
Fuel Processing Technology 213 (2021) 106712

Available online 21 December 2020
0378-3820/© 2020 Elsevier B.V. All rights reserved.

The microscopic oxidation mechanism of NH3 on CuO(111): A 
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A B S T R A C T   

Understanding the oxidation of ammonia (NH3) over CuO surface and then the formation routes of N2 and NOx is 
rather crucial to provide a favorable direction for the rational design of high-performance Cu-based oxygen 
carriers in chemical looping combustion (CLC) and CuO-containing catalysts in selective catalytic reduction 
(SCR). This study aims to investigate the reaction mechanisms of nitrogen-containing species using density 
functional theory (DFT) calculations. The potential dehydrogenation pathway is identified as NH3* → NH2* +
H* → NH(1)* + 2H* → N(2)* + 3H*, and the rate-determined step is the NH2* dehydrogenation. Additionally, 
we consider 10 dominating elementary reactions for the formation of N2, NO, NO2 and N2O; two skeletal schemes 
of the NH3 oxidation under low or high temperature conditions are then proposed. Under the low temperature 
condition of SCR, the majority of gaseous N2 comes from the Eley–Rideal reaction between NH2* fragment and 
gaseous NO, while the lateral recombination of N* to form N2 might play a more crucial role under the high 
temperature condition of CLC. The high temperature and surface adsorbed oxygen provide positive impacts on 
the yield of gaseous NO and NO2, respectively. Finally, the effects of O2 and H2O on the fate of nitrogen during 
heterogeneous reactions have also been determined.   

1. Introduction 

In response to the global warming issues, Chemical Looping Com-
bustion (CLC) [1–3] has been proposed as a promising and efficient 
technique for the utilization of fossil fuels with the characteristics of 
intrinsic CO2 separation. In a CLC system, oxygen carrier (OC) is well- 
accepted as a key component to bridge the air reactor (AR) and the 
fuel reactor (FR). Cu-based OC materials have been recognized as 
promising OC candidates for chemical looping with oxygen uncoupling 
(CLOU) due to its excellent reactivity, relatively low cost, and high ox-
ygen release rate under the O2-deficient atmosphere. The reaction per-
formances of Cu-based materials, i.e., copper ores [4–6] and synthesized 
materials [7–10], have been widely tested in the CLC processes these 
years. 

As for coal, a cheaper and more abundant solid fuel, there are quite a 
number of opportunities and challenges remained in the CLC of coal, and 
China has become the main research battlefield recently [11,12]. As 
known, although the thermal-NOx and prompt-NOx can be inhibited in 
the CLC process, fuel nitrogen in coal will inevitably facilitate the for-
mation of NOx (including NO, NO2 and N2O) [13,14]. These formed NOx 

compounds release as impurities in FR outlet, which influence the sub-
sequent compression, transport and storage of CO2 and even become 
vital precursors of acid rain [15–17]. 

The NH3 formation during the pyrolysis and gasification of coal has 
been investigated for a long time [18–25]. Li et al. [18–21] proposed 
that the hydrogenation of nitrogen in solid char-N was the main route for 
the formation of NH3. In terms of the type and relative level of released 
nitrogen volatiles, a general opinion is that the considerable NH3 is 
mainly produced from fuels of lower-rank coal and biomass [23,24]. The 
intermediates of NH3 are accepted as the main nitrogen precursors, 
which can be further oxidized by the OC particles via the complex gas- 
solid heterogeneous reactions to produce non-negligible gaseous NOx 
compounds [13,17,24,26,27]. Therefore, a fundamental understanding 
of the NOx formation from the NH3 oxidation is highly desired. 

These years, many investigations have been attempted to provide a 
comprehensive overview of heterogeneous reactions that take place 
between N-containing species and OCs in a CLC process. During the 
process of in-situ gasification CLC (iG-CLC) of coal, most nitrogen species 
in coal are converted as gaseous N2, and minor amounts of NO could be 
produced [27,28]. When using a CuO-based OC in a CLOU process of 
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coal, Song et al. [13] found that NO together with less NO2 and N2O was 
generated. Pérez-Vega et al. [17] concluded that most of the fuel‑ni-
trogen was reduced to produce N2, while about 20 wt% of nitrogen was 
released in the form of NO in CLOU. Normann et al. [24] demonstrated 
that under most of the CLOU conditions, CuO oxygen carrier was able to 
thoroughly convert NH3 into NO or N2, with considerable amounts of 
NOx. However, the comprehensive oxidation process of N-containing 
species under the high temperature conditions of CLC is not entirely 
clear. 

In addition, to control the NOx emission, selective catalytic reduction 
(SCR) has been regarded as the most effective de-NOx technology these 
years [29–31]. And in the field of the NH3-SCR, a suitable catalyst with a 
high de-NOx catalytic activity and low working temperature window 
(200 ◦C or even lower) is rather desired. Among all potential catalysts, 
CuO-based catalysts, i.e., CuO/γ-Al2O3, CuO/TiO2, etc, have been 
deemed as promising candidates due to its high de-NOx performance and 
exquisite coordinative flexibility in the low working temperature range 
[32–38]. Since the slight addition or doping of appropriate amount of 
CuO into metal oxides can bring a higher low-temperature catalytic 
property, a series of publications thus focused on searching potential 
copper-containing catalysts, and then attempted to analyze the reasons 
for the excellent NH3-SCR activity of their catalysts recently [39–43]. 
These two years, it was still principally attributed to the good dispersion 
of the active ingredient of CuO [39,40]. Qi et al. [41] and Wang et al. 
[42] emphasized the Lewis acid sites on the catalyst surface significantly 
influenced adsorption of NOx and NH3. However, they were mainly 
based on the common macroscopic observations, with a lack of the 
intrinsic characteristics of CuO itself. Accordingly, the comprehensive 
understanding of intrinsic reaction mechanism of NH3 and its by- 
products over CuO surface is urgently required, which might be signif-
icantly beneficial to determine the synergistic effect of the components 
or even develop a suitable CuO-containing catalyst in the NH3-SCR 
technology. 

With the rapid development of density functional theory (DFT) these 
years, DFT method has become a more and more popular computing tool 
to successfully provide atomic level insights into the interaction between 
NH3 molecule and various substrate models [44–50]. Shojaee et al. 
[45,46] systemically proposed the formation paths of gaseous N2, NO 
and N2O derived from the ammonia decomposition on Co3O4 surface, 
and Yang et al. [48] investigated the oxidation of ammonia and then 
raised potential formation pathways of N2, NO, NO2 and N2O over 
CuMn2O4(100) surface, both of which were really helpful to understand 
the gas-solid heterogeneous reactions that take place between OCs and 
gaseous NH3 molecule. However, to our knowledge, there is no such 
research on the oxidation of ammonia over CuO surface, which signifi-
cantly limits the fundamental insights into the nitrogen evolution in 
both the CLC and SCR processes. 

Thus, in this study, DFT calculations are applied to explore the suc-
cessive dehydrogenations and further oxidation mechanism of NH3, 
including exploring the active adsorption sites of NH3 and its resultant 
dissociated products (e.g., NH2, NH, and N), the dehydrogenation 
pathways of NH3 over CuO(111) surface, and the fate of nitrogen that 
reflects the formation pathways of N2, NO, N2O, and NO2. The frame-
work is as follows: the modeling parameters and computational details 
of our study is introduced in Section 2. Then, in Section 3.1, the ad-
sorptions of N-containing species are primarily explored. Based on the 
above adsorption results, the stepwise dehydrogenations of NH3 mole-
cule are determined in Section 3.2. The several formation routes of N2, 
NO, N2O and NO2 during the homogeneous and heterogeneous reactions 
between N-containing species are shown in Section 3.3. Finally, two 
skeletal schemes of the NH3 oxidation under low or high temperature 
conditions are thus concluded in Section 3.4. 

2. Computational details 

All the DFT calculations are performed using the generalized 

gradient approximation (GGA) by the program of CASTEP (Cambridge 
Serial Total Energy Package) [51]. The Perdew-Wang (PW91) with an 
energy cutoff of 400 eV is conducted for the electron exchange- 
correlation energy [52]. The ultra-soft pseudo-potential is chosen to 
describe the electron-ion interactions. In terms of the GGA + U method, 
the Hubbard parameter of 7.5 eV is set to well deal with the strong 
electron correlations for the Cu 3d orbitals [53]. The van der Waals- 
inclusive correction (DFT-D) raised by the Ortmann, Bechstedt, and 
Schmidt (OBS) is applied in this study. In this calculations, the lattice 
parameters of the CuO cell (a = 4.653 Å, b = 3.410 Å, c = 5.108 Å, and β 
= 99.50◦) are in good agreement with experimental values (a = 4.682 Å, 
b = 3.424 Å, c = 5.127 Å, and β = 99.42◦) [54]. The six-layer p (2 × 3) 
CuO(111) slab, the most stable low-index CuO surface that contains 
compact Cu-O layers, is constructed with the bottom three layers fixed 
[55,56], and the vacuum space is 15 Å. The Monkhorst-Pack mesh for 
the surface calculations is chosen as 3 × 2 × 1. The convergence crite-
rion for the total energy is 1.0 × 10− 5 eV/atom, and the maximum 
interatomic force and displacement are set as 0.03 eV/Å and 0.001 Å. 
More details of corresponding modeling can refer to our previous studies 
[56,57]. The adsorption energy (Eads) is expressed as: 

Eads = E(AB) − E(A) − E(B) (1)  

where E(AB), E(A), and E(B) represent the total energies of the adsorp-
tion structure, the substrate, and the adsorbate. For the energy barrier 
calculations, the transition state is calculated by the linear/quadratic 
synchronous transit (LST/QST) method. The energy barrier (Eb) is 
calculated as: 

Eb = E(TS) − E(IS) (2)  

where E(TS) and E(IS) are the total energies of the transition state and 
the initial state, respectively. 

3. Results and discussions 

3.1. Adsorption of NHx species 

In order to determine the stable adsorption configurations of these 
molecules on the CuO(111) surface, we consider two placement orien-
tations (horizontal or vertical) and nine classical adsorption sites: three- 
coordinated oxygen top site (TO3f), four-coordinated oxygen top site 
(TO4f), three-coordinated copper top site (TCu3f), four-coordinated cop-
per top site (TCu4f), bridge site between two three-coordinated oxygen 
atoms (BO3f-O3f), bridge site between two three-coordinated copper 
atoms (BCu3f-Cu3f), bridge site between two four-coordinated oxygen 
atoms (BO4f-O4f), bridge site between two four-coordinated copper atoms 
(BCu4f-Cu4f), and bridge site between three-coordinated copper and ox-
ygen atoms (BCu3f-O3f). After geometric optimization, the optimized 
adsorption configurations of all molecules are depicted in Fig. 1, while 
the corresponding adsorption energies are listed in Table 1, respectively. 

3.1.1. Adsorption of NH3 
Among all the adsorption configurations, it can be found that the 

structure where NH3 is parallel to the TCu3f site is the optimal adsorption 
configuration. The adsorption energy of this adsorption configuration is 
− 151.74 kJ/mol, and the equilibrium distance of Cu–N bond is 1.995 Å 
(Fig. 1a), which are similar with the results of NH3 adsorption (− 138.93 
~ − 169.80 kJ/mol and 1.97– 2.03 Å) on the CuO/Al2O3 surface [58]. In 
addition, the bond length of N–H bond (1.010 Å) of free NH3 molecule 
is slightly shorter than that of adsorbed NH3, implying that the 
adsorption on the CuO surface weakens the interaction between H atoms 
and N atom, that is, the adsorption of NH3 might promote its own 
dehydrogenation to some extent. 

3.1.2. Adsorption of NH2 
Results demonstrate that the BCu3f-Cu3f site is the most active site for 
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NH2* adsorption, and its adsorption energy is − 353.77 kJ/mol. As 
shown in Fig. 1b, the bond lengths of the H–N bond and Cu–N bond are 
1.031 Å and 1.941 Å, respectively. Different from the NH3 adsorption in 
Fig. 1a, the nitrogen atom of NH2* is converted to bond with double Cu 
atoms, and the Cu–N bond length also decreases from 1.998 Å to 1.941 
Å. Namely, the interaction between N atom and Cu atoms is quite 
stronger, which well explains the remarkable increase of the adsorption 
energy. 

3.1.3. Adsorption of NH 
It is noted that NH* possesses two possible optimal adsorption con-

figurations, which are parallel to the BCu3f-Cu3f site (Fig. 1c) and 
perpendicular to the BCu3f-O3f site (Fig. 1d). The corresponding adsorp-
tion energies of these two geometric structures are − 451.75 kJ/mol and 
− 446.98 kJ/mol, respectively. To dertermine the potential dehydroge-
nation pathway of the NH2* fragment, both of the adsorption 

configurations are considered, and then the activation free energies of 
these two dehydrogenation pathways are calculated. 

3.1.4. Adsorption of N 
Although there are numerous initial geometric structures of N atom 

on the surface of CuO, the majority of surface structures will eventually 
generate four similar geometric configurations. Fig. 1(e–h) show these 
four stable adsorption configurations, and the adsorption energies are 
− 682.15 kJ/mol, − 622.93 kJ/mol, − 615.06 kJ/mol, − 596.22 kJ/mol, 
respectively. Analogously, these four geometric configurations of N 
atom will be set as the final dissociated products of NH* dehydrogena-
tion to identify the most probable dissociation pathway. 

3.2. Successive dehydrogenation of NH3 

To characterize the interaction between NH3 and CuO, it is rather 
essential to explore the successive dehydrogenation process of NH3 
(NH3* → NH2* + H* → NH* + 2H* → N* + 3H*). According to the 
above adsorption configurations of NH2*, NH*, and N*, the lowest en-
ergy co-adsorption configurations of NH2* + H*(Fig. 3a), NH* + H* 
(Fig. 3(b–c)), and N* + H*(Fig. 3(d–g)) are constructed, which are set as 
the stepwise dehydrogenation products of NH3*, NH2*, and NH* species, 
respectively. The potential energy profiles of the NH3 dehydrogenation 
paths are shown in Fig. 2, and the geometric structures are depicted in 
Fig. 3. Since hydrogen atom can be easily consumed by generating water 

Fig. 1. The optimized geometric structures of NH3*, NH2*, NH*, and N* adsorptions on the CuO(111) surface, and ‘*’ represents the adsorbed state. (Blue ball: N, 
White ball: H, Red ball: O, Salmon pink ball: Cu). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
The adsorption energy of NH3*, NH2*, NH*, and N* adsorptions.  

Model Eads/kJ⋅mol− 1 Model Eads/kJ⋅mol− 1 

NH3* − 151.74 N(1)* − 682.15 
NH2* − 353.77 N(2)* − 622.93 
NH(1)* − 451.75 N(3)* − 615.06 
NH(2)* − 446.98 N(4)* − 596.22  

Fig. 2. Potential energy profiles of NH3* dehydrogenation on the CuO surface.  
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on the CuO surface [46,56], here we mainly focus on the reaction of the 
nitrogen-containing species, instead of the subsequent water formation. 

As presented in Fig. 3a, NH3* is liable to dissociate the first H atom 
(bonding with an adjacent tri-coordinated oxygen atom). Fig. 2 (TS1) 
shows the corresponding activation free energy of this reaction process. 
It is noted that the process of NH3* → NH2* + H* needs to overcome an 
energy barrier of 102.49 kJ/mol, and it is endothermic by 27.6 kJ/mol. 

Fig. 2 (TS2) and (TS3) show the potential energy changes of the two 
different reaction paths of NH2* → NH* + H*. As the second H atom 
dissociates to the adjacent tri-coordinated oxygen site, the reaction en-
ergy barrier (166.63 kJ/mol) of NH2* → NH(1)* + H* (represented by 
Fig. 2 (TS3)) is apparently lower than the energy barrier (286.56 kJ/ 
mol) of NH2* → NH(2)* + H* (represented by Fig. 2 (TS2)), indicating 
that the dehydrogenation path of NH2* → NH(1)* + H* is energetically 
favorable. This might be explained as: after the loss of the first H atom, 
the structure of NH2* is more similar to the adsorption of NH(1)*, 
indicating that there would be less bond cleavages, namely lower energy 
barrier, during the dehydrogenation path of TS3. 

Similarly, Fig. 2 (TS4–7) describes four possible reaction pathways of 
the NH(1)* dehydrogenation, where TS4 stands for NH(1)* → N(3)* +
H*, TS5 for NH(1)* → N(1)* + H*, TS6 for NH(4)* → N(1)* + H*, and 
TS7 for NH(1)* → N(2)* + H*. As the third H atom dissociates and then 
adsorbs at the TO3f site, it can be found from Fig. 2 (TS4–7) that the 
reaction energy barrier of TS7 (128.90 kJ/mol) is much lower than that 
of TS4 (334.34 kJ/mol), or TS5 (230.66 kJ/ mol), or TS6 (204.59 kJ/ 
mol), which implies that N(2)* is more probable to be the dissociated 
product from the NH(1)* dehydrogenation. At the same time, it is noted 
that the reaction heat of this path of NH(1)* → N(2)* + H* is slightly 
endothermic (8.95 kJ/mol), and the overall energy of N(2)* + H* is not 
the lowest. Namely, this implies that, when searching for transition 
states based on the principles of lowest energy, the most stable ther-
modynamic structure might not be the optimal kinetic reaction product. 
This is because the nitrogen atom in NH(1)* still bonds with the acti-
vated original Cu atom (the Cu–N bond length is 1.476 Å, see Fig. 3 
(TS7)). Compared with other three pathways, the transition state of TS7 
leads to less bond cracks, and the activation energy required for the 
dehydrogenation reaction is thus able to be sharply reduced. Addition-
ally, the NH(1)* fragment has the lowest (1.044 Å) N–H bond length 
among three NHx species, indicating that the bond energy of N–H bond 
is lower (the higher activation degree) than that of NH2* or NH3*, and 
the lower energy for further dehydrogenation is required. 

In summary, the overall energy of reactants, transition states, and 
products (as shown in Fig. 2) are all negative, i.e., below the overall 
energy of gaseous ammonia, which implies that NH3* is prone to un-
dergo consecutive dehydrogenations to N* rather than the desorption 
from the CuO surface, which is similar with the previous results [46,48]. 
The optimal dehydrogenation pathway of NH3* molecule over CuO 
surface is NH3* → NH2* + H* → NH(1)* + 2H* → N(2)* + 3H*, and the 
rate-determined elementary step is identified as the NH2* 

dehydrogenation (NH2* → NH(1)* + H*). 

3.3. The fate of nitrogen 

In this section, the formation routes of nitrogen-containing products 
(NO, N2, N2O and NO2) during the oxidation of NH3 are investigated. By 
combining the potential reaction pathways of N2, NOx formation in 
previous papers [45–48], we choose 10 typical dominating elementary 
reactions of N2, NO, NO2 and N2O formation. As listed in Table 2, R1-R4 
represent the formation paths of N2, and Fig. 4 presents their energy 
barriers obtained by the transition state search. Analogously, the cor-
responding energy profiles of R5-R10 for the NOx formation are shown 
in Fig. 6, and the energy profiles and microscopic configurations of 
different reaction paths are marked with six different colored lines and 
fonts. 

3.3.1. The formation of N2 
The red line in Fig. 4 represents a common N2 formation pathway of 

N* + N* → NN* → N2* → N2(g), which implies the recombination of two 
N* atoms (derived from the successive NH3 dehydrogenations) to form 
N2. Combining the energy barrier diagrams in Fig. 4(R1) and the con-
figurations in Fig. 5(R1), it is observed that the recombination reaction 
of two adjacent N* to form a N*N* structure is spontaneously 
exothermic by 151.83 kJ/mol. Thus, the nitrogen-containing species, 
especially for surface N*, are not prone to stay in the surface to gradually 
produce metal nitrides, suggesting that the nitridation degree of the CuO 
surface is usually not too high. In addition, the N*N* structure can 
generate a N2* structure by overcoming an energy barrier of 137.97 kJ/ 
mol. This process is accompanied by the heat release of 167.76 kJ/mol, 
which means that this reaction is still liable to occur thermodynamically. 

Additionally, we explore another N2 generation pathway via the 
decomposition of N2O molecule: N2O* + *V → N2* + O* → N2(g), where 
“*V” represents a surface oxygen vacancy. As seen in Fig. 5(R2), when 
gaseous N2O molecule is adsorbed at a surface oxygen vacancy, the O 
atom (of N2O molecule) will directly fill in the vacancy and then restore 

Fig. 3. The corresponding structures of NH3* dehydrogenation on the CuO surface.  

Table 2 
The reaction equations of N2 and NOx formation. (“*V” represents a surface 
oxygen vacancy).  

Species Reaction Equation No. 

N2 formation N* + N* → NN* → N2* → N2(g) R1 
N2O* + *V → N2* + O* → N2(g) R2 
NH2* + NO(g) → N2* + H2O* → N2(g) + H2O* R3 
NH* + NO(g) → N2* + OH → N2(g) + OH* R4 

NO formation N* + Lattice O* → NO* → NO(g) R5 
NO2 formation NO* + Lattice O* → NO2* → NO2(g) R6 

NO* + adsorbed O* → NO2* → NO2(g) R7 
N2O formation NH2* + NO(g) → N2O* + OH* → N2O(g) + OH* R8 

NH* + NO(g) → N2O* + H* → N2O(g) + H* R9 
N* + NO* → N2O* → N2O(g) R10  
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the CuO surface lattice oxygen, and spontaneously dissociate to form 
N2*. This process is exothermic by 237.32 kJ/mol, and the desorption 
energy is only 23.05 kJ/mol. 

The gray and green lines in Fig. 4 represent two typical formation 
pathways of gaseous N2 in NH3-SCR [48]: NH2* + NO(g) → N2* + H2O* 
→ N2(g) + H2O* and NH* + NO(g) → N2* + OH* → N2(g) + OH*. As 
depicted in Fig. 4(R3), the energy barrier of this N2 formation path R3 is 
173.25 kJ/mol, which is slightly higher than the energy barrier of the 
NH2* dehydrogenation (166.63 kJ/mol), indicating that these two re-
actions should be on the same order of magnitude, and such a huge 
exothermic heat (268.90 kJ/mol) might provide the thermodynamic 

possibility to proceed this reaction as well. Nevertheless, the atomic 
interaction between NO and the adsorbed NH2* is rather weak due to the 
physical adsorption (− 39.52 kJ/mol), and the reactivity of this reaction 
is thus positively related to the concentration of NO and negatively 
related to temperature. Namely, this reaction under the low temperature 
condition is rather significant, and correspondingly the reactivity de-
creases as the temperature rises. Note that the reaction R3 showed in 
Fig. 5 is the heterogeneous reaction between gaseous NO and NH2* via 
the Eley–Rideal mechanism, rather than the Langmuir–Hinshelwood 
mechanism. This is mainly because the energy barrier of the reaction 
between adsorbed NO* and NH2* is calculated to be quite higher (above 

Fig. 4. Potential energy profiles of the formation routes of N2 on the CuO surface.  

Fig. 5. The corresponding structures of the formation routes of N2 on the CuO surface.  
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500 kJ/mol) and the Langmuir–Hinshelwood reaction is thus not 
considered here, which well conforms to the experimental results ob-
tained from in situ DRIFT spectra [41,42]. 

Furthermore, the reaction between NO and NH*, as depicted by 
NH*NO* in Fig. 5(R4), will first form a stable chemisorbed structure of 
(H-N-N-O)* group with a huge exothermic heat of 263.84 kJ/mol. This 
group can dissociate into N2* and OH* by overcoming an energy barrier 
of 283.50 kJ/mol, with an apparent heat of 180.33 kJ/mol. The 
desorption energy of N2 is 41.99 kJ/mol. However, the higher energy 
barrier (than that of NH* dehydrogenation) hints the kinetic difficulty of 
the reaction R4. 

The above results mean that the recombination of two N* is not the 
only way for the formation of N2, especially for the low temperature 
condition of SCR. This N2-generation route is relatively dependent on 
the temperature, that is, with the increase of temperature, the reactivity 
of R1 increases correspondingly and the recombination reaction begins 
to play a more important role among all the N2-formation routes. 
Comparatively speaking, the reaction R3 is recognized as the most po-
tential NH3-SCR path, and the reactivity of this reaction is negatively 
related to temperature due to the weak physisorption. Namely, this re-
action under the low temperature condition is rather significant, and 
correspondingly the reactivity decreases as the temperature rises. In 
addition, the reactivity of the N2O decomposition (R2) is relatively 
dependent on the concentrations of N2O and oxygen vacancies, irre-
spective of the temperature. N2O is able to easily dissociate into the 
oxygen vacancy under N2O-rich and oxygen-deficient conditions, 
releasing N2 and repairing the oxygen vacancy to form gaseous N2 
spontaneously. 

3.3.2. The formation of NOx 
The red line in Fig. 6 represents the formation pathway of gaseous 

NO molecule: (R5) N* + Lattice O* → NO* → NO(g). The interaction 
between the surface N* and the adjacent lattice O* promotes the for-
mation of NO*. As presented in Fig. 7(R5), the surface N* reacts with a 
lattice O* to form a (N–O)* group on the CuO surface, which will 
release as a gaseous NO with the creation of a surface oxygen vacancy. 
The rather low energy barrier (33.94 kJ/mol) suggests that the reaction 
is prone to occur kinetically. However, it must be noted that, although 
the NO* structure can be easily formed on the surface, the reaction heat 

required for the desorption process of NO* is 175.13 kJ/mol, which is 
recognized as the rate-limited elementary step of this reaction. At the 
same time, the adsorption and then decomposition of gaseous NO 
molecule on the defect surface is the inverse process of this reaction R5. 
The geometric configurations in Fig. 7(R5) NO* is the optimal adsorp-
tion site for gaseous NO molecule on the defect surface, and the 
adsorption energy is − 175.13 kJ/mol. In other words, under the high 
reduction degree (or O2-lean) condition (more oxygen vacancies exist in 
the surface), the NO molecule might be more likely to decompose its 
own oxygen atom to repair the oxygen defect. This is in good agreement 
with the experimental results that the NO generation rate decreases with 
the increase of the CuO reduction degree [24], which also clearly 
demonstrates the influence of the oxygen vacancies on the reactions of 
N*. 

The blue and gray lines in Fig. 6 represent two NO2 formation 
pathways: (R6) NO* + Lattice O* → NO2* → NO2(g) and (R7) NO* +
adsorbed O* → NO2* → NO2(g), respectively. The former one means 
that NO is adsorbed on the CuO surface and then oxidized by a three- 
coordinated lattice O*, while the latter one represents the reaction be-
tween NO and a pre-adsorbed O* atom. It is noted that under the O2-rich 
condition, the gas-phase O2 molecule can easily adsorb on the defect 
surface and repair the oxygen vacancy to create a surface pre-adsorbed 
O* [59]. As presented in Fig. 7 (R7) (Initial State 1), one oxygen atom of 
the O2 molecule fills into the vacancy, while another oxygen atom tends 
to adsorb at the BCu3f-Cu3f site. It is found in Fig. 6 that the reactivity of 
the pre-adsorbed oxygen is extremely high, and the NO molecule can be 
oxidized to produce NO2 molecule without an energy barrier; on the 
perfect surface, the activation energy of NO molecule to produce NO2 
molecule is 136.82 kJ/mol, and the desorption energy is 236.90 kJ/mol. 
Therefore, it is concluded that the CuO surface with the presence of 
abundant oxygen possesses a high catalytic activity for NO oxidation. In 
other words, both the presence of O2 (R7) and high temperature (R6) 
will significantly promote the yield of NO2 [13]. 

The green, black, and purple lines in Fig. 6 represent the N2O for-
mation pathways of R8-R10, i.e., (R8) NH2* + NO(g) → N2O* + OH* → 
N2O(g) + OH*, (R9) NH* + NO(g) → N2O* + H* → N2O(g) + H*, and 
(R10) NO* + N* → N2O* → N2O(g). That is, the gaseous NO reacts with 
the surface NH2*, NH*, and N* to generate N2O molecule, respectively. 
As shown in Fig. 6 (R8), the reaction energy barrier of R8 (257.62 kJ/ 

Fig. 6. Potential energy profiles of the formation routes of NO, NO2 and N2O on the CuO surface.  
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mol) is significantly higher than that of R3 (173.25 kJ/mol) (to produce 
N2), indicating that over the pure CuO surface, the Eley–Rideal reaction 
between NH2* and gaseous NO is more likely to produce gaseous N2, 
rather than gaseous N2O. At the same time, it is noticed that the reaction 
energy barrier of R9 (183.73 kJ/mol) is significantly lower than that of 
R4 (283.50 kJ/mol), which implies that the reaction between NH* and 
NO is liable to produce gaseous N2O. However, both energy barriers of 
R8 and R9 (as shown in Fig. 6) are quite higher than the energy barriers 
of the consecutive NH3* dehydrogenations, indicating that the 

considerable N* would be produced during the whole process. There-
fore, the N2O formation derived from N* is rather essential. As depicted 
in Fig. 7 (R10), the gaseous NO molecule adsorbs on the N-containing 
surface to form a (N-N-O)* structure, which is slightly protruded far 
away from the surface. The low energy barrier (31.32 kJ/mol) and 
strong exothermicity (121.15 kJ/mol) indicate that the N2O formation 
reaction R10 is rather easy to occur both kinetically and thermody-
namically. In addition, the quite lower desorption energy (33.96 kJ/ 
mol) also supports this inference. Briefly, the reaction R10 greatly 

Fig. 7. The corresponding structures of the formation routes of NO, NO2 and N2O on the CuO surface.  

Fig. 8. Comprehensive nitrogen evolution over CuO surface under (a) low temperature (SCR) and (b) high temperature (CLC) conditions. (Red arrow: major 
contribution; Blue arrow: secondary contribution; Green arrow: minor contribution). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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contributes to the generation of N2O, while the reactions of R8-R9 
contribute much less. 

3.4. The overall nitrogen evolution 

It is clear that over the CuO surface, NH3 is liable to undergo three- 
step dehydrogenations (NH3* → NH2* → NH* → N*) to form surface N*. 
Factually, some experiments have observed that N2 and N2O are the 
main products of NH3 oxidation at low temperature, and the formation 
of NO (together with NO2) at higher temperature becomes the preferred 
route of NOx [24,41,42,60]. This trend can be well explained by the 
comprehensive nitrogen evolution shown in Fig. 8. 

The recombination of two N* atoms to generate N2 is prone to take 
place thermodynamically, suggesting that the nitridation degree of CuO 
surface is usually not too high. This is the reason why CuO always 
performs an excellent anti‑nitrogen reactivity. However, considering the 
reaction routes of NOx formation, these reactions will consume a mass of 
the surface N* to some extent, and then obviously hinder the further 
recombination of N* to generate N2, which might hint two rather 
different N-containing reaction mechanisms under low temperature or 
high temperature conditions, respectively. 

At low temperature, although surface N* and lattice O* are easy to be 
activated due to the low activation energy (33.94 kJ/mol), the rather 
high desorption energy (175.13 kJ/mol) makes NO desorption rather 
difficult to occur (as indicated by Fig. 8a). That is, it is easier to exist in 
the form of adsorbed NO* or activated N* (the reverse reaction) at low 
temperature. These undesorbed NO* groups will react with surface N* to 
release gaseous N2O molecule with a quite lower desorption energy of 
33.96 kJ/mol; and activated N* remaining in the surface will also form 
N2 through the recombination reaction, which also releases a large 
amount of heat (158.43 kJ/mol). However, as depicted in Fig. 4 and 
Fig. 8a, it has to be noted that the majority of gaseous N2 might not 
derive from the lateral recombination of N*, but the decomposition of 
N2O and the Eley–Rideal reaction between gaseous NO and NH2*. The 
reaction R3 (NH2* + NO(g) → N2* + H2O* → N2(g) + H2O*) is recog-
nized as the most potential NH3-SCR path at low temperature. The 
physisorption of gaseous NO and temperature sensitivity of this reaction 
convincingly support the arguments of the existing major problem of 
CuO-based catalysts in SCR (that is, the narrow working temperature 
window) [31]. Accordingly, to improve the temperature window of 
catalysts, a possible solution might be to strengthen the Eley–Rideal 
reaction between gaseous NO and adsorbed NH2*. Namely, to utilize the 
synergistic effect of the components in CuO-based catalysts to elevate 
the adsorption ability of gaseous NO might become an effective way to 
promote the catalytic reduction ability of CuO-based catalysts. 

Under high temperature condition of CLC, since high temperature 
can significantly promote the molecular thermal motion and the mo-
lecular desorption, surface N* and lattice O* are still easy to be activated 
to produce NO* group. These groups become quite easier to desorb to 
produce gaseous NO taking advantage of the molecular thermal motion, 
indicating that NO concentration is relevant to the temperature. 
Namely, the yield of NO in CLC becomes non-negligible [24]. NO will 
react with the three types of CuO surfaces (perfect, nitrogen-containing, 
and oxygen-containing surfaces) to generate gaseous N2O and NO2. The 
reactivity of these reactions will be accordingly promoted due to the 
significantly increased yield of gaseous NO at high temperature, 
decreasing the N2O concentration and increasing the NO2 concentration. 
As known, CuO begins to release gaseous O2 under the CLOU tempera-
ture window (above 800 ◦C) [61], and these formed gaseous O2 signif-
icantly contributes to the generation of gaseous NO2 molecule (R7), 
which also well explains the reason why NO2 concentration significantly 
increases in CLC. Furthermore, compared to the low temperature con-
dition, the yield of N2O decreases at high temperature, and with the 
progress of high-temperature reactions, a mass of surface oxygen defects 
will be inevitably produced and distinctly promote N2O decomposition 
(R2), which well explains that the exhaust gas content of N2O is detected 

not so high during a realistic CLC/CLOU process [13,17]. In addition, 
the recombination of two N* is correspondingly promoted by the 
increasing temperature. As indicated by Fig. 8b, the recombination re-
action (R1) plays a more important role under high temperature con-
dition of CLC when compared to the low temperature condition of SCR, 
and the decomposition of N2O (R2) and the Eley–Rideal reaction be-
tween NO and NH2* (R3) are inhibited to different extents. 

Analogically, the reaction mechanisms in Fig. 8 can also explain the 
experimental observations that the presence of O2 and H2O will 
adversely affect the nitrogen evolution, i.e., the decomposition of N2O 
on the surface of the carriers [41,62,63]. On the one hand, both O2 and 
N2O exhibit a strong binding ability on the oxygen defect, and the 
decomposition of these two molecules will lead to the repair of the ox-
ygen vacancy and the formation of by-products (the former one is 
adsorbed O*, and the latter one is N2) [46]. On the other hand, the 
adsorptions of NO on the different surface sites (adsorbed O* and surface 
N*) possess an apparent competitive relationship. Therefore, the 
adverse effect of O2 on nitrogen evolution includes that O2 can not only 
directly react with nitrogen-containing species, but also be able to 
accelerate the restore of oxygen vacancies. Similarly, water molecule 
exhibits a high energetic affinity to the surface defect as well [64]. By 
repairing the oxygen vacancies on a reduced CuO surface, the adsorption 
and decomposition of O2 and N2O are thus inhibited. The former one 
might change the possible generation path of NO2, while the latter one 
changes the formation routes of N2O and N2. Additionally, H2O will also 
dissociate into an OH* radical as it adsorbs on the CuO surface, which 
might promote the NHx dehydrogenations and heterogeneous reactions 
of NHx to produce considerable N2 or N2O, thus helpfully illustrating 
how the nitrogen evolution is affected as H2O is added to the inlet gas. 
Finally, particular attention in this paper is mainly paid on the in-
teractions between the dehydrated NH3 intermediates and stoichio-
metric CuO as well as the oxygen-covered surface and oxygen-defect 
surface, and the reactions between NH3 and reduced copper species 
(Cu2O, and/or Cu) might need further investigations [65,66]. 

4. Conclusions 

The DFT studies are employed to investigate the oxidation of NH3 to 
N2 and NOx (including NO, NO2, and N2O), and two skeletal schemes 
including the possible nitrogen evolution under low or high temperature 
conditions are proposed for NH3 oxidation over CuO surface. The major 
conclusions are as follows: 

(1) The optimal elementary reaction pathway of NH3* dehydroge-
nation over CuO surface is identified as NH3* → NH2* + H* → NH 
(1)* + 2H* → N(2)* + 3H*, and the rate-determined elementary 
step is the secondary dehydrogenation of NH2* (NH2* → NH(1)* 
+ H*).  

(2) Under the low temperature condition, the Eley–Rideal reaction 
between NH2* and gaseous NO is more likely to be the NH3-SCR 
pathway to produce N2, while the lateral recombination of N* 
might play a more crucial role under the high temperature con-
dition of CLC.  

(3) The Eley–Rideal reaction between gaseous NO and adsorbed 
NH2* hints a narrow working temperature window, which is the 
major problem of CuO-based catalysts in SCR. One promising 
research direction is to promote the adsorption of gaseous NO via 
producing the synergistic effect of the components in CuO-based 
catalysts.  

(4) The reactivity of the N2O decomposition is relatively dependent 
on the concentrations of N2O and oxygen vacancies, irrespective 
of the temperature. NO2 is difficultly produced under the O2-lean 
and low-temperature conditions, while the presence of both O2 
and high temperature can significantly promote the oxidation of 
NO. 
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(5) The negative effects of O2 or H2O on the N2O decomposition are 
determined as the repair of the oxygen vacancy on the reduced 
CuO surface, with non-negligible by-products of adsorbed O* and 
OH* radicals. 
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