¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Theoretical understanding and prediction of
metal-doped CeO, catalysts for ammonia
dissociationf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 5868

Yongjie Shen, (22 Wongsathorn Kaewraung® and Min Gao*®

Ammonia plays a critical role in energy and environmental catalysis, particularly in ammonia dissociation
reactions. Understanding the adsorption and dissociation of ammonia-related species on catalysts is
essential for the development of new chemical reactions and high-performance catalysts. However,
establishing the relationship between catalyst properties and the adsorption of dissociated species
remains challenging, particularly for metal oxide catalysts. This study employs density functional theory
calculations to investigate the adsorption properties of ammonia and dissociated intermediate species
on metal-doped CeO,. Through a feature correlation heat map, certain descriptors, such as single atom

Received 2nd February 2025, formation energy, gaseous atom formation heat, valence band maximum, and work function, were

Accepted 24th February 2025 determined to exhibit a strong linear relationship with the adsorption properties of NH, species. As
DOI: 10.1039/d5cp00430f deduced from the density of states properties and orbital theory, it is also found that the energy
difference between the lowest unoccupied orbital of the metal and the highest occupied orbital of

rsc.li/pccp ammonia, has a good relationship with the adsorption energy of NHs.
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1. Introduction

Ammonia (NH;3) has attracted considerable attention in the
fields of energy and environmental catalysis owing to its high
hydrogen content and energy density, making it a promising
renewable energy source.’ ™ The synthesis of NH; from N, and
H, has been extensively studied for a century, tracing back to
the development of the Haber-Bosch reaction.”>”” Additionally,
recent advancements in NH; decomposition technology for
hydrogen production have demonstrated significant potential
for hydrogen energy storage and transportation.®° In the field
of environmental catalysis, NH; selective catalytic reduction
(NH3-SCR)''™"® and NHj; selective catalytic oxidation (NHj-
SCO)"* ¢ technologies are widely employed as key measures
to address exhaust emissions from industrial and mobile
sources. In response to the escalating energy crisis and envir-
onmental challenges, researchers have explored the electro-
chemical reduction of nitrate (NO; ") in solution'”™*° to produce
NH;, as well as the electrochemical coupling of C-N bonds in
CO, and NHj3; to synthesize chemicals with industrial value.?0722
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These technologies involve NH; adsorption and dissociation
reactions (NH; <> NH,-H < NH-2H < N-3H) on catalysts,
which are crucial in determining the reaction rate and have
become the focus research in this field.

Analysis of the adsorption and dissociation properties of cata-
lysts for NHj-related species was conducted using temperature-
programmed desorption (TPD),>® in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS),** and adsorption
penetration® tests for NH;. Hahn et al. demonstrated that Fe
species enhanced the adsorption of NH; over H'-exchanged
beta zeolite molecular sieves through TPD experiments.>®
Zhang et al. used in situ DRIFTS to show that Cu sites on
TiO, promoted the conversion of NH; into NO, species, which
is an important participant in the fast SCR reaction.”” They also
proved that S doping enhances the NH; adsorption capacity
of the Fe,0;3/TiO, catalyst through adsorption penetration
testing.”® Although various characterization methods exist,
most of them primarily examine the NH; adsorption properties
of the catalyst, making it challenging to clarify the adsorption
effects of intermediate reaction species on the catalyst surface.
Additionally, experimental screening of catalysts for high activ-
ity is typically costly and time-consuming. Conversely, screen-
ing the adsorption properties of catalysts and reaction
intermediates with theoretical calculations can greatly reduce
these costs.

Theoretical calculations are commonly used to complement
experimental findings in NH; catalytic reactions.**™*
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Zhang et al. performed theoretical calculations to compare the
adsorption sites of NH; on Ag/CeSnO, catalysts and discovered
that NH; is more readily adsorbed on Ag as a Lewis acid site.*®
Using theoretical calculation, Jiang et al. demonstrated that K
species reduce the adsorption energy of NH; on the catalyst
surface.® Liu et al. compared the reaction paths of NH;
decomposing into N, and H, on Ni(111) and Ni/CeO, catalysts
and confirmed that CeO, enhances the dispersion of Ni clus-
ters, thereby reducing the reaction activation energy.’” With the
advancement of computational power, theoretical calculations
are increasingly utilized to screen catalysts and identify factors
that influence catalytic efficiency.*®*** Hansgen et al. screened
bimetallic alloy catalysts using the adsorption energy of N
atoms and alloys as descriptors. They predicted that catalysts
with Ni-Pt-Pt surface chemistry exhibit excellent catalytic per-
formance for hydrogen production by NH; decompostion.*®
Similarly, Yang et al. employed high-throughput theoretical
calculations to screen metal catalysts for high activity in the
NH,-SCO reaction. They found that the binding energy of N and
O on metals serves as a descriptor for catalytic performance,
and predicted that Cu(100) and Pt(111) catalysts possess the
highest activity.*® Zheng et al. investigated the factors influen-
cing the activation energy of transition metal-doped TiO,
catalysts to dissociate NH; into NH, and H species, as well as
the subsequent activation energy of reaction with NO to form
N,O, and found that the activity of surface oxygen has a
significant impact.*” Currently, establishing the relationship
between catalyst properties and dissociated species adsorption
through a single descriptor is challenging for low-cost and
readily available metal oxide catalysts in NH; dissociation
reactions. Therefore, exploring the factors influencing the
interaction between metal oxide catalysts and NH;-related
species is crucial to facilitate more effective catalyst screening.

In this study, the effects of transition metal doping on cerium
dioxide (CeO,) and on NH; dissociation in gas-solid interface
thermal catalytic reaction were theoretically investigated. CeO, is
commonly used in NH; catalytic reactions owing to its afford-
ability, widespread availability, excellent dispersibility of active
sites, and high oxygen storage capacity.**° The impact of metal
doping on the local distortion and chemical properties of the
CeO, structure was explored. The adsorption positions and ener-
gies of species that participate in NH; dissociation on the catalyst
surface were examined. A feature correlation heat map was
employed to scrutinize the relationship between the adsorption
energies of NH;-related species and the physicochemical proper-
ties of the catalyst. The projected density of states (PDOS) was
used to further analyze the electronic interactions between the
adsorption sites on the catalyst surface and the NH, species. This
work will offer valuable insights for the design and comprehen-
sion of metal oxide catalysts in NH; dissociation reactions.

2. Computational methods

Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation package (VASP 6.4.2).>
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The projector augmented wave method was used to describe
the electronic structure of atoms.’*> The exchange correlation
energy functional is described by the Perdew-Burke-Ernzerhof
(PBE) functional in generalized gradient approximation.>® Hub-
bard U was used to rationalize the Coulomb repulsion between
electrons in local orbitals. Therefore, PBE+U was adopted to
improve the processing of strongly correlated electron
systems.>® The U(U) was used to represent the U-J para-
meters. All metallic elements containing d and f orbitals were
assigned U values (Table S1, ESIT). The plane wave cutoff
energy was set to 500 eV. The force convergence criterion for the
structure was —0.02 eV A™, The DFT-D3 method was used to
improve the treatment of van der Waals interactions.”® The
K-point convergence tests were conducted (Fig. S1, ESIt). The
energies of the structures converged by (1 x 1 x 1), (2 x 2 x 1),
and (4 x 4 x 1) k-point meshes were compared. All variations
are very small and do not affect the conclusions. Hence, the
Brillouin zone integration®® was performed using a k-point grid
(1 x 1 x 1). All electronic structure calculations were performed
using Monkhorst-Pack (3 x 3 x 1).

The lattice parameter of the optimized CeO, bulk structure
was 5.47 A, which is close to the experimental value of 5.41 A.>’
The unit cell of the CeO,(111) plane was used as the surface
model as this plane is the most thermodynamically stable
surface. The surface structure of CeO,(111) and metal-doped
Ce0,(111) was composed of a supercell (3 x 2) with 9 atomic
layers and surface terminals of O-Ce-O (Fig. 1). The replace-
ment of a surface Ce atom by another metal atom constitutes a
doped structure. The adsorption of NH;, NH,-H, NH-2H, and
N-3H species was performed on the surface model. During
structural optimization, the six atomic layers at the bottom of
the supercell were fixed.

The energy of a single metal atom (Esingle metalatom) Was
calculated using the following formula:

Esingle metal atom — EM-bulk/n (1)
where Eypui i the total energy of the bulk metal and 7 is the
total number of atoms in the bulk metal.
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The formation energy (Eqopea) Of metal-doped CeO, was
calculated by the following formula:

Edoped = Em-ceo, — Eceo, — (Embui/™) + (Ecebun/n)  (2)

where Eyceo,s Eceo, and Ecepuik are the total energies of the
metal-doped CeO, surface, pure CeO, surface, and bulk Ce,
respectively.

The oxygen vacancy formation energies (Eo,) were obtained
by the following calculation formula:

Eoy = Exceo,-ov — Emceo, + Eo /2 3)

where Eyv_ceo,-0vs Em-ceo,, and Eq, are the energies of the metal-
doped CeO, structure with oxygen vacancies, the metal-doped
CeO, structure without oxygen vacancies, and the oxygen
molecule, respectively.

The adsorption energies (E,qs(species)) of NH;, NH,-H, NH-
2H, and N-3H species are calculated using the following formula:

Eads(SPECIES) = Especies/surface - Esurface - ENH3 (4)

where Egpecies/surfaces Esurface; aNd Enp, are the total energies of
the species (NH3, NH,-H, NH-2H and N-3H) adsorbed on the
catalyst surface, the catalyst surface, and the NH; molecule,
respectively. NH; was used as a reference for the relevant
adsorption structures of all NH; species to calculate the adsorp-
tion energies.

The adsorption energy of a single H atom (E.qs(H)) was
calculated using the following formula:

Eads(H) = EH/surface - (EHZ/Z) (5)

where Eyysurface and Ey, are the total energies of H adsorbed on
the catalyst surface and H, molecules, respectively.

The d-band center (£4) of metal doped CeO, was calculated
by the following formula:*®

E, surface —

(6)

where ¢ is the energy and n4(&) is the number of electrons in the
¢ energy state.

The valence band maximum (VBM), conduction band mini-
mum (CBM), band gap, d-band center and work function were
obtained through the calculation of the density of states and
the work function.

3. Result and discussion

3.1. Structure filtered by distortion

In the dissociation reaction of NHj, the presence of active
surface oxygen species and oxygen vacancies plays a crucial
role in facilitating hydrogen extraction. Metal doping can
modulate the local lattice distortion in metal oxides, thereby
affecting the presence of active surface oxygen species and
oxygen vacancies.’® Metal oxides with higher lattice distortions
exhibit higher concentrations of surface oxygen species and
oxygen vacancies. By combining the structure and distance
between the metal dopant and oxygen (Fig. S2 and Table S2,
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Fig. 2 (a) Scatter plot of local structural distortion of Ce and metal dopant

sites. Schematic of structures that are (b) prone to structural distortion and
(c) not prone to structural distortion.

ESIY), the local lattice distortion®® (4) of CeO, doped with
various metals was calculated using the following formula:

1 Ri — Rav :
A= 72 ( Ray ) @
where R; represents the distance between the dopant element
and the adjacent O atom and R,, denotes the average of all R;
values. Fig. 2a illustrates the correlation between the dopant
element and the local lattice distortion in metal-doped CeO,.

As depicted in Fig. 2b and c, the structures of metal-doped
CeO, can be divided into two categories based on the lattice
distortion. One category exhibits a higher tendency for local
structural distortion (4 > 0.01), which promotes the formation
of active surface oxygen species and oxygen vacancies. The
other category exhibits a lower tendency for local structural
distortion (4 < 0.01), rendering these structures more stable
and less likely to generate active surface oxygen species and
oxygen vacancies. The structures that were susceptible to dis-
tortion were selected for further adsorption of species in the
NH; dissociation reaction.

3.2. Adsorption of reaction species

The adsorption strength of reactants and intermediates signifi-
cantly impacts reaction activity and selectivity. The NH; dis-
sociation reaction primarily follows the following steps:

NH; + * - NH;* (8)
NHz* + * — NH,* + H* 9)
NH,* + H* + * — NH* + 2H* (10)
NH* + 2H* + * — N* + 3H* (11)

The adsorption properties of the above species were studied
on all metal-doped CeO, surfaces (*). As illustrated in Fig. 3 and
Fig. S3, S4 in the ESI,¥ NH; adsorbs onto the catalyst surface,
where the N lone pairs of electrons interact and bonds with the
empty orbitals of the metal dopant. The H atoms of NH;
undergo hydrogen bonding interactions with neighboring sur-
face lattice oxygen. Through interactions between the metal
dopant and the adjacent surface lattice oxygen, NH; progres-
sively dissociates as the N-H bonds break and the three H
atoms are adsorbed onto the adjacent lattice oxygen. The metal

This journal is © the Owner Societies 2025
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Fig. 3 Adsorption structure diagram of NHsz and its dissociated inter-
mediate species on the catalysts.

dopant not only directly influences the adsorption energies of NH;
and intermediate species, but also indirectly impacts the chemical
activity of the neighboring O atoms, thus affecting the adsorption
energy of H atoms. Therefore, it is essential to investigate the
correlation between the chemical properties of metal dopants and
the adsorption energies of dissociated species.

3.3. Descriptor screening for elucidating adsorption

The feature correlation heat map depicts the strength of the
correlation between the chemical properties of metal dopants

Atomic number -

Atomic weight —
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and the adsorption energies of species. Fig. 4 and Tables S3, S4
in the ESL} present various chemical properties of the metal
dopants. The Pearson correlation coefficient was employed as a
statistical measure to analyze the relationship between two vari-
ables. The value in each cell of the figure represents the correlation
strength between each pair of variables, which ranges from —1 to 1.
Positive values indicate a positive correlation between the variables,
while negative values indicate a negative correlation. The darkness
of the cell’s color signifies the strength of the correlation, with
darker colors indicating stronger correlations. Evidently, the analy-
sis shows that the VBM (0.83), CBM (0.83), and work function
(—0.81) of metal dopants are strongly correlated with the adsorp-
tion energies of NH;. Additionally, the VBM (0.84), work function
(—0.76), and heat of formation (0.76) are strongly correlated with
the adsorption energies of NH,-H species. Furthermore, the heat of
formation (0.86), VBM (0.79), and work function (—0.75) are
strongly correlated with the adsorption energies of NH-2H species.
Lastly, the doping formation energy (—0.57), heat of formation
(0.55), and covalent radius (0.53) exhibit some correlation with the
adsorption energy of N-3H species.

Plots exhibiting the strongest linear correlation with the
adsorption of the four intermediate species are presented in
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Fig. 5, along with Fig. S5 in the ESI,{ which demonstrate that
the adsorption energies of the NH;, NH,-H, and NH-2H
species on various metal-doped catalysts are all highly linearly
correlated with the VBM. The dissociation of a single H atom
has a minimal impact on the adsorption energy and linearity,
suggesting that the adsorption intensity is primarily governed
by the interaction between the N atoms and the metal dopants.
As further dissociation of H atoms occurs, the overall adsorp-
tion energy of the species is influenced by the adsorption of
both N and H atoms on the metal dopant and adjacent O
atoms, respectively. Additionally, the VBM has a good linear
relationship with the heat of formation of the metal (0.89), the
energy of a single metal atom (—0.84), and the atomic radius
(0.88). However, the linear correlation between the above three
metal properties and the adsorption energies of NHj-related
species is not as strong as the VBM, except for the heat of
formation and NH-2H. This may be because the three metal
properties jointly affect the VBM, and further affect the adsorp-
tion energies of NHj-related species. Additionally, Ni-doped
CeO, exhibits strong adsorption for NH;-related species, align-
ing with the excellent performance of Ni-based catalysts in NH;
dissociation reaction experiments.’*®® Meanwhile, Zn-, Cu-,
Co-, and Mn-doped CeO, catalysts also demonstrate strong
adsorption of NH;-related species, warranting further study.
Oxygen vacancies play an important role in the reaction
process. The linear correlation between the adsorption energies
(Eaqs) of NHj-related species and the oxygen vacancy formation
energies (Eoy) is shown in Fig. S6 (ESIt). The linear correlation
between E,qs and Eo, of NH;, NH,-H, NH-2H, and N-3H
species is 0.84, 0.63, 0.71, and 0.36 respectively. The linearity
(0.84) between E.qs and Eq, of NH; shows that the lower the
formation energies of the oxygen vacancy, the more favorable it
is for the oxygen atom (adsorbed on the oxygen vacancy) to bind
to the first H atom of NH;. The oxygen atom that has already
bound to the first H atom has little effect on the binding of the

5872 | Phys. Chem. Chem. Phys., 2025, 27, 5868-5875

View Article Online

Paper

remaining H atoms with other oxygen atoms, so the linear
correlation between oxygen vacancy formation energies and
NH; adsorption energies is high, and other correlations are low.

Meanwhile, the activation energies of the gradual dissocia-
tion of NH; on Ni, V, and Nb doped CeO, surfaces were also
obtained by DFT calculation, and its relationship with the
valence band maximum of the catalyst is shown in Fig. S7
(ESIT). There is no obvious linear relationship between the
valence band maximum and the activation energies of NH
dissociation. This may be because the activation energy of
NH dissociation is affected by both the properties of the doped
metal and the adsorption ability of H by different surrounding
oxygen atoms.

The density of states (Fig. 6) of Ni-, V-, and Nb-doped catalysts
with NH; adsorbed on the surface were studied to further
elucidate the effect of metal dopants on adsorption species from
the electronic structure level. As shown in Fig. 6a, d, and g, the
valence band of the catalyst is primarily composed of atomic
orbital energy levels occupied by O and Ce electrons. Owing to
the presence of only one metal dopant atom, its contribution to
the valence band is relatively small. Nevertheless, the VBM
values of Ce, O, and the metal dopant are all equal. This equality
arises from the strong interaction between the atomic orbitals of
the metal dopant and the surrounding O atoms, resulting in the
hybridization of atomic orbital and subsequently impacting the
overall valence band. Consequently, the adsorption of NH; on
the catalyst largely originates the interaction between N atoms
and metal dopant atoms. Therefore, the adsorption effect of NH;
can be elucidated by studying the orbital properties of metal
dopant and N orbitals.

Before NH; adsorption, based on Frontier molecular orbital
theory,®® the energy difference (AErumo-nomo) between the
LUMO of the metal atom at the adsorption site and the HOMO
of the N atom in NH; can be used to predict the ease
of adsorption (Scheme 1 and Fig. S8, ESIf). A smaller
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Fig. 6 Partial density of electronic state for N of NH3 and metal-doped
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and (g)-(i) Nb-doped CeO,. The Fermi level (dashed line) has been set

at 0 eV.
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Scheme 1 Orbital interaction between isolated NH3 orbitals and a metal
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AErumo-nomo indicates that adsorption occurs more easily. As
shown in Fig. 6b, e, and h, the density of state for the metal
dopant is predominantly contributed by the d orbital, while the
density of state for N is predominantly contributed by the p
orbital. Therefore, the minimum value of the metal d orbital
energy level above the Fermi level is regarded as Eruymo, and the
maximum value of the N p orbital energy level below the Fermi
level is regarded as Exomo-. It was found that AE;ypmo-romo(Ni) =
0.18 eV < AE umo-nomo(V) = 0.53 €V < AE;umo-tomo(ND) =
1.43 eV. This suggests that NH; is easily adsorbed on Ni-doped
CeO,, but less readily adsorbed onto Nb-doped CeO,. This is
consistent with the conclusion in Fig. 5a that the adsorption of
NH; on Ni doped CeO, is stronger than that of NH; on Nb-doped
Ce0,. Moreover, AE; ymo-tiomo has a good linear correlation (R* =
0.85) with the NH; adsorption energy (Fig. S9, ESIt). From the
density of states after NH; adsorption, it can be observed that for
Ni-doped CeO,, the Ni d orbitals and N p orbitals exhibit
significant overlap both above and below the Fermi level. In
contrast, for V- and Nb-doped CeO,, the overlap between the
metal (V, Nb) d orbitals and N p orbitals is primarily below the
Fermi level, with only a slight overlap occurring above the Fermi
level. This indicates that the interaction strength between Ni and
N is higher than that of the other two, which also indicates that
the adsorption of NH; on Ni-doped CeO, is stronger than on the
other two metal dopants. Therefore, the interaction between
metal orbitals and N orbitals can also be analyzed by the HOMO
and LUMO energy difference.

3.4. Discussion

In Fig. 4 and Fig. S10 in the ESI,{ the work function, as the
VBM, has a good linear relationship with the adsorption
energies of NH;, NH,-H and NH-2H species, but the linearity
is opposite. The work function is strongly linearly correlated
(—0.98) with the VBM (Fig. S11, ESIt). The work function is
equal to the difference between the vacuum level and the Fermi
level of the catalyst. The vacuum energy levels of the catalysts
are nearly equal, and the transition metal-doped CeO, predo-
minantly exhibits acceptor-type doping, which shifts the Fermi
level closer to the valence band. Therefore, the correlation
between work function and adsorption energy are affected by
the position of the valence band. Additionally, the adsorption
energy of a single H atom has a good linear correlation with
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various properties of the catalyst (Fig. S12, ESIt). This can be
attributed to the fact that the adsorption sites of H atoms are surface
lattice O atoms adjacent to the metal dopant. The chemical proper-
ties of the adjacent O atom are directly affected by the doping metal.

The reason for the good linear correlation shown in Fig. 5c
between the heat of formation and the adsorption energy of NH-
2H species remains unclear. The heat of formation data is
obtained from the enthalpy of formation of gaseous atoms for
each element. The formation enthalpy of gaseous atoms is signifi-
cantly influenced by the atomic radius and the energy of a single
metal atom. As shown in Fig. 4, the heat of formation has a good
linear relationship with the radius of the metal atom and the
energy of a single metal atom, at 0.83 and —0.85, respectively.
Therefore, the relationship between the heat of formation and the
adsorption energy of NH-2H species might be associated with the
atomic radius and the energy of a single metal atom. Additionally,
a weak linear correlation exists between the adsorption energy of
N-3H species and the catalyst properties, with only a low correla-
tion coefficient of 0.57 observed with the doping formation energy
(as shown in Fig. 5d). This may be because the adsorption of
species by the catalyst during the NH; dissociation process is
influenced not only by the adsorption of N by metal dopant sites,
but also by the adsorption of three H atoms by three different
surface lattice oxygens surrounding the metal. In general, the
process of complete dissociation of NH; is not considered, because
in related reactions involving NH; (such as NH3-SCO and NH;-
SCR), the dissociation of NH; typically does not progress to form a
co-adsorbed N and three H atoms.

4. Conclusions

In summary, density functional theory calculations were used to
study the chemical properties and adsorption of NHj-related
species on different metal-doped CeO, catalysts. According to
the degree of local distortion, the metal-doped CeO, structures are
divided into two categories: structures that are easily distorted and
those that are not easily distorted. For catalysts whose structures
are easily distorted, the VBM, work function, heat of formation,
and metal atom energy can be used as descriptors with good
linear relationships with the adsorption energies of NH;, NH,-H
and NH-2H species in the feature correlation heat map. Ni-, Zn-,
Cu-, Mn-, and Co-doped CeO, catalysts all strongly adsorb NH;-
related species. Through the HOMO and LUMO theories, it is
found that NH; adsorption is also affected by the difference
between the LUMO of the metal dopant d orbital and the HOMO
of the N p orbital in NH;. Although some well-correlated relation-
ships cannot be explained at the chemical level, the phenomena
and conclusions of this study offer valuable insights for designing
metal oxide catalysts for NH; dissociation reactions.
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