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Abstract: Electrochemical nitrogen oxide reduction reaction (NORR) can simultaneously remove atmospheric pollutant NO and 

produce the important chemical ammonia (NH3), which, therefore, has garnered significant attention. However, the effect of 

molecule coverage on catalyst surface on electrocatalytic activity is less discussed. In combination of atomic ab initio 

thermodynamics and the first-principles calculations, the relationship between the NO coverage and catalytic NORR activity on 

Cu(111) is unraveled in this work. Results indicate that the adsorption stability and the limiting potential (UL) of NORR on Cu(111) 

is closely related to NO coverage. In case of standard conditions (1 atm, 300 K), NO adsorption with a coverage of 1/4 monolayer 

(ML) is the most stable configuration, though the corresponding UL (0.34 V) is higher than those of 1/9 (0.29 V) and 1/16 ML 

(0.29 V) adsorption while significantly lower than that of 1 ML (0.78 V). Therefore, our study provides insights into the role of 

temperature, pressure and molecule coverage in the electrochemical reactions.    
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1. Introduction 

 

 

       
 

Ammonia (NH3) is one of the most important chemicals in 
industry, with widespread applications in the production of 
explosives, synthetic fibers, fertilizers and pharmaceuticals. 
Currently, NH3 production in industry primarily relies on the Haber

Nitric oxide (NO) is a major atmospheric pollutant. Excessive 
emission of NO contributes to environmental issues including acid 
rain, photochemical smog and global warming, all of which not only 
cause significant disruptions to human life but also pose substantial 
threats to public health and survival [1-6]. To address this issue, 
various denitrification methods have been proposed, with selective 
catalytic reduction (SCR) being the most widely utilized technology. 
Through SCR, NO can be converted into harmless nitrogen (N2) gas 
and released into the atmosphere [7]. However, SCR presents several 
challenges including high consumption of expensive reactants and 
excessive energy requirements, making it economically unfeasible 

and environmentally unsustainable [8-11].

–

 

  
It should be emphasized that the cleavage energy of N–O bond 

is considerably lower than that required to dissociate the ultrastable 
N≡N triple bond, and thus the N–O bond is more amenable to 

Bosch process, which requires harsh conditions of high temperature 
and high pressure, accompanied by substantial energy consumption 
and the release of significant amounts of greenhouse gases [12-15]. 
In order to overcome these drawbacks, electrochemical N2 reduction 
reaction (NRR) has recently garnered intensive interest. NRR occurs 
under mild conditions and does not generate large amounts of 
polluting gases, manifesting itself a promising alternative to the 
Haber–Bosch technology and attracting significant attention  
[16, 17]. However, NRR faces two significant challenges: 1)  low 
catalytic activity due to the chemical inertness of N2, and 2) low 
Faradaic efficiency (FE) because of the competing hydrogen 
evolution reaction (HER). Therefore, there is an urgent need to 
explore sustainable and environmentally friendly alternatives for 
efficient NH3 production.

activation. Therefore, utilizing highly soluble nitrogen oxides, such 
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that the electrochemical reaction and the catalytic NORR activity on 
Cu(111) is in close relation with the molecule coverage on catalyst 
surface. Unraveling this relationship is of importance for optimizing 
the activity and selectivity and helps further understanding the 
NORR mechanism. However, a comprehensive study on the effect 
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as nitrate (NO3⁻), nitrite (NO2⁻) and NO, as alternative nitrogen 
sources to N2 presents a promising strategy for the sustainable 
production of green ammonia [18]. In this context, the concept of 
directly electrochemically reducing NO to simultaneously remove 
NO and synthesize NH3 has been put forward [19-24], which has 
quickly gained extensive attention as NO exhibits higher chemical 
reactivity than N2. In addition, electrocatalytic nitric oxide reduction 
reaction (NORR) involves a five-electron transfer process for NH3 

synthesis, rendering it energetically more favorable compared to the 
more complex reduction pathways of nitrite and nitrate [25-27]. 
Experimental and theoretical studies have reported various 
electrocatalysts for NORR, such as Pt (111) [28], defective 
hexagonal boron nitride [29], as well as CoN4 moiety [30]. In 
particular, Cu(111) was demonstrated to have relatively high 
catalytic NORR activity and excellent NH3 selectivity, by 
investigating the adsorption free energy of NORR intermediates on 
different transition metals [19]. It should be emphasized that, for 
NORR, N–N coupling under high NO concentrations will lead to the 
formation of byproducts such as N2O (with a global warming 
potential 298 times greater than CO2) and N2. It was found that, 
additionally, the generation of single N products (NH3) on Cu (111) 
is favored at low NO coverages [31]. It therefore can be concluded 

of NO coverage on NORR is missing.   
In this work, based on the atomic ab initio thermodynamics in 

conjunction with first-principles calculations, we find that the NO 
molecular coverage on Cu(111) affects the catalytic NORR activity 
and there is a competition between the stability of adsorption 
structure and the NORR limiting potential (UL). In the case for high 
coverage of 1 monolayer (ML), inter-molecular repulsion inhibits 
NO activation, resulting in a high energy barrier of 0.78 eV for the 
potential-determining step (PDS). It is of interest to see that the UL 
decreases to 0.34, 0.29 and 0.29 V as the NO coverage decreases to 
1/4, 1/9 and 1/16 ML, respectively. It should be emphasized that the 
adsorption structure with a 1/4 ML NO coverage is the most stable 
one under standard conditions (1 atm, 300 K), though it does not 
provide the optimum catalytic NORR activity. In this view, therefore, 
our results provide new insights into the effect of molecular coverage 
on the catalytic activity in electrochemical reactions. 
 

2. Calculation methods 

In this work, the first-principles calculations based on spin-polarized 
density functional theory (DFT) were performed by using the Vienna 
ab initio simulation package (VASP) [32,33]. In order to describe the 
core–valence interactions, projector-augmented wave (PAW) [34] 
method was used with a cutoff energy of 500 eV for the plane wave 
basis set. In the framework of generalized gradient approximation 
(GGA), Perdew–Burke–Ernzerhof (PBE) [35-37] scheme was 
applied for the exchange–correlation functional. The convergence 
criteria for energy and residual force were set to 10–5 eV and 0.01 
eV/Å, respectively, and Monkhorst–Pack k-point mesh of 3×3×1 
was used for structure optimization and total energy calculation. To 
account for the van der Waals (vdW) interactions between the 
catalyst and NORR intermediates, DFT–D2 scheme was employed 
[38]. Cu(111) was simulated by a slab model, and a vacuum layer of 

20 Å along the z direction was added to avoid the interactions 
between periodic images. 

In light of the atomic ab initio thermodynamics, surface free 
energy 𝛾 can be considered to determine the stability of a surface in 
contact with a gas phase reservoir, which is defined as 

 

𝛾(𝑇, {𝑝NO}) =
1
𝐴 +𝐺

surf − 𝑛Cu𝜇Cubulk − 𝑛NO𝜇NO
gas(𝑇, 𝑝NO)0 

 

where 𝐺surf is the Gibbs free energy of the solid exposing the surface, 
𝐴 is the surface area, and 𝜇Cubulk and 𝜇NO

gas are the chemical potentials 
of Cu in bulk phase and gaseous NO. In particular, the chemical 
potential of NO molecular in gas phase as a function of pressure p 
and temperature T can be written as 
 

𝜇NO
gas(𝑇, 𝑝NO) = 𝐸NO(0K) + 𝜇NOʹ 3𝑇, 𝑝NO0 4 + 𝑘!𝑇lg(

𝑝
𝑝") 

where 𝐸NO(0K) is the tot energy from DFT calculations, 𝑘B  is the 
Boltzmann constant, and 𝜇NOʹ 3𝑇, 𝑝NO0 4 can be attained from JANAF 
thermochemical table [39]. 

To evaluate the stability of NO adsorption on Cu(111) surface, 
Gibbs free energy of adsorption ∆𝐺#$% was calculated, which can be 
defined as [40,41] 

 
∆𝐺#$%(∆𝜇&') 

   = 𝛾()(+++) − 𝛾&'/()(+++)        

= −
1
𝐴 +𝐺.//01(+++)

%)23 − 𝐺01(+++)
%)23 				

− ∆𝑛()𝜇()4)56		 				− 𝑛&'(𝐸&' + ∆𝜇&')0

≈ −
1
𝐴𝐸
;.//01(+++)
489$ +

𝑛&'
𝐴 ∆𝜇&' 

 

where 𝐺NO/Cu(111)surf  and 𝐺Cu(111)surf  are the Gibbs free energies of the 
Cu(111) with 𝑛NO adsorbed NO molecules and the clean Cu(111), 
respectively. In particular, the chemical potential of NO is 
constituted by the total energy part and the temperature- and 
pressure-dependent term, that is, 
 

𝜇NO = 𝐸NO(0K) + ∆𝜇&'(𝑇, 𝑝) 
 

It has been confirmed that the difference between the Gibbs free 
energies of the clean and adsorbate covered surfaces can be attained 
from the DFT results [42,43]. 

In accordance to the computational hydrogen electrode (CHE) 
model proposed by Nørskov et al., [44] the Gibbs free energy change 
for each NORR step can be determined by 

 
∆𝐺 = ∆𝐸 + ∆𝐸:;< − 𝑇∆𝑆 

 

where ∆𝐸 represents the reaction energy of each elementary step, 
∆𝐸:;< stands for the zero-point energy change and ∆𝑆 symbolizes 
the entropy change, and 𝑇 is set to the room temperature (298.15 K). 
In an O-distal reaction pathway, the NORR proceeds continuously 
following 
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NO(𝑔) +∗	→	∗
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NO 

∗ NO+ H= + e> 	→	∗ NOH 

																∗ NOH+ H= + e> 	→	∗ N+ H2O(𝑔) 

∗ N+ H= + e> 	→	∗ NH 

∗ NH+ H= + e> 	→	∗ NH2 

∗ NH2 + H= + e> 	→	∗ NH3 

 

3. Results and discussion 

It has already been known that the adsorption and activation of NO 
is the first while the most crucial step in the NORR process, which 
is essential for the entire electrocatalytic reaction. In other words, 
sufficient NO adsorption strength is required and efficient NO 
activation facilitates the initial protonation step thermodynamically 
easier. It has been demonstrated that the molecule on Cu(111) tends 
to be adsorbed at the CuCuCu hollow site among the possible NO 
adsorption sites (Cu site, Cu–Cu bridge site and CuCuCu hollow site) 
in a N-end configuration [45]. On Cu(111), furthermore, the NORR 
pathway is confirmed to follow the O-distal pattern, as illustrated in 
Figure 1a. In this reaction pathway, H+ + e– first attacks the distal O 
atom of NO, resulting in the formation of a H2O molecule. 
Subsequently, the coupled H+ + e– continues to attack the remaining 
N atom, eventually producing NH3 molecule, which then detaches 
from the catalyst surface. It is important to mention that the 
generation of byproducts other than NH3 is a significant challenge 
for the NORR process. In particular, NO adsorption of high coverage 
gives rise to a large possibility for the formation of N–N coupled 
compounds, which ultimately synthesizes byproducts such as N2 and 
N2O [46].  In this view, the FE of NH3 production is seriously 
reduced. In Figure 1b, possible pathways for the electrochemical 
formation of N–N coupled byproducts (N2O and N2) on Cu(111) 
surface are schematically illustrated. In case for high-coverage 
adsorptions, O-end adsorption can be excluded because the binding 
is too weak. In the first place, alternatively, two NO molecules co-
adsorb on the surface in N-end configuration and NO–NO dimer 
forms, and then a H2O molecule is released after two consecutive 
protonation steps. The resulting deleterious *N2O may either desorb 
directly from the surface or be further hydrogenated to produce N2 
and H2O. In addition, the remaining *N2O may transition to a NO-
side adsorption configuration, leading to the desorption of a N2 
molecule, and the residual *O atom subsequently undergoes 
hydrogenation and forms H2O. 

To simulate different NO coverages, Cu(111) supercells of 1×1 
(with a surface lattice parameter of approximately 2.58 Å), 2×2, 3×3 
and 4×4 are considered. In the case of 1×1 Cu(111), one NO 
molecule adsorption on the surface corresponds to a coverage of 1 
ML, and thus 1/4, 1/9 and 1/16 ML for the 2×2, 3×3 and 4×4 
counterparts, respectively. In Figure 2a, optimized adsorption 
configurations of NO on Cu(111) are shown. It can be found that, at 
different coverages, the NO molecule remains the N-end  
adsorption configuration over the CuCuCu hollow site. It should be  
pointed out that, however, the NO bond lengths differ as NO 
coverage decreases, which can be explained by the reduced inter-
molecule repulsive interactions when the coverage decreases. In 

particular, the N-O bond length turns out to be 1.197, 1.220, 1.222 
and 1.227 Å for 1, 1/4, 1/9 and 1/16 ML, respectively. In comparison 
to the NO bond length of 1.169 Å in gas phase, the stretched bond 
length on Cu(111) indicates that the molecule is sufficiently activat- 

 
Figure 1. (a) Reaction pathway of electrocatalytic NORR toward 
NH3 formation in O-distal pattern. (b) Possible reaction pathways for 
synthesizing N–N coupled products (N2 and N2O) with high NO 
adsorption coverage. White, blue and red spheres indicate H, N and 
O atoms, respectively. 

 
ed, which is crucial for the subsequent NORR. In accordance the 
Sabatier principle, moderate NO adsorption is in favor of NORR; 
either too strong or too weak adsorption strength can degrade the 
catalytic activity (insufficient activation or arduous desorption). It 
appears that low coverage signifies high NO activation and thus high 
catalytic NORR activity, while adsorption of low NO converge may 
not stable under standard conditions. In this view, the effect of NO 
coverage on NORR should be further discussed, aiming at providing 
an insight into the correlation between structure stability and 
catalytic activity. 

In order to evaluate the stability of NO adsorption of different 
coverages on Cu(111), adsorption Gibbs free energy (∆𝐺#$%) of these 
configurations are calculated and compared with the surface free 
energy of clean Cu(111). In accordance to the definition, ∆𝐺#$% > 0 
implies that the structure is stable upon adsorption, while a negative 
value means that the molecule cannot be adsorbed on the catalyst 
surface. In Figure 2b, Gibbs free energy diagram of NO adsorption 
on Cu(111) is presented for cases with different molecule coverages, 
with the gas pressure fixed at one standard atmosphere (pNO = 1 atm). 
It is evident that the adsorption Gibbs free energy of NO exhibits a 
linear dependence on temperature (or NO chemical potential) and, 
naturally, the adsorption on Cu(111) turns out to be unstable as 
temperature increases. In respect to the 1 ML NO coverage, inter-
molecular interactions lead to instability of the adsorption structure 
and the Gibbs free energy for NO adsorption is more sensitive to 
temperature compared to those of low coverages. It can be observed 
that the stability for NO adsorption with a coverage of 1 ML 
decreases rapidly as temperature increases, and the molecule will 
desorb from the surface when the temperature achieves 340 K. It 
should be noted that 1 ML NO adsorption will become the most 
stable configuration among all the coverages of consideration only 
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Figure 2. (a) Top views of NO adsorption on Cu(111) with different 
coverages. Blue and red balls represent Cu and O atoms, respectively. 
(b) Gibbs free energy ∆Gads as a function of ΔμNO for NO adsorption 
on Cu(111) under standard atmospheric pressure. Gibbs free energy 
∆Gads as a function of lg(p/p0) for NO adsorption on Cu(111) at (c) 
300 K and (d) 500 K. In (b)–(d), curves in different color stands for 
results based on different Cu(111) supercells, i.e., different NO 

when the temperature is lower than 247 K (corresponding to a 
chemical potential of ΔμNO = –0.45 eV). It therefore is an indication 
that extremely high coverage of NO adsorption (1 ML) is not favored 
on Cu(111), which is consistent with experimental observations [31]. 
It is of interest that, alternatively, NO adsorption with a molecule 
coverage of 1/4 ML is the most stable pattern over a large 
temperature range (from 247 to 450 K). In case the temperature is 
elevated, naturally, NO adsorption of low coverages turns out to be 
stable; for instance, 1/9 ML coverage is the most favored one as the 
temperature is higher than 450 K. It can be concluded that there 
should be an optimum match between NO adsorption coverage and 
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catalytic NORR activity upon Cu(111) at standard conditions.

coverages.  
 

In addition to temperature, the influence of gas pressure on NO 
adsorption Gibbs free energy should also be considered. In Figure 
2c, when NO pressure (lg(p/p0)) changes, Gibbs free energies for NO 
adsorption of different coverages on Cu(111) are compared at room 
temperature (i.e., 300 K). It can be found that high molecule 
coverage (1 ML) is preferred only when lg(p/p0) > 4.08, and NO 
desorbs from the catalyst surface as lg(p/p0) < –3.35. In consistent 
with the above discussion, 1/4 coverage dominates the NO 
adsorption on Cu(111). In Figure 2d, Gibbs free energy of NO 
adsorption as a function of gas pressure is also presented at higher 
temperature, i.e., 400 K, to explore the variation trend of the stability 
of the NO/Cu(111) structures. It can be seen that the stability for NO 
adsorption on Cu(111) deteriorates, as temperature increases. In this 
case (at 400 K), coverage of 1/4 ML remains primary as lg(p/p0) > –
3.54, and the surface prefers low NO coverage (1/9 ML) when 
lg(p/p0) < –3.54. 

In Figure 3a, free energy diagrams for the NORR process on 
Cu(111) under different NO coverages are presented, and the 
optimized intermediate (i.e., *NO, *NOH, *N, *NH, *NH2 and 
*NH3) adsorption configurations are provided in Figure 3b. It is of 
interest to see that the PDS for the NORR on Cu(111) with different 
molecule coverages remains the first hydrogenation step *NO + H+ 

+ e– → *NOH, where a thermodynamic energy barrier is 
encountered. In subsequent steps, the *NOH combines with H+ + e– 
to form a free H2O molecule, and the remaining *N will continue to 
be reduced spontaneously to *NH, *NH2 and *NH3. It obviously 
shows that the energy barrier encountered during the reaction 
decreases with varying NO coverage, though the PDS remains the 
first electrochemical reaction step. In particular, the UL for the 
NORR on 1×1 Cu(111) (1 ML NO coverage) is as large as 0.78 V, 
signifying an inferior catalytic NORR activity. In case the NO 
coverage decreases to 1/4, 1/9 and 1/16 ML, the UL for NORR on 
Cu(111) decreases gradually to 0.34, 0.29 and 0.29 V, respectively. 
In accordance to the Bader charge analysis, the charge transferred 
from the substrate to *NO is quantified as 0.39, 0.51, 0.55 and 0.57 
e– for 1, 1/4, 1/9 and 1/16 ML adsorption, respectively, confirming 
the activation effect of the Cu(111) toward NO molecule. It is 
consistent with the gradual increase in the N–O bond length as the 
NO adsorption coverage decreases. 

 

 
Figure 3. (a) Free energy diagram for NORR on Cu(111) supercells 
of consideration (corresponding to different NO coverages). 
Numbers in blue are the UL. (b) Stable adsorption configurations of 
the key intermediates for NORR on Cu(111). Blue, gray, red and 
pink spheres represent Cu, N, O and H atoms, respectively. 
 

 
Figure 4. (a) Crystal orbital Hamilton population (COHP) on NO 
after adsorption (corresponding to different NO coverages), and the 
Fermi level is set to zero. (b) Stable adsorption structures of key 
intermediate *NOH at different NO coverages. 
 

In Figure 4a, crystal orbital Hamilton population (COHP) for 
adsorbed NO is presented, where positive and negative values 
correspond to bonding and anti-bonding states, respectively. In 
particular, integrated COHP (ICOHP) can be employed to effectively 
characterize the bonding strength, with more negative ICOHP 
indicating stronger interaction. It can be seen that the ICOHP varies 
as –19.81 (1 ML), –18.44 (1/4 ML), –18.39 (1/9 ML) and –18.24 
(1/16 ML), consistent with the NO bond length under different 
molecule coverages. In Figure 4b, the adsorption structures of 
intermediate *NOH at different NO coverages are illustrated. It is 
evident that no significant structure difference can be found after the 
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first hydrogenation of NO, while the corresponding UL is different. 
It therefore highlights the effect of molecule coverage on the 
catalytic NORR activity. In consideration of both the adsorption 
stability and activity, NO coverage of 1/4 ML is more preferred for 
electrocatalytic NORR on Cu(111) (with UL being 0.34 V). It should 
be emphasized that tuning the coordination microenvironment and 
the local electronic structure by, for instance, p-block atom doping 
on surface can probably eliminate the thermodynamic energy barrier 
in the first hydrogenation step of the NORR on Cu(111). In light of 
regulating the surface chemical environment and local physical 
properties, for instance, the incorporation of Si atoms into Cu(111) 
can successfully eliminate the thermodynamic energy barrier and 
make the NORR on Cu(111) spontaneous [47]

28

. 
 

4. Conclusion 

In summary, we demonstrated that the NO molecular coverage is 
directly related to the catalytic NORR activity on Cu(111) by the 
first-principles calculations in combination with atomic ab initio 
thermodynamics. In particular, NO activation and the NORR UL 
differ with varying molecule coverage, which can be attributed to the 
reduced inter-molecular repulsive interactions as the coverage 
decreases. It can be found that 1/4 ML NO adsorption is the most 
stable configuration under standard conditions (1 atm, 300 K), with 
the NORR UL being 0.34 V. In comparison to the metastable 1/9 (UL 
= 0.29 V) and 1/16 ML (UL = 0.29 V) NO adsorption, 1/4 ML NO 
adsorption obviously does not correspond to the optimum catalytic 
NORR activity. In this view, our work conclusively confirms the 
effect of NO molecular coverage on the NORR on Cu(111), 
providing new insights into the relationship between temperature, 
pressure and electrocatalytic activity and highlighting the crucial 
role of molecular coverage in catalyst performance. 
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