface energies than the Mg-O or Al-O
terminated surface (Table 1). Thus, the Mg-O-Al terminated surfaces were considered
to be the adsorption surfaces. In order to choose the proper number of slab layers,
detailed convergence tests were conducted. The following surfaces were used for the
test slab thickness (Table S1, ESI): (100) for 5, 7, and 9 slab layers; (110) for 5, 6, and
7 slab layers; and (111) for 5, 7, and 9 slab layers. The three surfaces converged to
0.02 eV/A%, 0.01 eV/A?, and 0.01 eV/A? respectively, which were within 0.065 eV/A?
of each other [31]. Therefore, to keep the computational cost low, we only chose
seven layers for the (100) and (111) surfaces and six layers for the (110) surface as the
calculation models to study ammonia adsorption in the present work. Thus, the
MgAl,0O4 (100) surface was modeled using a periodic 2 % 2 surface unit cell, with 16
units possessing 112 atoms. The (110) surface was modeled using a periodic 2 X 1
surface unit cell, with 12 units possessing 84 atoms, and the (111) surface was
modeled using a periodic 2 x 2 surface unit cell, with 16 units possessing 112 atoms.

To separate the layer and its images in the direction perpendicular to the magnesium
4
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aluminate plane, we chose 20 A as the vacuum region. Before the geometry
optimization of the three surfaces, the top three layers were selected to relax, while
the remaining layers were constrained to model the bulk effects. Moreover, because
the three surfaces are polar, particular treatments [32-35] are employed to eliminate
the polarity of the surface in Figure S4 (ESI). The results of NH; adsorption and
reaction on MgAl,O,4 indicated that the polarity played little effect on the selectivity
of surface active sites and the NHj dissociation process (Figures S5-S7, ESI). A
Mulliken population analysis [36, 37] was performed to determine the charge
transfers and population to gain an understanding of the nature of bonding and the

interaction between the NH; and MgAl,04 surfaces.

The adsorption energy E,, was used to evaluate the interaction of the NH3 with
the magnesium aluminate spinel, and it was calculated as follows:
E = |:Eslab + ENH3 ] - Eszab/NH3
where E, and E,, are the total energies of the pristine MgAl,O4 and free NH;

molecule, respectively, and E,, , 1s the total energy of the slab with the adsorbed

or dissociative-adsorbed NH; molecule. On the basis of the above definitions,
negative values of adsorption energy corresponded to an endothermic process,
whereas positive values indicated that the adsorption was thermodynamically
favorable. In order to accurately determine the activation barriers of the reaction, we
chose the complete linear and quadratic synchronous transition (LST/QST) approach
to search for the transition states (TS) of the reactions [38]. The complete LST/QST
approach combines the LST algorithms for constrained minimizations with the QST
algorithm. An LST/optimization calculation is first performed. Then, the QST
maximization is performed to obtain the TS approximation. After this, another
constrained minimization is performed, and the cycle is repeated until a stationary
point is found, or the number of allowed steps is exhausted. In this system, a value of
0.25 eV was employed for the RMS convergence, while the maximum number of

QST steps was five.
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Table 1. Surface energies of (100), (110), and (111) surfaces with different terminations

Surface plane Termination Surface energy (J/m?)

Al-Mg-O 1.37

(100)
Al-O 2.98
Al-Mg-O 1.81

(110)
Al-O 3.26
Al-Mg-O 2.00

(111)
Mg-O 4.58

3. RESULTS AND DISCUSSION
3.1 NH; Adsorption and Dissociation on Perfect MgAl,O4 Surfaces

3.1.1 Structure of Perfect MgAl,O4 Surfaces

We first investigated the optimized perfect structures of MgAl,O4 (100), (110), and
(111) surfaces, as seen in Figure 1. It was easy to find that the three surfaces all
consisted of unsaturated metal (Mg and Al) and oxygen atoms, but differed in their
degree of unsaturation and surface atom arrangement. The unsaturated atoms located
at the outermost surfaces were separately labeled as 2-fold-coordinated Mg (Mgy,),
3-fold-coordinated Mg (Mgs.), 3-fold-coordinated Al (Als.), 4-fold-coordinated Al
(Aly), 5-fold-coordinated Al (Als), 3-fold-coordinated O (O;c), and
4-fold-coordinated O (Ogc). For the (100) surface, Mgy, protruded from the plane and
Als. was surrounded by four oxygen atoms, which acted as metal adsorption sites. O3
was a favorable site for bonding the H atom, which acted as an O adsorption site. For
the (110) surface, the metal adsorption sites included Mg3. and Als. The difference
compared with the (100) surface was that the two types of metal atoms were both
located under the surface. The Os, site slightly protruded from the surface to capture
the H atom. The (111) surface possessed a different structure compared with the other
two surfaces. The Als. atoms protruded from the surface, while the O;. atom was

isolated in the center. In Table 2 are listed the vertical displacements of the surface
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atoms relative to their bulk positions that have been calculated from the equilibrium
slab geometry. For the MgAl,O4 (100) surface, the Mg atom considerably relax
outward by 0.023 A, the Al atom move inward by 0.062 A, the O3 and O, atoms
move outward by 0.057 A and 0.277 A. For the (110) and (111) surfaces, the metal
and O3, atoms move inward by 0.001-0.463 A, the O4 atoms move outward by
0.121-0.171 A. This indicates that the MgAl,O4 surface remains stable in the
full-geometry optimization, the presence of unsaturated atoms do not distort the

surface upon relaxation.

Table 2. Comparison of the vertical relaxation of the top surface atoms for the bare (100), (110)

and (111) surfaces of MgAL,O,.

z-shifts/A
Surface
Mg Al 03(; O4c
(100) 0.023 -0.062 0.057 0.277
(110) -0.043 -0.463 -0.029 0.171
(111) -0.088 -0.109 -0.001 0.121

To further examine the effect of the surface electronic structure on the NHj
adsorption reaction, we calculated the Mulliken charge (as seen in the top view of
Figure 1). Although the absolute value of this charge was meaningless, the difference
between the charge values before and after NHs adsorption showed us the charge
transfer, which determined the adsorption behavior. Our calculation demonstrated that
the surface metal atoms carried a positive charge, while the surface oxygen atoms
carried a negative charge. The different charge values of the surface metal and oxygen

atoms determined the bonding properties between the NH; and surface atoms.
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Front view

I.I.l”,.‘l I.l'. ..

e ] ‘_

Top view

Figure 1. Front and top views of optimized surface structures: (a) (100) surface, (b) (110) surface,
and (c) (111) surface. The surface sites and Mulliken charges carried by these are labeled in the

top view of each surface. Color coding: red, O atoms; purple, Al atoms; green, Mg atoms.

The surface geometric and electronic structures would coordinately influence the
adsorption and reaction, which would lead to a complex surface adsorption. Therefore,
to correlate the surface atomic and electronic structures with the catalytic activity, the
interactions between the NH; molecule and surfaces of the MgAl,O, catalyst were
carefully examined and are thoroughly discussed in the following sections.

3.1.2 Interaction of NH; with Perfect Surfaces

The NH3; molecule could interact with the MgAl,O4 (100), (110), and (111) perfect
surfaces in several different ways by utilizing H atoms and protruding N atoms. This
section will discuss the molecular and dissociated adsorption conditions of the three
surfaces. Five models were constructed to determine the adsorption energy of the
MgAl,O4 system (Figure 2). Figure 2a is a model that the NH3 molecule adsorbs via
one H atom to the surface. Figure 2b has a bridging configuration with two H atoms
of NH; binding with two O atoms. Figure 2c shows a single N-adsorbed model

adsorbed via a surface metal atom. Figure 2d shows a model of the participation of the

8
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N-M bond and hydrogen bond, which generates a bidentate bonding species. In Figure
2e, the N atom pointes toward the metal atom, while bridged hydrogen bonds are
formed. Based on the five models, all of the possible adsorption models of the NHj
molecule with various orientations and different adsorption sites were calculated and

are presented in Figures S1-S3 (ESI).

i | | ,
‘9—0 0-0-0
(a) (b) (c) (d) (e)

Figure 2 Possible models of NH; adsorbed on MgAl,O, surfaces. Color coding: gray, M atoms (M

= metal); red, O atoms; blue, N atoms; white, H atoms.

(100) Surface: Several types of the most favorable configurations for the NHj
adsorption and reaction on the (100) surface are presented in Figure 3. When we
calculated the adsorption model that the NH; molecule adsorbs via one H atom to the
surface, the N atom would shift to form the N-Mg,. bond [Figure S1, ESI]. This
proved that the metal atom was the main active site for adsorption. The metal active
sites included the Als. and Mgy, atoms. The strong steric hindrance prohibited the
adsorption on the Als, site, for which the adsorption energy was only 0.61 eV (Figure
3a). It was easy to find that the adsorption on the Mg, site was more favorable than
that of the Als. site. This was because the Mg, atom protruded from the surface
without hindrance. As seen in Figure 3b and Figure 3c, the adsorption energy
increases by 0.09 eV with the participation of the H-Os. bond on the Mg, site. This
suggests that the hydrogen bond had a synergic effect on the adsorption. The
dissociated structure is presented in Figure 3d. When the surface Mgy, pointed to the
N atom, and O3, bonded with the dissociated H atom to form the H-Os;. bond, this
bond, with a length of 0.99 A, was a covalent bond, which would have promoted the
dissociation. However, the adsorption energy was only 1.03 eV, which was much
lower than the favorable molecular adsorption energy (1.64 e¢V). Moreover, the

adsorption energy of the NHj; dissociated adsorption was much lower than that (1.55

9
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eV) of the molecular adsorption without the hydrogen bond. Thus, the difference
could not be explained using only the geometric structure. Therefore, the Mulliken
charges presented in Table 3 were employed to analyze the surface electronic
structure and explain the distinct adsorption energies. There was little difference in
the charge values before and after the adsorption on the Al site, which resulted in the
lowest adsorption energy on the Als. site. The change in the charge on the Mg, site
was complex. A large number of charges increased (0.35 |e| and 0.36 |e|) on the Mgy,
site for molecular adsorption, and the charge increased by 0.24 |e| on the Mgy, site for
dissociation. This indicated that the strong interaction between the NH; and Mgy,
during the NH3 molecular adsorption and reaction. However, the change in the charge
on NH; was very different. For adsorption without the hydrogen bond, the NHj
charge changed by 0.05 |e|. The charge decreased by 0.11 |e| for the molecular
adsorption with the hydrogen bond. The NHj; could obtain an electron from the
surface oxygen through the hydrogen bond. For the dissociation, the NH; charge
decreased by 0.36 |e| (Table 3d), which was a larger decrease than that of the
molecular adsorption. This was because the NH, group obtained an electron from the
dissociated H atom. Meanwhile, this H atom obtained an extra electron from the
surface Os, site. The effect of the left electron state on the N atom would play another

role in the NHj3 dissociation.

10
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(c) E=1.64eV (d) E=1.03eV

Figure 3. Front and top views of the most favorable adsorption configurations and energies of NH;
on a perfect (100) surface: (a) NH; pointing towards the Als. atom, (b) NH; perpendicular to the
surface Mg,. atom, (c¢) two H atoms pointing towards O;. atoms on the Mg, site, and (d)

dissociation on the Mg, site.

Table 3. Mulliken charges for clean and adsorbed (100) surface, where clean corresponds to
perfect surface configuration without NH; adsorption and (a—d) correspond to configurations in

Figure 3.

Mulliken charges, |e| N H, H, H; NH; Mg Al O3 O30

Clean -1.26 042 042 042 0 1.27 150 -1.16 -1.16

(a) -1.10 036 037 0.37 0 1.27 151 -1.17 -1.17
(100) ) -1.23 040 039 039 -005 1.62 149 -1.16 -1.16
(c) -1.18 034 034 039 -0.11 1.63 148 -1.16 -1.16
(d) -1.38 039 032 031 -036 151 153 -1.01 -1.17

To further analyze the surface electronic properties, the local density of states
(LDOS) was calculated in this work (Figure 4). A comparison of Figure 4a and Figure
4b shows an obvious peak (Mgy-s state) at the Fermi level in Figure 4b, with the

special Mg,.-s state disappearing after the NH3 adsorption and reaction. The Mgy.-s
11
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state was called the surface state. Normally, the surface state originated from the
dangling bonds at the surface, which could affect the electron density distribution of
the surface. This suggested that the existence of the surface state had an effect on the
chemical reaction [39-40]. The energy obtained from the disappearing surface Mgy.-s
state drove the NH3 adsorption, which indicated that the surface state contributed to
the favorable adsorption on the Mgy, site. The LDOS of the surface Os, atoms was
further analyzed. For the molecular adsorption, the O;.-p state showed little change.
For the dissociated adsorption, the bonding interaction between the dissociated H
atom and the surface O;. atom was very strong, which resulted in an obvious
downshift in the Ojc-p state. Thus, the system energy decreased. It was easy to find
that the H-Os. bond was a covalent bond, which was an important force for the
dissociation. In Figure 4c, the Mgy.-s orbital overlaps with the N-sp orbital at the
valence band, which verifies the bonding between the NH; and surface Mg, atom. In
addition, the N-sp peaks was different between the molecular adsorption and
dissociated adsorption. For the dissociation, a new N-sp state at the -1.05-eV position
appeared near the Fermi level, which originated from the left electron state of the
dissociated H atom. This corresponded to the 0.12 |e| reduction in the charge value of
the N atom (Table 3d). The N-sp state was located between -9.50 eV and -6.05 eV for
the molecular adsorption, whereas the new state obviously drove the N-sp state shift
toward a higher energy (between -6.43 eV and -3.74 eV) for the dissociated
adsorption. The up-shift of the N-sp state of dissociation gave the system greater
disability compared with the system of molecular adsorption. The new N-sp state
caused a large electron gathering at the N atom, which resulted into the disability of
the NHj; dissociation on the Mgy, site. Therefore, from the viewpoint of
thermodynamics, the molecular adsorption on the Mg, site of the (100) surface was

more favorable than that of the dissociation.

12
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Figure 4. LDOS of (100) surface: (a) clean surface and molecular adsorption on Als, site, (b) clean
surface and adsorption on Mg, site, and (¢) comparison between molecular and dissociated

adsorptions on Mg,, site. The Fermi level is shown by the vertical dotted line.

(110) Surface: The surface structures and corresponding adsorption energies of
NH; on the perfect (110) surface are given in Figure 5. The (110) surface has the
similarity of the active centers and its distributions with (100) surface, thus the
adsorption models of (110) surface are similar to that of (100) surface. Mgs. and Al
were still the active sites for NH;3 adsorption. The adsorption on the Mgj, site was
more favorable than that on the Aly, site, which suffered from strong steric hindrance.
However, the adsorption energies on the metal sites for the (110) and (100) surfaces
were rather distinct. The adsorption energy on the Mg, site decreased to 1.01 eV,
because the Mgs. atom was located under the (110) surface, which was a disadvantage
for adsorption compared with the protruding Mg, atom of the (100) surface. For the

adsorption on the Aly, site, the adsorption energy increased to 0.88 eV, which could

13
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be explained by the synergetic effect of two Als. atoms. In order to explore the
influence of the hydrogen bond, we established a special model, as shown in Figure
5c, which possessed two hydrogen bonds without the participation of the Mgs, site.
The adsorption energy of this structure was relative low, which proved the minor
effect of the hydrogen bond on adsorption. The dissociation occurred at the Aly, site
of the (110) surface, which was different from that of the (100) surface. The surface
geometry structure twisted after the NH3 dissociation on the Aly. site, which resulted
in the instability of the system. When we calculated the NH; dissociation on the Mgs,
site, we found that the H atom would reunite with the NH, group to form an NHj
molecule because the surface O;. atom remained close to the Mgs. atom, which

suggested that dissociation on the Mgs, site of the (110) surface was impossible.

— T

(c) E=0.48¢eV

Figure 5. Front and top views of most favorable adsorption configurations and energies of NH;3 on
perfect (110) surface: (a) NH; pointed toward Mg;. atom, (b) NH; located between two Al atoms,

(¢) two H atoms pointed toward O3, atoms, and (d) dissociation on Al site.

Table 4. Mulliken charges for clean and adsorbed (110) surface, where clean corresponds to
14
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perfect surface configuration without NH; adsorption and (a—d) correspond to configurations in

Figure 5.
Mulliken charges, |e| N H, H, H; NH; Mg Al (o)) 0,
clean -1.26 042 042 042 0 147 152 -1.18 -1.18
(a) -1.21 036 036 039 -0.10 1.72 152 -1.17 -1.18
(110) (b) -1.11 040 041 036 006 144 152 -116 -1.17
(c) -1.13 033 034 041 -005 149 152 -1.17 -1.18
(d) -125 041 035 035 -014 147 145 -1.06 -1.17

The Mulliken charges were calculated to analyze the electronic structure presented
in Table 4. A much greater variation in the charge values before and after the
molecular adsorption on the Mgj, site (Table 4a) is seen, which proves that the Mgs,
atom is the main active site. The charge did not change on the Aly, site for the
molecular adsorption. For the dissociation, the charge decreased from 1.52 |e| to 1.45
le| on the Als site, which was different from the other metal sites (the charge
increased after adsorption). The electron transferred to the Aly, atom, which lowered
the interaction between the NH; and Aly, site. The variation in the charge on the NHj
molecule of the (110) surface was related to the hydrogen bond and dissociated state,
which were consistent with those of the (100) surface.

The LDOS was employed to further analyze the surface electronic structure, as
seen in Figure 6. The surface Mgs.-s state was easy to find, while no obvious Alsc-sp
state was found at the Fermi level. Therefore, the surface Mgs.-s state contributed to
the favorable adsorption stability on the Mgs, site. As shown in Figure 6b, the Als.-sp
did not shift during molecular adsorption, whereas the Aly.-sp state at the valence
band shifted to a higher energy band. This hindered the dissociated adsorption, which
corresponded to a reduction in the charge value on the Als, atom. For the dissociation
on the Aly site, the dissociated H combined with the surface Oj. to form the H-Oj3,
covalent bond. This investigation showed that the molecular adsorption on the Als.

site was more stable than the dissociation on the Aly, site. In summary, we concluded
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that the molecular adsorption on the Mg;. site was the most favorable

thermodynamically on the (110) surface.
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Figure 6. LDOS of (110) surface: (a) clean surface and molecular adsorption on Mg;, site and (b)

clean surface and adsorption on Al site.

(111) Surface: Figure 7 presents the favorable adsorption configurations and
energies. The NH; molecule was more inclined to be adsorbed at a position that
combined the active metal sites (Als, and Mgs, sites) and generated hydrogen bonds.
Compared with the adsorption energies, the most favorable adsorption site was the
Als. site, which was different from those for the former two surfaces. This was
because the Al atom protruded from the surface. The Mgj, was located under the Als,
atoms, which suffered from steric hindrance and adsorption competition from the
nearby Alj.. As seen in Table 5, the changes in the Mulliken charges on the Al;. and

Mgs. atoms could also illustrate the adsorption difference: the charge value increased
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by 0.61 |e| on the Als, site, while it only increased by 0.14 |e| on the Mgj3. site. We
calculated the dissociation on the Mg, site and found that the NH, would shift to the
Al;s. atom. This meant that dissociated adsorption was inclined to occur on the Alj,
site. Figure 5c presents the dissociation configuration on the Alj, site. Its adsorption
energy was 3.07 eV, which was much higher than that of the molecular adsorption
(2.02 eV). The difference in the charge transfer values on the Alj. site for the
molecular and dissociated adsorptions was quite small, and could not be used to
explain this large adsorption energy difference. Therefore, the LDOS was employed

to explain the different energies, as seen in Figure 8.

(c) E=3.07eV

Figure 7. Front and top views of most favorable adsorption configurations and energies of NH; on

perfect (111) surface: (a) H; pointed toward Oz, atom on Mg;, site, (b) H; pointed toward Os
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atom on Alj, site, and (c) dissociation on Alj, site.

Table 5. Mulliken charges for clean and adsorbed (111) surface, where clean corresponds to

perfect surface configuration without NH; adsorption and (a—d) correspond to configurations in

Figure 7.
Mulliken charges, |e| N H, H, H; NH; Mg Al Os,
clean -1.26 042 042 042 0 1.65 1.09 -1.08
(a) -1.17 033 034 034 -0.16 1.79 1.03 -1.08
(111)
(b) -1.14 038 040 040 0.04 1.59 170 -1.07
(o) -1.35 041 039 037 -0.18 1.62 168 -0.96
08 (111) —— Mg-s(clean) ain : —— Al-sp(clean)
06 : —— Mg-s(mol) 20 /\ —— Al-sp(mol)
: : : —— Al-sp(dis)
Y “r /\ o~ ot 1 /\/A\
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Figure 8. LDOS of (111) surface: (a) clean surface and molecular adsorption on Mgz, site, (b)

clean surface and adsorption on Als, site, and (¢) comparison between molecular and dissociated

adsorptions on Alj, site.
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As seen in Figure 8a and 8b, the surface Alsc-sp state at the Fermi level promoted
adsorption, which determined the favorable Als.-sp active site; there was no obvious
surface state on the Mgs. site. As could be observed upon NHj dissociation, the
downshift of the O3.-sp state indicated that the H-O3. covalent bond formed. For the
adsorption on the Als, site, the H-Os. covalent bond of the dissociation was much
stronger than the hydrogen bond of the molecular adsorption. The LDOS in Figure 8c
was employed to analyze the different adsorption energies of the molecular and
dissociated adsorptions. For the dissociation, it was easy to find a new N-sp state near
the Fermi level located at the -2.24-eV position, which came from the left electron
state of the dissociated H atom. This was the same as that of the (100) surface. The
N-sp state between -8.31 eV and -6.61 eV just shifted slightly to a higher energy
between -7.79 eV and -5.47 eV, which was different from the higher up-shift of the
N-sp state on the (100) surface. In addition, the intensity of the overlap between the
Alse-sp and N-sp state on the (111) surface (Figure 8c) was larger than the intensity of
the overlap between the Mgy.-s and N-sp state on the (100) surface (Figure 4c). In
particular, the N-p peak near the Fermi level originated from the orbital splitting of
dissociated NH, exactly overlapped with the new Als.-sp peak. Therefore, the
adsorption energy of the NH; dissociated on the Al site was the most
thermodynamically favorable.

In order to perform a kinetic investigation of the surface reaction, the transition
states for dissociative adsorption were calculated and are listed in Table 6. The
activation barriers of the three surfaces were 2.63, 2.93, and 1.88 eV, respectively,
with the barrier energy of the (111) surface being the lowest. Therefore, from a

dynamic view, the (111) surface was the best surface for ammonia dissociation.

Table 6. Energy barriers for dissociative adsorption on different active sites of perfect and

defective surfaces.
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(100) Perfect-Mgy,. Vos.-Mgy. Vosc-Mg. -
TS-dis (eV) 2.63 2.82 4.64 -

(110) Perfect-Aly, Vosc-Alye - -
TS-dis (eV) 2.93 2.49 - -

(111) Perfect-Als, Vos.-Als, Vos. Vouc
TS-dis (eV) 1.88 1.90 1.28 2.22

3.2 NH; Adsorption and Dissociation on Defective MgAlL,O4 Surfaces

3.2.1 Structure of Defective MgAl,O4 Surfaces

This section discusses the NH3 molecule adsorption on defective MgAl,O4 surfaces
with oxygen vacancies. Five types of oxygen vacancy defects are presented in Figure
S8 (ESI): O3, and Oy vacancies on the (100) surface, Oz, vacancy on the (110)

surface, and O;. and Oy vacancies on the (111) surface. In order to calculate the

surface formation energies of an oxygen vacancy, E, , we used the following
equation:

1
Edcff' - 5

E, =—(E E,)

Vo perf -

where £, is the total energy of the perfect clean surface, E,,, is the total energy of the

defective clean surface, and £, is the total energy of the free O, molecule. Figure 9

presents top views of the oxygen vacancy defect structures and corresponding
vacancy formation energies, which are labeled as (100)-Vo3c, (100)-Vos., (110)-Vos,,
(111)-Vos., and (111)-Vou.. The (111) surface possessed a lower formation energy
than the other two surfaces, which made it easier to form the oxygen vacancy
compared to the other two surfaces. The establishment of the oxygen vacancy
changed the surface geometry structure, as seen in Figure 9, and the surface symmetry
structure was destroyed. In addition, the surface Mulliken charges were also changed
after establishing the oxygen vacancy. The value of the charge on the metal site
decreased, and the reduction of the charge on the Vou, surface was higher than that of
the Vos. surface, which would result in the different adsorption energies. However,
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the relative values of the Mulliken charges among the three defective surfaces were
consistent with those of perfect surfaces. Therefore, the adsorption models for the

defective surfaces were similar to the models for perfect surfaces.

=6.03eV

(a) E

Vo3c

(d) E,,=4.36eV (e) By, =5.51eV

Vo4c
Figure 9. Top views of optimized structures and corresponding surface energies of defective

MgALO,4 (100) surface (a, b), (110) surface (c), and (111) surface (d, e). The surface vacancy

formation energies and Mulliken charges are labeled in the figure.

3.2.2 Interaction of NH; with Defective Surfaces

Adsorption on Metal Site: The optimized configurations of the three surfaces are
presented in Figures S9-S11 (ESI). It is easy to find the similarity between the
defective and perfect surfaces. Surface Mg and Al atoms were still the most important
active sites for the adsorption and reaction, and the NH3; molecule was inclined to be
adsorbed on these metal sites. The influence factor for the adsorption did not change:

the N-M (metal) bond and H-O covalent band were important forces for adsorption.
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The existence of the hydrogen bond would have synergistically promoted the
adsorption, whereas the steric hindrance prohibited the adsorption. However, the
adsorption energies on the defective surfaces were lower than those on the perfect
surfaces. This was because the symmetry of the surface configurations was destroyed,
and the charge value of the metal site decreased. With the existence of the oxygen
defect, the reduction of the charge value indicated that the electrons partly transferred
to the metal site, which changed the surface state on the metal site. As seen in Figure
10, the surface Mg.-s state decreased on the Vos. (100) surface, and the surface
Mg, -s state shifted toward a lower energy on the Vo (100) surface. The (110)
surface Mg,-s state shifted toward a lower energy on the Vos. surface. The (111)
surface Als.-sp state changed very little on the Vos, site, and the Aly.-sp state was split
on the Voy surface. These findings suggest that the existence of the oxygen vacancy
on the surface weakened the effect of the surface state, except for the Vos, site of the
(111) surface. The adsorption energy of the NH; dissociated on the Als. site of the

(111) Vos, surface was 2.27 eV, which was the highest among the defective surfaces.

—— Perfect
——Vo-3¢
Vo-4c

(100): Mg-s state
2+

—

F(110): Mg-s state

(111): Al-sp state — Perfect
2r ——Vo-3c¢

——Vo-4c
0 I 1
5 1

-10 -5

Perfect

x oo

Density of States
=l =3 1= =l
~

=

0 0
Energy/eV

Figure 10. LDOS for active sites on perfect and defective (100), (110), and (111) surfaces without

adsorption.

Adsorption on Vacancy Site: In addition to the effect of the metal adsorption site,
the oxygen vacancy could also act as an adsorption site. Thus, we further calculated

the configurations in relation to the adsorption and dissociation on the Vo3, and Vo,
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sites, as shown in Figure 11. For the (100) and (110) surfaces, a strong steric
hindrance could significantly weaken the stability of the adsorption, and the
adsorption energies were very low on these two surfaces. This indicated that the
vacancy sites for NH; adsorption on the (100) and (110) surfaces were not the active
sites. The adsorption energies on the defective sites of the (111) surface were
relatively higher, because the oxygen vacancy acted as an active site for adsorption
and dissociation. For the NH3 molecular adsorption on the Vos, site (Figure 11d), the
adsorption energy was only 0.61 eV, which suggested that the NH; molecule still
suffered from some steric hindrance. For the dissociation on the Vos, site (Figure 11e),
the adsorption energy was 2.55 eV. The NH, was located at the center with a slight
steric hindrance, and the dissociated H combined with the Als. atom, which resulted
in higher adsorption energy. It was impossible for NH3; molecular adsorption to occur
on the Voy, site because of the strong steric hindrance and competition of the
neighboring Al site. For the NH3 dissociation on the Voy site, the adsorption energy
was 1.52 eV, which was lower than the dissociation on the Vos. site. The H-O;,
covalent bond played an important role for adsorption, whereas the NH, group located
between the Al and Mg atoms suffered from resistance because of steric hindrance. A
comparison of the adsorptions and reactions for all of these showed that the
dissociation on the Vos, site of the (111) surface was the most favorable adsorption on

the oxygen vacancy sites.
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(c) E=0.18eV (f) E=1.52eV

Figure 11. Front and top views of the main adsorption and dissociation configurations and

energies of NH; on Vo site: (a) molecular adsorption on Vos, site of (100) surface, (b) dissociated
adsorption on Vo;, site of (100) surface, (c) dissociated adsorption on Vo, site of (110) surface,
(d) molecular adsorption on Vo, site of (111) surface, (e) dissociated adsorption on Voj, site of

(111) surface, and (f) dissociated adsorption on Vo, site of (111) surface.

After comparing the adsorption energies of the defective surfaces, we came to the
conclusion that the adsorption and dissociation on the metal or vacancy sites of the
(111) surface were much more favorable than those on the other two surfaces. Table 6
presents the barrier energies of the NH; reaction on the Voj. and Voy, surfaces. The
existence of an oxygen vacancy could lower the potential barrier, especially for the
reaction on the (111) surface. The barrier energy on the Vos, site of the (111) surface
was only 1.28 eV, which was much lower than the barrier energy (1.88 eV) on the

perfect surface. These results suggested that the establishment of an O3, vacancy on
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the (111) surface was dynamically favorable for NH; reaction.
4. CONCLUSIONS

To fully understand the mechanism of NHj3 adsorption on MgAl,O4 surfaces, the
density functional theory was employed to investigate the NH; adsorption and
reaction on perfect and defective (100), (110) and (111) MgAl,O4 surfaces. The
results showed that the adsorption of NH; on MgAl,O4 surfaces was a
structure-sensitive reaction. Surface metal atoms acted as the main sites for the
adsorption and reaction, while the hydrogen bond had a synergistic effect on the
adsorption stability. The surface electronic structure was another important factor for
adsorption. The surface state at the Fermi level was an important force for the
adsorption, which determined the activated adsorption metal site. In particular, the
overlap between the Alj.-sp orbital and N-sp state could significantly promote
adsorption on the (111) surface. The coordinated action of the surface geometry and
electronic structure stabilized the NH; adsorption on the (111) surface. Our work
demonstrated that the (111) was the most favorable surface for the NH; adsorption
and reaction in view of the thermodynamics and dynamics.

The generation of an oxygen vacancy resulted in a reduction in the surface metal
charge, which lowered the adsorption stability on the metal site. In addition, the
oxygen vacancy acted as an active site for adsorption on the (111) surface. In
particular, the NH3 dissociation on Vos, site of (111) surface had the lowest reaction
barrier. This suggested that the establishment of an oxygen vacancy on the (111)
surface was dynamically favorable for the reaction.

In summary, this work suggested that the selection of the exposed surface and
oxygen vacancy of MgAl,O4 was very important for NH; adsorption and dissociation.
Information about the adsorbate geometries, reaction activities of various surface sites,
and specific electronic structure of the surface metal atoms could provide theoretical
guidance for the future design of MgAl,04 catalysts, as well as for an atomistic-level

understanding of other structure-dependent reactions.
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