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The catalytic reduction performance of NO on the surface of Fe-doped ZnAl,O4 (100) was calculated based
on DFT. The adsorption of NO and other molecules, the change of reaction energy of CH4 and C;H4 as
reducing agents, and the activation energy barrier of CH4 were studied. It was found that the best
adsorption energy of NO is —2.166 eV. Compared with Al and Zn sites, doped Fe atoms are better
adsorption catalytic sites. At temperatures of 300 K and 600 K, the molecules will move in the direction
of the Fe atoms. O, adsorption will repel NO, reduce its adsorption energy, and cause NO to lose

electrons and be oxidized. The reaction enthalpy with CH,4 as the reducing agent is —7.02 eV, and with
Received 26th November 2020 CaHa is —3.45 eV. Transition state calculations show that O reduces the dissociation barrier of CH, b
Accepted 16th December 2020 oHa is —3.45 eV. Transition state calculations show tha reduces the dissociation barrier o 4 by

about 2 eV. The smaller adsorption energy and negative reaction enthalpy of the product indicate that

DOI: 10.1039/d0ra10017] the iron-doped ZnAl,O4 has a good catalytic NO potential. This also provides a basis for future research
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1. Introduction

With economic development, pollution, especially air pollution,
has been increasingly prevalent.”” A large amount of NO,
emissions come from coal-fired power and the use of automo-
biles. NO, is a harmful gas and is the main cause of air pollu-
tion, particularly in terms of acid rain. It also causes
photochemical smog and does harm to people's health.>* So it
is important to study ways to cut NO, emissions. Selective
catalytic reduction technology (SCR) is currently the most
successful and widely used flue gas denitration technology. HC-
SCR with hydrocarbon as a reducing agent has low catalytic
reaction temperature and high catalytic activity in an oxygen-
rich environment. The research and development of catalysts
are among core issues surrounding SCR, and the performance
of the catalyst directly affects the outcomes of NO, removal.>®

Finding catalysts and reducing agents that have better
performances and lower prices are focuses of the current
research. The metal oxide catalyst is a kind of catalyst that is
easy to obtain and has good catalytic properties. A complex
oxide is composed of two or more metal oxides. It has better
properties than a single oxide, with better stability, corrosion
resistance, higher-temperature resistance, as well as more
hardness compared with other properties. The development of
composite oxides including spinel has become an important
research area in the field of catalysis today. At present, spinel-
type catalysts have a wide range of catalytic activation temper-
atures, good dispersibility, thermal stability, and hydrothermal

Faculty of Materials Science and Engineering, Kunming University of Science and
Technology, Kunming 650093, China. E-mail: 852419171@qq.com

© 2021 The Author(s). Published by the Royal Society of Chemistry

on the catalytic mechanism of different hydrocarbons.

stability, and are particularly suitable for tail gas treatment of
oxygen-rich lean burn.*® He et al' studied the selective
catalytic reduction of NO, by BaAl,O, spinel under oxygen. The
results show that at 673 K, the presence of oxygen reduces the
light-off temperature of soot and promotes the conversion of
NO,-N,. Xu et al.*® stated that 0.05Pd-doped MAl, ,0O, (M = Co,
Cu, Zn) significantly improved the conversion of NO removal at
100-300 °C and 2% oxygen. It has been found that O,, which is
ubiquitous in the air, has an inevitable effect on the catalytic
removal of NO,.

In recent years, DFT calculation has been very extensive in
predicting the structure and performance of catalysts.">*® For
example, two-dimensional materials as single-site catalysts have
been successfully designed for a variety of chemical reac-
tions.>** The adsorption performance is closely related to the
catalysis.”>® At present, the adsorption performance of NO, on
the spinel surface is calculated based on the first-principles
method.”* The effects of spinel-catalyzed species adsorption
on the surface activity are investigated. Jiang et al.** used the
first-principles VASP software to study the related properties of
NO adsorbed on the surface of CuFe,04(100) by N and O ends,
respectively. Zou et al.*” calculated the adsorption properties of
NH; on the ZnFe,0, surface. Xiang***® found that the property
of NO, and NO adsorbed on ZnGaAlO,(100) surface.

An important member of the AB,O, spinel oxide family is
ZnAl,0,4, which is called zinc aluminate. This material is a wide
band-gap material with an energy gap of about 4 eV at room
temperature. ZnAl,0, has many interesting properties, making
it an ideal choice for use in different potential fields. At present,
there are few studies on the catalytic reduction of NO by
aluminum-zine spinel. The doping of transition metal elements
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has a significant improvement in the catalytic effect. In this
paper, Fe-doped ZnAl,O, is used as a catalyst to study the
adsorption performance of NO and other gas molecules on the
(100) surface by density functional theory. Then the energy
change of the surface reaction and the dehydrogenation barrier
of CH, were calculated. This study attempted to delve into its
catalytic mechanism, studying whether it can be used as a good
catalyst, and the role of oxygen in the reaction.

2. Computational details and crystal
structure

The First-principles calculations were conducted using
Materials-Studio with exchange-correlation potential effects
treated by the generalized gradient approximation (GGA) by
Perdew-Burke Ernzerhof (PBE). The Dmol3 module of Material
Studio based on density functional theory is used to calculate
the adsorption structure and electronic structure. To facilitate
the geometry optimization progress, the convergence criteria
for the energy, force, and displacement were set at 1.0 x 10>
Ha, 0.001 Ha A~ and 0.001 A, respectively. The Brillouin zone
was set at 3 x 3 x 1. The calculation uses a spin non-limiting
method, with a valence electron wave function and a polariza-
tion function plus a double-valued basis set expansion (DNP). For
Zn, Al Fe, O, N atoms, effective core potential treatment (ECP) was
adopted and Al-3s3p, Zn-3p3d4s, Fe-3d4s were treated as valance
electrons states. A super-soft description was used between core and
valence electrons. To balance the computational cost and accuracy
of the calculations, a Hexadecapole polarization potential deploy-
ment was used with a Fermi tailing effect of 0.008 Hartree and an
orbital intercept radius of 4.8 A. To test the stability of NO molecules
on the surface at ambient temperature, ab initio MD as imple-
mented in Dmol® simulations have been carried out. NVT (N, V, and
T are the constant number of atoms, constant volume, and constant
temperature, respectively) ensemble is selected and the Nose-Hoo-
ver thermostat method is used to control the temperature at 300 K
without external pressure in the calculation. The simulation time
step is set at 1 fs and the total simulation time is 1.5 ps to enable the
calculation finish within a reasonable time range. The transition
states were located using the complete linear synchronous transit/
quadratic synchronous transit (LST/QST) method. And the
frequencies of them are examined to confirm the validity.

We first calculated the lattice structure of ZnAl,O,, a =
8.2188, b = 8.1843, ¢ = 8.2335; a = 8 = v = 90.0°, which is in
good agreement with other data. We know that there are
tetrahedral and octahedral positions in the crystal lattice, and
Fe can replace Zn and Al atoms respectively. Nimai Pathak
found that iron tends to occupy tetrahedral sites when doped at
low concentrations. M. A. Lahmer also found through calcula-
tions that replacing aluminum with iron atoms is more stable
than replacing zinc.?”*® Considering that it is easier to dope on
the surface, we choose to dope Fe to Al sites near the surface, as
shown in Fig. 1(a).*® The lattice constant of Fe-doped ZnAl,O,
(the following are expressed with Fe/ZnAl,0,) is slightly
increased, and the lattice is still a face-centered cubic structure.
For all the figures in this article: red for O, blue for N, green for
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Fig. 1 (a) Crystal structure of Fe/ZnAl,O4 (b) side view of Fe/ZnAl,O4
(100) surface model (c) surface layer top view. For all the figures in this
article: red for O, blue for N, green for Fe, pink for Al, and gray for Zn.

Fe, pink for Al, and gray for Zn. We cut the surface of the low-
index surface (100) and chose to expose the indicator layer
with more metal atoms because it is more beneficial to the
catalytic reaction.

The vacuum region thickness of 15 A was chosen to eliminate
the interaction effects of the neighboring slab. The optimized
structure is shown in Fig. 1(b), and then we perform the adsorp-
tion calculation. The expression of the adsorption energy is:

E.as =

molecule+slab — Eslab - Emolecule

Among them, Ermolecule+slabs Es]ab, and Emolecule are the total
energy of the adsorbed molecules and surface models, the
energy of the surface model, and the energy of a single adsorbed
molecule respectively.

3. Results and discussion

Two kinds of stable adsorption structures were obtained by
optimizing the adsorption of NO on the surface of Fe/ZnAl,O,:
(1) the adsorption configuration of N-down adsorption, as
shown in Fig. 2(a—c); (2) the adsorption configuration of O-down
adsorption, as shown in Fig. 2(d-f). It can be seen from Fig. 2
the N or O atoms have different adsorption bond lengths on the
metal atoms. Among them, the N-Fe adsorption bond has the
shortest length, and the N-end adsorption on the Fe site has the
strongest adsorption strength in single-ended adsorption. This
is consistent with Xiang Chao's research on ZnGaAlO,4(100) and
Pamella's research on Co;0,(100) surface.*

It can be seen from Fig. 3 that the adsorption energy of the O
terminal of NO is —1.230 eV to —1.397 eV, while the adsorption
energy at the N terminal is higher, the value is —1.578 eV to
—2.118 eV. The positive adsorption energy is expressed as an

endothermic process, and the adsorption structure is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Single-ended adsorption structure of NO adsorbed on the
surface (a) Zn—-NO; (b) Fe—-NO; (c) Al-NO; (d) Zn-ON; (e) Fe—ON and
(f) Al-=ON.
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Fig. 3 Adsorption energy at different adsorption sites.
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thermodynamically unstable. All the adsorption energy is
negative, indicating that the process is exothermic, and the
corresponding adsorption structure is stable.

The bonding mechanism diagram of NO molecule is shown
in Fig. 4. (a) is the PDOS of the N and O atoms before the
adsorption of NO molecules, and the 3d orbital of the surface
Fe, (b) the PDOS diagram of the O-end adsorption on Fe, and (c)
the PDOS diagram of the N-end adsorption on Fe. It can be seen
that the Fe 3d on the surface of Fe/ZnAl,O, (100) has an energy
level on both sides of the Fermi surface. After adsorption, the 3d
peak of Fe is severely cleaved, and the p-orbital of NO and the 3d
orbital of Fe atom are strongly hybridized near the Fermi
surface, and the energy levels are all shifted to the left,
demonstrating that the adsorption produces a strong interac-
tion. Moreover, the intensity of the Fe-3d peak becomes small,
which means that electrons are transferred from the surface Fe
to the NO molecule. According to the change of static charge
value, the charge changes of the seven kinds of NO adsorbed on
the surface structure in Fig. 2 are —0.132 e, —0.112 e, —0.155 e,
—0.161 e, —0.230 e, —0.145 e, —0.247 e. It also proves that
charge is transferred from the surface to the gas molecules.

We calculated the adsorption energy of different double-end
adsorption on the surface and found that it is most stable when
adsorbed by the N-Zn O-Al structure (as shown in Fig. 5(a)). It
has the largest adsorption energy of —2.166 eV. At this time, the
N-O bond length is 1.226 A. Compared with the free state NO,
the N-O bond length is 0.062 A (the maximum elongation), and the
surface NO has a strong interaction with the surface. Fig. 5 shows
the calculated molecular dynamics at 300 K and 600 K. It was found
that as the temperature increased, the molecules tilted towards Fe
atoms. Generally, high temperature will increase the atomic
distance and weaken the strength, but the Fe-O bond length even
decreases at 300 K, which may prove that Fe atoms have a better
high-temperature adsorption performance.

Fig. 6(a) shows the most stable adsorption state of a single O,
on the Fe/ZnAl,0, (100) surface. We intend to study the catalytic
effect under oxygen-rich conditions, so we would consider the

(c) N-Fe adsorption
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The PDOS of N, O, and Fe in different situations (a) before adsorption; (b) O—Fe adsorption; (c) N-Fe adsorption.
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Fig.5 NO double coordination adsorption configuration at 0 K, 300 K,
600 K.

Fig. 6 (a) Most stable O, adsorption structure, (b) NO, O, co-
adsorption structure and (c) the differential charge density map.

Table 1 The ELgs. Einter, and charges of co-adsorption

Eags (eV) Eineer (€V) Charges change (|e])
NO —2.16 — —0.12
0, —4.21 — —0.37
NO O, —2.85 1.184 NO 0.022/0, —0.584

effect of adsorption on NO in the presence of oxygen. First, we
calculated the adsorption energy of oxygen in different sites and
found the best adsorption site. When O, is adsorbed on Fe, the
adsorption bond length is the shortest and the adsorption
capacity is the strongest. The adsorption energy can reach
—4.21 eV, and the distance between O and surface Fe is 1.952 A,
which is the shortest among all adsorption sites. The distance
between the two oxygen atoms is 1.289 A, which is 0.063 A
longer than the 1.226 A before adsorption. This is due to the
increase in bond length caused by the attraction of the surface
to the molecules. We performed a co-adsorption calculation

View Article Online
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and the results are shown above. Fig. 6(b) shows the structure
after the co-adsorption of NO and O,. The NO-N end is adsorbed at
the Zn position, which is consistent with the original. The N-Zn
distance is 2.122 A, and the distance between NO is 1.176 A.
Compared with the single adsorption NO, the intramolecular
distance becomes shorter, and the distance from the surface Zn
becomes longer. The reason may be that the co-adsorption of O,
causes a certain repulsion between the molecules. The NO single
adsorption is preferably N-Zn O-Fe, and at this time, due to the
presence of O,, the O atom of NO is not bent to this side, which
proves that there is a repulsive effect. The total adsorption energy of
the two molecules is —2.85 eV, which is lower than the adsorption
energy of the two single adsorptions. The interaction between NO
and O, can be calculated by expression:
Einter = slab+NO+0O, — Egab+Nno — EslabJrO2 + Egab

where Egjapinovo, I8 the total energy of the system composed of
adsorbed molecules (NO and O,) and surface model; Egj,p+n0 iS the
total energy of adsorbed molecular NO and surface model; Egjap-0, is
composed of adsorbed molecule O, and surface model total energy;
Egqap is the total energy of the configuration. The calculated inter-
action energy is +1.184 eV, and its value is positive, indicating that
NO and O, have repulsion on the surface.

The charge distribution can be seen from Table 1 and
Fig. 6(c) differential charge diagram. When NO is adsorbed on
the surface, the surface metal atoms lose electrons, and NO gets
electrons. However, when co-adsorbed with O,, O, has a strong
electron-withdrawing ability, and the electrons that lead to NO
absorption are plundered by O,. The charge amount of NO is
changed from —0.16 e to 0.022 e, and the charge of O, is
changed from —0.307 e to —0.584 e, which proves that the
presence of O, causes NO to be deactivated and oxidized. Many
people have researched and found this phenomenon, such as
Ingrit Castellanos found that the NO, peak will appear when NO
is adsorbed on Fe-HFER.* Zekang Lyu et al.'s research on o-
Fe,0; (0 0 1) also found that the surface acidity increases after
the transition metal is doped, and NO is more easily oxidized.*

To predict the reaction of NO on its surface, we also calcu-
lated the adsorption of other gas molecules related to the
reaction, such as CH,, C,H,, and the product N, and H,O. The
structure and key length data can be seen in Fig. 7 and Table 2.
We can find that N, and H,O as the product have low adsorption
capacity on the surface, which is beneficial to the desorption
process of the product and prevents its catalytic poisoning. The
structural diagrams of CH, and C,H, show that they are far

(d)

Fig. 7 The most stable adsorption structure of other molecules (a) N (b) H>O (c) CH,4 (d) CoHy.
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Table 2 The E,qs and dp,.s Of different adsorption structure

Eaas (eV) dm-s (A)
N, —0.58 2.265
H,0 -1.18 2.225
CH, —0.57 4.418
C,H, —3.42 2.870

Free CHa

Free CzHa

-10

5 -10 5

Density of states(eV)

Adsorbed CH4 N

Density of states(eV)

Adsorbed CzHa
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Fig. 8 The PDOS of CH,4, C,H,4 free and adsorbed respectively.

away from the surface and are not shown to be bonded. It can be
seen from the PDOS diagram in Fig. 8 that the orbital shape of
the C atom before and after adsorption does not change, but all
shift to the low energy direction. This phenomenon can also be
seen on the adsorption of many molecules.

The adsorption performance of the reducing agent NH; on
various surfaces has been extensively calculated by many
researchers. Its strong adsorption and charge transfer are effective
prerequisites for molecular activation and promotion of reactions.
However, many experimental studies have proved that CH, is one of
the good reducing agents, even if it has poor adsorption. We can use
the following method to do a brief verification.

As shown in Fig. 9, since it is difficult to adsorb many
molecules on the surface of a single unit cell at the same time,
we established a 2 x 1 unit cell surface model to adsorb the
reactant product molecules according to their stable adsorption
sites. The total energy change before and after the surface

AH=-7.02eV /

Energy (eV)

AH=-3.45eV

/
7 =

g @ o8

[

Fig. 9 Structure and enthalpy change of energy of product and
reactant (a) the reactants of NO reduction by CHy, (b) product of NO
reduction by CHy, (c) the reactants of NO reduction by C,Hg, (d)
product of NO reduction by C,H,.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 10 The dissociation energy of CH4 changes on (a) a clean surface;
(b) a surface with O atoms.

reaction can be obtained to understand the difficulty of the
reaction to a certain extent. The reaction from (a) to (b) is CH, +
2NO + 0,=N, + 2H,0 + CO,. The calculated reaction enthalpy
becomes —7.02 eV, which is a relatively high value. Prove that
the reaction is easy to proceed. The reaction from (c) to (d) is C,H, +
2NO +20,=N, + 2H,0 + 2CO,, and the reaction enthalpy change is
only —3.45 eV. Gibbs free energy is the best parameter to measure
whether the reaction can proceed, but the substances before and
after the reaction are all four molecules adsorbed on the surface.
The adsorption process is caused by electron transfer and attraction
on the surface. The desorption of the final product is caused by the
increase in entropy at a certain temperature. The enthalpy change
shows the energy change of the reaction after the molecules are
adsorbed on the surface.

From the adsorption and dissociation barriers of CH, on the
surface, it can be seen that methane is a stable molecule, which
is difficult to activate in the reaction. As shown in Fig. 10(a), CH,
removes an H atom from the surface, and the energy barrier of
2.06 eV needs to be overcome, and the -CH; energy of the
subsequent structure is also greater than the original molecule.
This proved that its molecules will not activate and decompose
on the surface. But the presence of oxygen can greatly reduce the
decomposition barrier. As shown in Fig. 10(b), surface oxygen atoms
can come from the decomposition of oxygen or diffuse to the
surface from the spinel lattice. The CH, dissociates an H in this case
and only needs a 0.025 eV barrier and the energy of the subsequent

(0]
CHs ——-O-CH3+H -

CO2
+ (CHyO2) +
02 -OCHON — "OCH0 | 10
- NO3- -ONN i
NO :OZ- (g or ads) - N2

On Fe/ZnAl204(100)

Fig. 11 Schematic diagram of the reaction process of possible CH,4-
SCR of NO.
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adsorption state is also more stable, at —3.39 eV. The presence of
oxygen atoms on the surface will greatly promote the activation and
dissociation of CH,4, which in turn will cause subsequent reduction
reactions with NO or nitrate.

Finally, the general process of NO catalyzing on the Fe/ZnAl,O,
surface is shown in Fig. 11. Oxygen can promote the formation of
nitrates from NO, and it can also promote the activation and
decomposition of CH,. Then the two have subsequent reactions,
gradually reducing to produce N,, H,O, and CO,.

4. Conclusions

The adsorption configuration of NO, and other molecules on
the surface of Fe/ZnAl,O, (100) was constructed based on DFT.
The optimized structures and energy of each adsorption site
were calculated. It is found that for NO, the adsorption effect at
the N-terminus is stronger than that at the O-terminus, and the
optimal adsorption site is the doped Fe atom. The adsorption
effect of Fe end is still strong at 300 K and 600 K. It also
describes the repulsion phenomenon that occurs when NO and
0O, coexist. O, attracts NO electrons, reducing its adsorption
effect and producing an oxidation effect. Using CH, and C,H, as
reducing agents, this study calculated the reduction enthalpy of
NO in Fe/ZnAl,0, (100). It is found that they are both
exothermic reactions and prone to reactions. The stable CH,
molecules have better catalytic properties instead. We have
studied its dissociation ability and found that the presence of O
can lower the energy barrier of 2 eV and greatly promote the
activation of CH,. The results show that Fe/ZnAl,0, has a good
potential for CH,-SCR to catalyze NO on oxygen conditions.
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