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Abstract: The present work theoretically investigated propane oxidation dehydrogenation by utiliz-
ing N,O as an oxidant (N,O-ODHP) over Cu-BEA with three different types of active site, including
monomeric Cu ([Cu]*), dimeric Cu ([Cu—Cu]?*), and distant monomeric Cu sites ([Cu]*—[Cu]*).
Energetically, we calculated that the monomeric [Cu]” is favorable for the «H dehydrogenation step
(AE = 0.05 eV), which, however, suffers from high barriers of N,O dissociation and BH dehydrogena-
tion steps of 1.40 and 1.94 eV, respectively. Although the dimeric [Cu—Cu]?* site with a Cu—Cu
distance of 4.91 A is much more favorable for N,O dissociation (0.95 eV), it still needs to overcome an
extremely high barrier (AE = 2.15 eV) for BH dehydrogenation. Interestingly, the distant [Cu]*—[Cu]*
site with the Cu—Cu distance of 5.82 A exhibits low energy barriers for N,O dissociation (0.89 eV)
and ODHP steps (0.01 and 0.33 eV) due to the synergistic effect of distant [Cu]*. The microkinetic
analyses quantitatively verified the superior activity of the distant [Cu]*—[Cu]* site with a reaction
rate being eight to nine orders of magnitude higher than those of the monomeric and the dimeric Cu
sites, and this is related to its ready charge-transfer ability, as shown by the partial Density of State
(PDOS) analysis and the static charge differential density analysis in this study. Generally, the present
work proposes that the distance between the [Cu]* sites plays a significant and important role in
N,O-ODHP over the Cu-based zeolite catalyst and modulates Cu—Cu distance, and this constitutes
a promising strategy for highly-efficient Cu-zeolite catalyst design for N,O-ODHP.

Keywords: propane oxidation dehydrogenation (ODHP); N,O; Cu-BEA; density functional theory
(DFT); microkinetic modelling

1. Introduction

Propylene is one of the most important organic raw materials, and it can be used to
synthesize petrochemical products, such as polyurethane, polypropylene, acetone, acry-
lonitrile, polyacrylonitrile, and propylene oxide. The traditional commercial production
of propylene is mainly through fluid catalytic cracking (FCC) and steam cracking (SC) of
petroleum by-products, such as naphtha and light diesel oil [1,2]. However, relatively low
selectivity as well as limited resources cannot meet the growing demand of propylene,
thereby making it highly desirable to develop some efficient and economical methods to
produce propylene [3-5]. The massive exploitation and use of shale gas has increased the
production of low-carbon alkanes, and propane has thus become a cheap chemical raw
material. Converting abundant propane into propylene is not only an important topic
in the field of the petrochemical industry but is also a research hotspot in the field of
heterogeneous catalysis [4,5], and it is a promising means of meeting the huge demand of
the propylene market [2,6].

The catalytic dehydrogenation of propane techniques include the direct dehydro-
genation of propane (PDH) and the oxidative dehydrogenation of propane (ODHP). The
direct PDH has been industrialized: one example is the Catofin process using chromium
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aluminum oxide as a catalyst by the Lummus Company [7,8], and another is the Oleflex
process from UOP utilizing platinum-based catalysts [7,8]. However, the direct PDH is a
reversible and strongly-endothermic reaction that is limited by thermodynamic equilibrium.
Moreover, C—C bond breaking to produce methane/ethylene is much more likely to occur
at high temperatures, which can further lower propylene selectivity [7,8]. Due to these
shortcomings, researchers have conducted studies on the catalytic dehydrogenation of
propane under aerobic conditions. Recently, it has been reported that utilizing N,O as the
oxidant is much more effective than O, for the ODHP [9-11]. For example, Bulanek et al. [9]
have reported that the N,O-ODHP is much more efficient relative to that of O,-ODHP
by displaying its higher propane conversion rate and its propylene selectivity. Katerinas
et al. [10] have also reported that the selectivity of propylene increased from 33.6% to 68%
when using N»O as the oxidant, which can also improve the conversion rate of propane [12].

At the current stage, researchers are still trying to find the suitable catalyst for the
N,O-ODHP, and the zeolite catalyst is notable here due to its excellent N,O dissociation
activity, which generates 0O [13]. The BEA zeolite, with a unique twelve-ring structure,
possesses better N,O dissociation activity than those of Y, MFI, FAU, and MOR [14,15].
Sobalikseta al. [16] have reported that Cu (II) in BEA is the active site of N,O decomposition.
In our previous works, the catalytic dissociation of N,O [17] as well as the NoO oxidation
of methane into methanol [18] were also investigated over the Cu-BEA, and it was found
that both the monomeric and the dimeric Cu sites can function as the active sites for N,O
dissociation to generate «O. In the present work, the NoO-ODHP was theoretically investi-
gated over the Cu-BEA zeolite with diverse active site structures, including monomeric
[Cu]*, dimeric [Cu—Cu]**, and distant [Cu]*—][Cu]" sites. The Mars van Krevelen mecha-
nism is related to the reaction between the reactant and the lattice oxygen of the oxidation
catalyst [19,20]. The first step is the oxidation of the reductant by the lattice oxygen of the
catalyst that generates the product, with a simultaneous formation of oxygen vacancy. The
second step is the regeneration of the catalytic active site through the dissociated oxygen
in order to replenish oxygen vacancies. Being similar to such a mechanism, in the present
work, the «O functions as the active site, and it is utilized to oxidize C3Hg into C3Hg and
H,0. The O would thereby be further regenerated through the reoxidation by N,O. The
specific reaction mechanisms were well illustrated by DFT, and the microkinetic modeling
was further conducted in order to quantitatively compare the reaction rates of the diverse
active sites. Generally, the present work aims to shed a deeper mechanistic light on the
active-site motif structural effect on NoO-ODHP and, moreover, emphasize that modulating
the Cu—Cu distance would constitute a promising method for a highly efficient Cu-based
zeolite catalyst design for the N,O-ODHP.

2. Result and Discussion
2.1. Ny O-ODHP Mechanism Simulation over Diverse ACTIVE Site

Three types of Cu-BEA models with different active centers (Figure Sla,c) were con-
structed for the NoO-ODHP mechanism simulations, which comprised three steps: (i) N,O
dissociation to produce O with the simultaneous release of Ny, and the dehydrogenation
of (ii) the «H and (ii) the BH of C3Hg. The derived energy diagrams along with a different
reaction route (Routes A-C) over these active sites are depicted in Figure 1a—d, and based
on this, we conducted an in-depth analysis of the specific reaction pathways and the evolu-
tion of the structures intermediately generated, and we then compared the derived energy
barrier in order to determine the optimal active center for NoO-ODHP.

2.1.1. N,O-ODHP over Monomeric [Cu]* Site of Route A

(a) Dissociation of N;O to form O (Reaction Step Al). In this part, the NoO-ODHP
over the monomeric [Cu]* site of Cu-BEA (noted as Z® —Cu) was simulated by DFT. Firstly,
the N>O molecule can be adsorbed over the Z* —Cu site through the O end with a bond
length of 2.00 A. After overcoming a relatively high energy barrier of 1.40 eV (TSA1;
Figure 1a), the «O can be generated. As noted, compared with the structure of the N,O-
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adsorption state, the bond of [CuO]—N was elongated from 1.22 to 1.89 A, and the bond
angle of Cu—O—Nj; bent from 121.4 to 124.0° (Figure 2a,b). Such structural distortion can
be related to the pre-activation effects of the monomeric [Cu]*. The xO of [Cu—O]* can be
formed, as shown in Figure 2¢, with a [CuO]—N bond of 3.76 A.
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Figure 1. Energy diagram of N,O-ODHP over Cu-BEA with different active sites of (a) Z*—Cu
(reaction Route A); (b) ZP —Cu (reaction Route B; (c) Z¢—Cu (reaction Route C); and (d) energy barrier
comparisons. Si (yellow), O (red), N (blue), Al (pink), Cu (orange).

(b) Propane dehydrogenation of «H (Reaction Step A2). Reaction Route A2 describes
the propane dehydrogenation of aH over Z? —Cu—O, wherein there exists one bond fracture
of H-C3Hy and two bond formations of [Cu—O]—H and [Cu—O]—-C3Hy (the xO being
connected with the subtracted H and the radical of C3Hy-). As shown in Figure 2d,e, the
distance of O—aH slightly shrunk from 2.26 to 1.84 A, and the bond of C—aH extended
from 1.11 to 1.13 A after the adsorption of C3Hg (AE = —0.06 eV, Figure 1a). The aH
dehydrogenation occurred by crossing the energy barrier of 0.05 eV through the TSA2,
which can be characterized by the Cu—O~—C bond angle of 100.6° and the Cu—O—H bond
angle of 97.5°. After that, the «H can be subtracted from C3Hg, forming Z? —Cu—OH with
the OH bond of 0.97 A (Figure 2e). In comparison to 1.49 eV of «H dehydrogenation over
the CeO,(111) [21], it would be easier for «H dehydrogenation to occur over the monomeric
[Cu]” site of Cu-BEA.

(c) Propane dehydrogenation of BH to form propylene (Reaction Step A3). The
dehydrogenation of BH occurred in Route A3 through another transition state of TSA3
with a greatly higher energy barrier of 1.94 eV (Figure 1a), wherein the H can migrate
from C3Hjy to Z? —Cu—OH, finally generating the C3Hg and the H,O. The distance of the
[CuO]—pBH shrunk from 2.62 to 1.72 A, and the bond of C—aH extended from 1.11 to 1.28 A
and formed the Z* —Cu—H;O—C3Hg that can be seen in Figure 2f,g. Therefore, according to
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the above DFT energy calculations, we can derive that the monomeric [Cu]* site possessing
a relatively high barrier for NoO-ODHP, especially for the fH dehydrogenation step, is not
potentially active for the NoO-ODHP.

ZQ_CU_O+N2 Za—CU_O+C3H8

Z:-Cu-OH-CiH,  TS3A  Za—Cu-H,0-C.H,

Figure 2. Optimized model of Cu-BEA with Z2—Cu site for the N;O-ODHP: (a) Z?—Cu+N,O
(adsorption fo N,O); (b) TS1A; (c) Z2—Cu—O+Npy; (d) Z*—Cu—O+C3Hg (adsorption of C3Hg);
(e) TS2A; (f) 22 —Cu—OH—-C3Hy; (g) TS3A; (h) Z* —Cu—H;0—C3Hg. Si (yellow), O (red), N (blue),
Al (pink), Cu (orange).

2.1.2. N,O-ODHP over Dimeric [Cu—Cu]?* Site of Route B

(a) Dissociation of N,O to form «O (Reaction Step B1). In this part, the No,O-ODHP
was simulated over the dimeric [Cu—Cu]?* site (noted as Z°—Cu). As shown in Figure 3a,
the N»,O could be absorbed over 7Zb_Cu through both its O and N end, with a Cu—ON;
bond of 1.95 A, a Cu—N,O bond of 1.80 A, and an N—N—O bond angle of 175.0°. Much
stronger structural distortion can be observed for the adsorbed N,O relative to that of
the N,O being adsorbed over the monomeric [Cu]* site, and this is closely related to the
strong synergistic effect of the dimeric [Cu—Cu]**. Moreover, due to such a synergistic
effect, the N,O can be readily (AE = 0.95 eV, Figure 1b) dissociated to generate the xO
([Cu—O—Cul?**, Figure 3c) and the N, through the TS1B. Further comparing the structures
of the adsorption state (Figure 3a) and the TS1B (Figure 3b), the bond length of Cu—ONj
shrunk from 1.95 to 1.75 A, while the N,—O bond enlarged from 1.79 to 1.80 A, and the
bond angle of N—N—O decreased from 112.9 to 118.9°.

(b) Propane dehydrogenation of «H (Reaction step B2). The C3zHg can be initially
adsorbed over Z°—Cu—O—Cu (Figure 3d). Subsequently, the «H would migrate from
C3Hg to the O through the TS2B (Figure 3e), which is characterized by the Cu,—O bond
of 1.80 A, the Cu,—O bond of 1.79 A, and the Cu—O—Cu bond angle of 143.2°. This
crosses a low energy barrier of 0.30 eV (Figure 1b). After that, an intermediate structure of
7P —Cu,—C3H;—OH (Figure 3f) with a Cu;—OH bond of 1.92 A, aCu,—Cbond of 2.11 A,
and a C—C—C bond angle of 115.9° can be formed, wherein the radical of the C3Hy- can be
inserted into the ZP —Cu—O—Cu site.
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Figure 3. Optimized model of Cu-BEA with 7P —Cu site for the N,O-ODHP: (a) ZP —Cu,+N,O
(adsorption fo N,O); (b) TS1B; (¢) ZP —Cu—O—Cu+Ny; (d) ZP —Cu—O—Cu+C3Hg (adsorption of
C3Hg); (e) TS2B; (f) ZP—Cu, —OH—C3Hy; (g) TS3B; (h) 7P —Cuy,—C3Hy—H,0. Si (yellow), O (red),
N (blue), Al (pink), Cu (orange).

(c) Propane dehydrogenation of BH to form propylene (Reaction Step B3). After
Reaction Step B2, the fH further migrates to the O of the 7P —Cu,—C3H;—OH site,
producing C3Hg and H,O (Figure 3h), which, however, needs to overcome a significantly
high barrier of 2.15 eV (Figure 1b) that is comparable to the value of 1.94 eV (Figure 1b)
for the scenario of the monomeric [Cu]* site. The TS3B (Figure 3g) can be characterized by
aCu,—Obond of 1.82 A, an O—BH bond of 1.77A, a C—RHof 1.15 A, and a Cu—O—aH
bond angle of 103.9°. As noted, the Cuy, site forms a bridge with H and C in TS3B (Cu,—H
of 1.71 A and Cu,—C of 2.11 A). Subsequently, the C—H bond would expand from 1.71 to
1.77 A, eventually leading to the C—H bond being inviable in Figure 3h. Eventually, the
C3Hg can be produced after the C—BH bond breaking and the Cu, —C bond formation
that is associated with the formation of H,O. As noted, such a high barrier of 2.15 eV also
indicates that the dimeric Cu site of Z°—Cu is not suitable for the N,O-ODHP.

2.1.3. N,O-ODHP over Distant [Cu]™—[Cu]" Site of Route C

(a) Dissociation of N,O to form «O (Reaction step C1). The N,O-ODHP was further
simulated over the distant [Cu]*—[Cu]" site noted as Z¢—Cu and with the Cu—Cu distance
of 5.82 A.

As shown in Figure 4a, given that it is similar to that of the dimeric [Cu—Cu]?" site, the
N>O molecule can also be adsorbed over Z°—Cu through both its O and N end, with a bond
length of 1.94 and 1.81 A and a N—N—O bond angle of 173.8°. Relatively stronger structural
distortion can be observed for the adsorbed N,O over the Z°—Cu site in comparison to
that of the ZP—Cu site, which indicates a stronger synergistic effect of the Z—Cu site
compared to the Z°—Cu for N,O preactivation. A similar finding can also be observed for
the N,O dissociation step to generate 0O, wherein the Z°—Cu exhibits a relatively lower
N,O-dissociation energy barrier (0.89 eV, Figure 1c) than that of the [Cu—Cu]?* dimeric
site (ZP —Cu of 0.95 eV, Figure 1b), which is due to this type of synergistic effect. The TSC1
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(Figure 4b) can be characterized by a Cu,—O bond of the 1.81 A, an N—-N—-O bond angle of
127.6°, and a Z°—Cu-O bond angle of 147.9°. Most importantly, the Z°—Cu site evolved into
the motif structure of [Cu—OJ]*—[Cu]* (Figure 4c, Cu—O bond of 1.71 A), which contains
two distant monomeric Cu sites that are greatly favorable to the further dehydrogenation
of both the oH and the BH of the C3Hg molecule, as will be detailed below.

ZC - CuZ - O+C3H8
(h)

ZC—CUZ—C3H7—OH TS3 ZC_CUZ_C3H6_HZO

Figure 4. Optimized model of Cu-BEA with Z¢—Cu site for the N,O-ODHP: (a) Z°—Cuy+N,O
(adsorption fo N,O); (b) TS1C; (c) Z¢—Cu—O—Cu+Ny, (d) Z°—Cup —O+C3Hg (adsorption of C3Hg);
(e) TS2C; (f) Z°—Cup,—C3H;—OH; (g) TS3C; (h) Z¢—Cuy —C3Hg—H,O. Si (yellow), O (red), N (blue),
Al (pink), Cu (orange).

(b) Propane dehydrogenation of aH (Reaction step C2). The C3Hg can be adsorbed
over the [Cu]* site of [Cu—OJ]*—[Cu]* through the C end, forming a C—Cu bond of
2.13 A and a C3Hg (C—C—C) bond angle of 112.2°. As noted, much stronger structural
distortion of C3Hg can also be observed over the Z°—Cu site than that of the ZP—Cu site,
which eventually leads to an extremely low barrier of 0.01 eV (Figure 1c) during the oH
dehydrogenation through a transition state of TS2C (Figure 4e), and this is characterized
by a Cu—C bond of 2.14 A,aCu—Obond of 1.72 A, a [Cu—O]—aH bond of 2.11 A, and
a C-C-C bond angle of 112.6°. Finally, an intermediate structure of Z¢—Cu; —C3sH;—OH
(Figure 4f) can be formed with the Cu, —OH bond of 1.78 A. Asnoted, it is interesting to see
that the generated C3Hy- radical was well inserted between the distant [Cu—OH]"—[Cu]*
site, forming, respectively, a Cu,—C bond of 1.98 A and a Cu,—C bond of 2.16 A. This
would be greatly favorable for BH dehydrogenation by taking advantage of the synergistic
effect of the distant [Cu—OH]*—[Cu]" site, as stated below in Reaction Step C3.

(c) Propane dehydrogenation of 3H to form propylene (Reaction step C3). In this step,
the pH would migrate from the C3Hy- to the [Cu,—OH]" site, generating the adsorbed
H,O and C3Hg. Being totally different from the scenarios of both the monomeric and the
dimeric Cu active sites (AE = 1.94 and 2.15 eV, respectively; Figure 1a,b), the BH can be
readily dehydrogenated from C3Hy- by crossing a significantly lower energy barrier of
0.33 eV (Figure 1c) over the Z°—Cu site due to its strong synergistic effect. The TS3C can
be characterized by a Cu-OH bond of 1.78 A, a BH-O bond of 2.62 A, and a C—C—C bond
angle of 99.9° (Figure 4g). Carefully analyzing the motif structure of ZP —Cu,-C3H;-OH
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(Figure 3f) and Z°—Cu,-C3H7-OH (Figure 4f), one can find that although the radical of
C3Hy- can be inserted between both the Z° —Cu and the Z¢—Cu site, the specific adsorption
mode was different for the two. The C3Hy- was adsorbed over the Z° —Cu site through the
0O—-C, and the Cup,—C, bond, and was adsorbed through the Cu,—C, and the Cu, —C,
bond over the Z°—Cu site. In this regard, the C3Hjy- has to break up the two bonds of
O—C, and PH—C,, in order to generate the C3Hg and H,O during the transition state of
the TS3B (as seen in Figure 3g), whereas, on the contrary, the C3Hy- only needs to break up
one BH—C}, bond during the transition state of the TS3C (seen in Figure 4g).

In the light of the above statements, we can therefore note that the Z°—Cu site possess-
ing the lowest energy barrier for N, O dissociation (0.89 eV) as well as «H (0.01 eV) and fH
(0.33 eV) dehydrogenation (Figure 1c,d), relative to those of the ZP —Cu and the Z2—Cu
sites (especially for the BH dehydrogenation step), is the most active site for NoO-ODHP.
Moreover, this finding also shows that modulating the Cu—Cu distance may constitute a
promising strategy for highly-efficient zeolite-based N,O-ODHP catalyst design.

2.2. Microkinetic Modeling

Based on the above DFT simulations and transition state theory, microkinetic modeling
was further conducted to explore the reaction dynamics (through the intermediate surface
coverage variations) and to determine and compare the reaction rate of the rate of the
determining step (RDS) over the three different Cu active sites. The Np,O-ODHP reaction
can be described by five elementary steps, given that it is associated with the kinetic
equations listed in Table 1. The calculated kinetic parameters, including reaction rate
constant, pre-exponential factor, and specific forward and reverse reaction rate, were listed
in Table S1.

Table 1. Elementary steps of micro-dynamics and the equations of reaction rate for the N,O-ODHP
over Cu-BEA.

Step Elementary Steps Reaction Rate Equations
R1 Z*Cquzo(g) d Z*Cu*Nzo r = klezoev - k.leNZO
R2 Z—Cu—NzO — Z—Cu—O+N2(g) Iy = kzeNzo
R3 Z—Cu—O+C3H8(g) < Z—Cu—0O—-C3Hg 3 = k3pC3ngO - k-3eO-C3Hs
R4 Z*CH*O*C:;HS <~ Z*CU*OH*C3H7 Ty = k4eo_C3Hs - k-4eC3H7—OH
R5 Z—CU—OH—C3H7 — Z—Cu—HQO—C3H6 I5 = k56C3H7_OH — k—56C3H6—HZO

(a) Microkinetic modeling over Z*—Cu. Figure 5a displays the intermediate coverage
variations along with reaction time (¢) over the Z2 —Cu (T = 823 K). Initially, the unoccupied
active site coverage (6y) would decrease from 1 to 0.8 ML as it is associated with the
increase of adsorbed N, O (0n,0) from 0 to 0.2 ML. This process corresponds with the N,O
dissociation step that generates «O, wherein the adsorbed N,O (0n;,0) constitutes the major
active-site covered species over the Z# —Cu due to the relatively high energy barrier of R2
(1.40 eV, Figure 1a, N»O dissociation to generate xO). Along with the reaction, both 6,
and 0,0 would quickly decrease to 0 ML as they are both accompanied with the rapid
growth of the coverage of the intermediate of propanol (6c3p7-on), which finally reaches
the equilibrium. This finding indicates that after the formation of xO, it would quickly
participate in the ODHP reaction in order to generate the intermediate of propanol, and
the intermediate of propanol (6c3py-on) constitutes the major active-site covered species,
which indicates that the R5 (AE = 1.94 eV, Figure 1a) constitutes the RDS during N, O-ODHP
over the Z2—Cu site, leading to the accumulation of C3Hy;—OH over the active site.
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Figure 5. Microkinetic modeling results: the surface coverage variations along with reaction time
(t) over the (a) Z2—Cu, (b) 7Zb—Cu, and (c) Z¢—Cu sites of Cu-BEA at 823 K, and (d) the forward
reaction rate comparisons.

(b) Microkinetic modeling over ZP—Cu. Figure 5b displays the variations of the
intermediate coverages during the NpO-ODHP over the ZP —Cu site. Being similar to that
of Z2—Cusite, the adsorbed N,O would initially cover the active site by displaying the On,0
of 0.3 ML. However, the xO, given that it is in the form of [Cu—O—Cu]*", would shortly
occupy the active site due to the relatively lower N,O dissociation barrier (0.95 versus
1.40 eV of R2) and higher «H dehydrogenation barrier (0.3 versus 0.05 eV of R4) than
that of Z2—Cu site, which leads to the short accumulation of the O over the active site.
Along with the further reaction (reaching equilibrium), the active site would be eventually
covered by the propanol (6cspy-on), which is similar to the scenario of the Z2 —Cu site due
to the extremely high barrier of R5 (2.15 eV). Thus, similar to that of Z* —Cu, the R5 would
constitute the RDS during the N,O-ODHP over the ZP —Cu site.

(c) Microkinetic modeling over Z°—Cu. The surface coverage of the reactant as well as
the generated intermediates during N,O-ODHP over the Z°—Cu site were both depicted
in Figure 5¢. Being totally different from the scenarios of the Z —Cu and the ZP —Cu sites,
the N>O constitutes the major active-site covered species over the Z°—Cu site at T = 823 K,
wherein the 0,0 initially increases up to 1 ML and then decreases to a stable value of above
0.9 ML due to another intermediate O (6, = 0.1 ML) after the reaction, which reaches the
equilibrium. This finding indicates that the N, O dissociation step (R2) would constitute
the RDS during the N,O-ODHP over the Z¢—Cu site. This finding correlates well with the
highest energy barrier of 0.89 eV of R2 during No,O-ODHP (see Figure 1c).

(d) Reaction rate comparisons. Figure 5d displays the forward reaction rate compar-
isons of each elementary step during N,O-ODHP over the different active sites of Z*—Cu,
7P —Cu, and Z°—Cu. Obviously, the Z¢—Cu site displays much higher reaction rates than
those of the Z2—Cu and the ZP—Cu. Moreover, in the net reaction rate (NRR) compar-
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isons, which were further depicted in Figure S1, the Z°—Cu displays an NRR of 1.25+E8
mol-m~3.s7!, and it is five and six orders of magnitude higher, respectively, than those of
the Z2—Cu (120.57 mol-m—3-s71) and the ZP—Cu (49.21 mol-m—3-s~1) sites. These findings
quantitatively verify the superior activity of the Z°—Cu site relative to those of the Z*—Cu
and the ZP —Cu sites.

2.3. Static Charge Difference PDOS and Analyses

To further illustrate the superior activity of the Z°—Cu, the static charge difference
and the partial density of state (PDOS) analyses were further conducted based on TS3 (cor-
responding to the BH dehydrogenation step). As shown in Figure 6a—d, large amounts of
charge transfers occurred during the BH dehydrogenation, and the Cu of Z¢—Cu provided
more charges relative to those of the Z®—Cu and the ZP —Cu (Figure 6d), which can be
closely related to the smallest band gap between the Cu and C of C3Hy-, as shown by the
PDOS analyses of Figure 6e—g (4.97 versus 5.82 and 5.29 eV). This finding indicates that the
Z¢—Cu would exhibit a stronger electric field effect on C3Hy-, and that it is thereby greatly
favorable for BH dehydrogenation.

._.
I
'S

[ 7°-{Cu]-OH~C;H, (d)| & |PdosofCuandC (e)
Lo M Z-[Cu)—CH~Cy, © | 2-[Cul-OH-CH,[C]H,CH,
— I z<(Cu,]-OH——C;H,~Cu, g ,
> g 2
= -~
08 3
g L
Q
Eos g 04
0 Z
St
5 °
< 04
5 2
M G 21
02 A
0.0- —4 : T
Cu -15 -10 -5 0 5 10 15
Energy (eV)
4 15
Pdos of Cu, and C (f) Pdos of Cu, and C ( g)
% Z"-[Cu,]---CH,[C]H,CH,-Cu, % 10 Z*[Cu,]- OB CH|[C]H,CH,Cu,
R E
£ 5 s 5]
2 I 3.29¢V 3 5 4.97eVI
5 ' 3 1
8 0 - l v| L T A 8 0 .
= [ =
2] I 2]
2 5 =51
*E’ ™ *E’ " ”"H‘ 497V ! L
= = —104 V™ |
o} 5} i “ﬁp
A A wh‘
—4 T T T T -15 T T : —t
-5 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Energy (eV) Energy (eV)

Figure 6. The static charge difference (a—c) and partial density of state (PDOS) analyses (e-g) of TS3
models for Z2—, ZP—, and Z¢—Cu-BEA; (d) bader charges analysis results; (e) partial density of state
(PDOS) of atomic Cu and C over (e) Za—Cu; (f) Zb—Cu; and (g) Zc—Cu site. Yellow and blue colors
represent the increase and decrease in electron density, respectively. Si (yellow), O (red), N (blue), Al
(pink), Cu (orange).

3. N;O-ODHP Activity Measurement

As is well known, in addition to the [Cu]* cations, the CuOx species can also exist over
Cu-modified zeolite catalyst (Cu-Zeolite) and shed more light on the activity behaviors
of these different Cu species. The 1%Cu-BEA and 1%CuO-5iO, were prepared by the
impregnation method (the metal loading of 1wt.%), and they were further evaluated for
the N,O-ODHP. In addition, the Fe-modified zeolites (Fe-Zeolite) have also been reported
to possess excellent N, O dissociation activity in order to produce O [17], and to make
a comparison with the Cu modified zeolite, the 1%Fe-BEA, and 1%Fe-ZSM-5 were also
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prepared by the impregnation method (metal loading of 1 wt.%) and evaluated by N,O-
ODHP. The specific preparation method is stated in detail in the Supporting Information
section of this paper. The activity measurement results, including the CsHg and N,O
conversions as well as the product selectivity, were profiled in Figure 7a—c. As can be
seen there, the 1%Cu-BEA displays a higher C3Hg conversion (31.5%) and a higher C3Hjg
selectivity (74.5%) than the other catalyst samples, especially in comparison with that of
1%CuO-5i0,, displaying a C3Hg conversion of 3.5% and a C3Hjg selectivity of 43.5%. This
finding indicates that the CuO species would not constitute the major active species for the

N,O-ODHP.
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Figure 7. Activity measurement of N,O-ODHP over 1%Cu-BEA (orange), 1%Fe-BEA (red), 1%Fe-
ZSM-5 (dark blue), and 1%CuO-SiO, (green): (a) C3Hg conversion; (b) N,O conversion; (c) product
selectivity of CoHg (light green), CHy (light purple), CO (light blue), CO; (blue), C;Hj (light pink),
and C3Hg (light red). GHSV = 12,000 h~1, C3Hg:N,O:He = 10:10:80, T = 550 °C.

As further shown by the N,O conversion of Figure 7b, the 1%CuO-SiO, displays a
much lower N,O conversion (27.2%) than the 1%Cu-BEA (69.4%). This finding shows
that the lower N,O dissociation activity of CuO species probably constitutes one of the
major reactions that leads to the extremely low N,O-ODHP activity of the 1%CuO-SiO;.
Conversely, the 1%Cu-BEA possessing active Cu cations for N,O dissociation that generate
O exhibits a much higher level of N,O-ODHP activity relative to the 1%CuO-5iO,. As has
also been reported on a theoretical level [22], the CuO exhibits a much high energy barrier
(2.71 eV) for N,O dissociation, which indicates that it is very difficult to decompose N,O
and produce o-O over CuO.

As for the samples of 1%Fe-BEA and 1%Fe-ZSM-5, the nearly complete N,O conver-
sion (~100%) can be achieved due to the superior N,O dissociation activity of Fe cations
than those of the Cu cations [23], although this does lead to the ready overoxidation of
C3Hg into COx (CO and CO; of 64.1 and 46.0%, respectively; see Figure 7c). This finding
shows that the Fe cations are active for N,O dissociation, although they suffer from the
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overoxidation of C3Hg. The Cu-based zeolites would therefore probably be much more
suitable for the N,O-ODHP relative to that of the Fe-based zeolite catalyst. However, we
would also like to emphasize that such works still need further investigation. We would
also like to note that the TPR and UV-vis correlate with the active-site-structure in the
theoretical calculation. This will be further studied in our research in the future, which will
focus on the influence of a diversely structured topologized zeolite (MFI, FER, MOR, and
BEA) on a specific structure, as well as on the location of [Cu]* cations and how they are
related to NoO-ODHP catalytic behaviors, both experimentally and theoretically.

4. Computational Modeling and Methodology

Density functional theory (DFT) adopts the Vienna ab-initio simulation package
(VASP). The Projection Enhanced Wave (PAW) method utilizes the interaction between
electrons and the core, and it uses Generalized Gradient Approximation (GGA) and Perdew
Burke Ernzerhof (PBE) functions to achieve electron exchange correlation [24]. In the
process of geometric optimization, the convergence achieved at the energy difference is
105 eV, with an ion relaxation convergence standard of 0.05 eV /A. The energy cutoff of
the set plane wave is 400 eV. The K point of the Brillouin region is set to 2 x 2 x 1 in the
calculation of the structure, and it is set to 4 x 4 X 2 in the partial wave density of states.
In the International Zeolite Association (IZA) database, the cellular model data for BEA is
A =12,B=12.632, and C = 9.421 A [25]. The calculation of the transition state (TS) uses the
climbing image light pushing elastic bond (CI-NEB) and the dimer method. Four points are
inserted between the initial state and the final state, and the saddle points corresponding to
the transition state are located in order to find the lowest energy path. The TS state is only
identified on one imaginary frequency [25-29]. The method of micro-dynamic modeling is
included in the Supporting Information section of this paper.

5. Conclusions

The present work theoretically investigates N,O-ODHP over Cu-BEA with three
types of Cu sites—monomeric [Cu]* (Z*—Cu), dimeric [Cu—Cu]?** (ZP—Cu), and distant
[Cu]*—[Cu]* (Z°—Cu). The Z?—Cu is beneficial for «H dehydrogenation (0.05 eV), but
it requires a high energy barrier in N,O dissociation and $H dehydrogenation (1.40 and
1.94 eV) to be overcome. The Zb—Cu, with a Cu—Cu distance of 4.91 A, is suitable for
the N, O dissociation step (0.95 eV), but it is highly resistant to the H hydrogenation step
because it displays an extremely high barrier of 2.15 eV. Being contrary to the scenarios
of the Z2—Cu and the ZP —Cu, the Z¢—Cu site with the Cu—Cu distance of 5.82 A is not
only favorable for N,O dissociation (0.89 eV) but also greatly active for the ODHP steps
of aH (0.01 eV) and BH (0.33 eV) dehydrogenation. The microkinetic modeling further
showed that the Z°—Cu exhibits a five to six orders of magnitude higher net reaction rate
than those of the Z®—Cu and the Z°—Cu sites. This is closely correlated with the specific
structure of the Z°—Cu, which possesses a much stronger electric field effect on the C3Hg
molecule due to the synergic effect of Cu, as this possesses the smallest band gaps and they
are favorable to the charge transfers between the Cu active site and the C3Hg molecule.
Generally, we ultimately propose that modulating the Cu active site distance (Cu—Cu)
probably constitutes a promising strategy for highly-efficient Cu-zeolite design for the
N,O-ODHP. Additionally, we would like to mention that it is not possible for there to be
only one type of Z—Cu site (Cu cation site)] experimentally, and other types of Cu site
(such as [CuzO3]**, which is proposed by Lercher et al. [30] for methane direct oxidation
to methanol) may also be active for the NoO-ODHP, which would be a good direction for
further study of this subject.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13081212/s1, Figure S1. Optimized Cu-BEA models with
diverse Cu active site motifs (a) Z?-Cu; (b) Zb-Cuy; (c) Z°-Cu site; Si (yellow), O (red), N (blue), Al
(pink), Cu (orange); Scheme S1. Schematic reaction for N;O-ODHP over Z2-Cu (reaction Route A),
7b-Cu (reaction Route B) and Z°-Cu (reaction Route C), respectively; Table S1. Micro-dynamics
parameters of the reaction steps over Z2-Cu, ZP-Cu and Z°-Cu site; Figure S2. The comparison
of net reaction rate over Schematic reaction for N,O-ODHP over Z2-Cu, 7b-Cu and Z¢-Cu site at
823 K [17,18,25,31-36].
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